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Preface 
 
The International Conference on Tribology – SERBIATRIB, is traditionally organized 
by the Serbian Tribology Society every two years, since 1989. The previous 
conferences were held in Kragujevac (1989, 1991, 1993, 1999, 2005, 2007, 2011 and 
2013), Herceg Novi (1995), Kopaonik (1997), Belgrade (2001, 2003, 2009 and 2015). 
This year the 15th International Conference on Tribology – SERBIATRIB '17 also takes 
place on May 17-19, 2017 in Kragujevac. 
 
This Conference is organized by the University of Kragujevac, Faculty of 
Engineering and the Serbian Tribology Society (STS). Organizing Scientific 
Conferences, STS plays a significant role in helping engineers and researchers to 
introduce in the fundamentals of tribology and to present their experience, 
solutions and research results.  
 
The scope of the 15th International Conference on Tribology – SERBIATRIB '17 
embraces the state of art and future trends in tribology research and application. 
The following two aspects of tribology practice require special attention. Firstly, the 
requirement for higher productivity of machinery means that machines must 
operate under higher loads and at higher speeds and temperatures, and that is why 
finding the right solutions for tribological processes is extremely important. 
Secondly, the good tribology knowledge can greatly contribute to the saving of 
material and energy. 
 
The Conference program generally includes the following topics: fundamentals of 
friction and wear; tribological properties of solid materials; surface engineering 
and coating tribology; lubricants and lubrication; tribotesting and tribosystem 
monitoring; tribology in machine elements; tribology in manufacturing processes; 
tribology in transportation engineering; design and calculation of tribocontacts; 
sealing tribology; biotribology; nano and microtribology and other topics related 
to tribology. 
 
All together 96 papers of authors from 23 countries (Australia, Bangladesh, 
Belarus, Bosnia and Herzegovina, Bulgaria, China, Croatia, Czech Republic, 
Greece, India, Iraq, Italy, Mexico, Nigeria, Romania, Russia, Serbia, Slovakia, 
South Korea, Taiwan, Turkey, Ukraine and USA) are published in the Proceedings. 
Approximately 59 papers were submitted by the foreign authors and app. 37 
papers by the Serbian authors.  
 
 
 



 
All papers are classified into nine chapters: 
 

 Plenary lectures (4) 
 Tribology of Solid Materials (19) 
 Surface Engineering and Coating Tribology (9) 
 Tribology of Machine Elements (15) 
 Tribology of Manufacturing Processes (11) 
 Lubricants and Lubrication (12) 
 Tribometry (15) 
 Biotribology (8) 
 Trenje, habanje i podmazivanje (3) – papers written in Serbian language 

 
It was a great pleasure for us to organize this Conference and we hope that the 
Conference, bringing together specialists, research scientists and industrial 
technologists, and Proceedings will stimulate new ideas and concepts, promoting 
further advances in the field of tribology. The Editor would like to thank the 
Scientific and the Organizing Committee and all those who have helped in making 
the Conference better.  
 
The Conference is financially supported by the Ministry of Education, Science and 
Technological Development, Republic of Serbia. 
 
This Conference is dedicated to the late Professor Branko Ivković, who is the 
founder of the Tribology Society in our Balkan region and established our 
SERBIATRIB Conference from its beginning, previously YUTRIB. We hope we will be 
able to continue his great work in this area. 
 
We wish to all participants a pleasant stay in Kragujevac and we are looking forward 
to seeing you all together at the 16th International Conference on Tribology – 
SERBIATRIB '19. 
 
 
 
 
 
Kragujevac, May 2017 Editor 
 Prof. Dr Slobodan Mitrović 
 



 
Dedicated to Tribology Guru Prof. Dr Branko Ivković 

 
 

After 28 years long tradition, this SERBIATRIB 
2017 is our first tribological conference that has 
been organized without Prof. Dr Branko Ivković. 
A year ago, in April 2016, our beloved and 
respected colleague, exceptional professor and 
tribologist suddenly passed away.   

Professor Branko Ivković was born on 
November 10, 1931 in Kragujevac. He finished 
elementary and high school in Krgaujevac. Until 
1954, he was engaged as technician in tool 
design in number of military industry 
institutions. He studied at the Faculty of 
Mechanical Engineering, Belgrade, and 
graduated in 1960, at the Department for 

general engineering with main subject Tool machines and industrial production. His 
part time academy carrier started in 1961 at the Faculty of Mechanical Engineering 
in Belgrade, Department in Kragujevac. In 1966 he was elected as the full time 
lecturer, than in 1968, for assistant professor, and finally he became full time 
professor in 1976. 

He died on date very close to the celebration of the 50th anniversary of tribology. 
Namely, the government report on lubrication, friction and wear published on 9 
March 1966, which was written by a committee chaired by Dr Jost, who coined the 
engineering subject named „tribology“within the report. Tribology was a missing 
multidisciplinary concept that was dealing with the interactive processes of surface 
in relative motion, with their scientific, technical and economic consequences. That 
new concept was adopted among many researchers in all parts of Yugoslavia, almost 
from its first appearance. Beside the whole series of scientific experts, like, Prof. Dr 
V. Solaja, Prof. Dr Vercon, Prof. Dr M. Nedeljković, Prof. Dr Zgaga, a special 
contribution to the dissemination of the tribological approach, and to the creation 
of the institutional framework for progress of tribology, certainly belongs to Prof. Dr 
B. Ivković, who defended one of the first tribological PhD thesis in 1970. 

Already in 1971, thus only a few years after the introduction of the term tribology, 
on the Production Engineering Conference in Novi Sad, the group of Yugoslav 
authors had pointed to the necessity for stronger tribological research. Also, in early 
seventies, The Yugoslav Society for Fuels and Lubricants, on its traditional 
conference, was using the term tribology.  



At that time, Laboratory for Metal Cutting of the Faculty of Mechanical Engineering 
in Kragujevac, with researchers gathered around Prof. Dr B. Ivković, was very 
convenient environment for accepting the tribology as a new approach. Namely, 
tribology was naturally implanted into very voluminous and diversified 
investigations in manufacturing processes. In the following years, very intensive 
growth of tribological research occurred. It was based on application of originally 
developed contact surface of radioactive activation method in different areas, like 
tribological processes on elements for motion guiding, elements for transmission of 
power and motion, tribological properties of coolants and lubrication, etc. Parallel to 
development of tribological research, the publication „Reports of Laboratory for 
metal cutting and Metal Cutting and Tribology “, with Prof. Dr B. Ivković as editor, 
was established in 1973.  

The further development of tribology was supported by education at academic 
level. Namely, thanks to pioneering efforts of Prof. Ivković, tribology has 
incorporated to Study curriculum of the Production engineering in 1976. It was the 
seed of the many current tribology study subjects, from Basics of tribology to 
Nanotribology and Biotribology. 

During seventies, the strong and worldwide recognized tribological school was 
formed, headed by Prof. Dr B. Ivković. That school took the role of center to which 
numerous tribologists and young tribological researchers had gravitated.  Thus, in 
May of 1986 the first national tribological association was formed at the Faculty of 
Mechanical Engineering in Kragujevac. It was Yugoslav Committee for Tribology, 
seated at this faculty and with Prof. Dr B. Ivković as the president. The association 
had the goal to unite and improve tribological researches on territory of SFRJ 
Yugoslavia, by increasing the degree of information exchange among the research 
centers and ensuring the transfer of the existing knowledge into practice. 

Already, in 1978 started the publishing one of the first specialized tribological 
journals „Tribology in Industry” edited by Prof. Dr B. Ivković. The members of 
editorial board were scientists from the country and abroad. Today, close to its 
thirtieth anniversary, the journal, with its four issues per year, has the recognized 
international character.  

After the breakup of Yugoslavia, the group of scientists: Prof. Dr B. Ivković, Prof. Dr 
A. Rac, Prof. Dr M. Babić and Prof. Dr S. Tanasijević, started the procedure of 
founding The Yugoslav Society for Tribology that would continue all the activities of 
former Yugoslav Committee for Tribology. The founding assembly was held in the 
November of 1992, at the Faculty of Mechanical Engineering in Belgrade. Prof. Dr B. 
Ivković was elected for the president, and for vice-presidents Prof. Dr A. Rac and 
Prof. Dr M. Babić.  Following the further disintegration of our country, the Serbian 
Tribology Society has been founded in 2007, as the successor of former national 
tribological associations. 



With an increasing number of young scientists and researchers in the fundamental 
and boundary areas of tribology, the need for providing the new space for a 
presentation and exchange of obtained results was rising. Trying to meet that 
demand, Yugoslav Committee for Tribology decided to organize Yugoslav tribological 
conference YUTRIB, with participation of domestic and foreign scientists. 

The first conference YUTRIB 1989 was organized by Prof. Ivković, and held in 
Kragujevac. The opening ceremony had a glorious character, with highest level 
representatives and spokesman of the government, republic, city, university and 
industry. Altogether, 79 papers were accepted for presentation in four sections, 
mostly from all republics of federal Yugoslavia. That conference was characterized 
by very significant number of participants from industry. 

It was the starting point for 28 years long tradition of YUTRIB, i.e. SERBIATRIB 
conferences, which shared the numerous difficulties of the war and the transition 
years. All of them were smoothly overcome thanks to enormous stability, patience, 
diligence, dedication, persistence, and optimism of Prof. Ivković.  

Prof. Dr B. Ivković was one of the very first scientists which recognized the necessity 
and the significant potential of regional tribological networking. Accordingly, in 
November 1993 the founding Assembly of Balkan Tribological Association in the 
form of BALKANTRIB 93 Round Table was held, at the University of Architecture in 
Sofia. The main purpose of Balkan Tribological Association is the integration and the 
support of tribology researches and education in the Balkans, considering the 
specificity, as whole, and of the different countries in it, in accordance with the 
status of International Council of Tribology and of the national tribology 
associations. This association ensures that Balkan conference on tribology 
BALKANTRIB is organized by host national society every three years. 

These are only some of prof. Ivković’s activities and contributions to the 
development of tribology science and technology. Prof. Dr Ivković was an 
outstanding professor, very fruitful and original researcher, leader, mentor and 
great entrepreneur devoted to the development of young associates, to 
dissemination of knowledge and networking of researchers on local, regional and 
worldwide levels.     

Although he is not here, this SERBIATRIB 2017 conference, and almost everything 
regarding tribological research, education, knowledge transfer, publication and 
organization in our country, as well as international recognition of Serbian tribology 
school is his legacy.  
 
 

 President of Serbian Tribology Association 

Prof. Dr Miroslav Babić 
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Abstract: The evolution of the coating deposition technologies led, among others, to the production of 
nano-structured coatings. Such coatings are often deposited on cutting tools since they contribute to an 
impressive enhancement of the coated tool life. Hereupon, attention has to be given for avoiding a rapid 
crack propagation due to a potential coating brittleness increase and for achieving a sufficient film adhesion. 
In this context, film residual stresses and structure may also affect the film adhesion. This paper introduces 
characteristic measures for an effective application of nano-structured PVD and diamond coatings on 
cemented carbide tools in milling. More specifically, the adhesion of PVD HPPMS nano-structured coatings 
can be improved via an appropriate adhesive interlayer. Besides, the coating brittleness can be restricted 
through the application of nano multi-layer film structures. Furthermore, for improving the diamond coated 
tool performance, the diamond film nano-structure may be interrupted by micro diamond layers. The 
introduction of successive nano- and micro-structured layers restricts the film brittleness since micro-
structured layers are more deformable compared to nano-structured ones. Finally, the interfacial fatigue 
strength of diamond coatings is affected by the film residual stresses. Inclined impact tests supported by 
appropriate FEM simulations facilitate the quantitative adhesion characterization of such films.  
 
Keywords: Nano-structured coatings, HPPMS PVD films, diamond films, adhesion, brittleness, wear. 

 
 
1. INTRODUCTION 
 

Nano-structured coatings constitute the 
majority of the tools applied in material 
removal processes due to their elevated 
hardness [1,2]. However, only the application of 
nanostructured coatings cannot guarantee an 
improved wear behavior of the coated tools. 
More specifically, certain properties such as the 
film adhesion to the substrate and the coating 
brittleness affect significantly the wear 
resistance of the coated tools. In the paper, 
characteristic measures to be undertaken for 
an effective application of nano-structured PVD 

and diamond coatings on cemented carbide 
tools in milling are presented. In this context, 
the usage of high power pulsed magnetron 
sputtering (HPPMS) as a PVD coating deposition 
technique has to be combined with the 
deposition of adhesive interlayers for exploiting 
the production of coatings characterized by 
enhanced mechanical properties and uniform 
film thickness [3,4,5,6]. The effectiveness of the 
adhesive nano-interlayers depends on the 
substrate surface’s integrity and on the layer 
material [2,3]. Moreover, nano multi-layer PVD 
structures has to be applied for restricting the 
film brittleness [7,8]. Furthermore, diamond 
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coatings deposited on cemented carbide tools 
are characterized by high residual stresses in 
their structure mainly due to epitaxial crystal 
differences and thermal expansion coefficients 
mismatch of the diamond coating and its 
cemented- carbide substrate [9,10,11]. Multi-
layered diamond coating systems, with 
successive nano- and micro-structured layers, 
can absorb a part of the residual stresses 
because of the more deformable micro-
structured layers compared to nanocomposite 
ones. The latter coatings possess increased 
brittleness due to their large compressive 
stresses which deteriorates the cutting 
performance [11]. It is worth mentioning that a 
prevailing mechanical property affecting 
significantly the cutting performance of 
diamond coated cemented carbide inserts is 
the fatigue strength of the diamond coating-
substrate interface. The interfacial fatigue 
strength is temperature-dependent and is 
affected by the film residual stresses [12]. 
Inclined impact test supported by appropriate 
FEM simulations facilitate the quantitative 
characterization of the films' adhesion [1,12]. 

 
2. PVD HPPMS COATINGS 
 
2.1 Adhesive interlayers for improving the 

film adhesion 
 

High Power Pulsed Magnetron Sputtering 
(HPPMS) process, compared to the standard 
dc sputtering techniques or cathodic arc, 
produces denser nanostructured coatings and 
free of droplets [3,4,5,6]. The goal of HPPMS 
technology is to achieve a plasma density 
exceeding conventional ones by roughly three 
orders of magnitude. Normal sputtering leads 
to a plasma density of 1016 m-3, while HPPMS 
reaches 1019 m-3. This is done by pulsing the 
power to the source with average amplitude 
of approximately 1 kW and peak power 
densities of about 0.4–0.5 MW per pulse, but 
at a low duty cycle of about 1–20 ms (see 
figure 1). In the developed hot and dense 
plasma area, the metallic atoms are highly 
ionized and subsequently deposited on the 
specimen surfaces with elevated kinetic. 

 
Figure 1. Plasma energy increase by HPPMS during 

PVD processes 

The effectiveness of a coating deposited by 
HPPMS depends on the selection of an 
appropriate adhesive nano-interlayer, which 
immobilizes the WC carbides in reacting with 
high energy ions of the film material during 
their deposition on the substrate [4]. To 
evaluate the effect of different HPPMS 
deposited interlayers on the film adhesion, 
Rockwell HRC indentations and inclined impact 
tests were carried out on TiAlN coated inserts. 
No cracks or detachment signs appeared on 
the imprints of the coated insert with a 
Cr/CrN-nano-interlayer, indicating a good film 
adhesion (see figure 2a). However, inclined 
impact tests conducted on cemented carbide 
inserts with a Ti/TiN or W/WN nano-interlayer 
revealed the negative contribution of these 
materials on the adhesion. The related inclined 
impact test results are displayed in figure 2b. 
Moreover, milling investigations were carried 
out to examine the interlayer material effects 
on the coated tool wear behavior (see 
figure 2c). The results revealed that HPPMS 
techniques jointly with a Cr/CrN nano-
interlayer lead to significant cutting 
performance improvement due to adhesion 
enhancement. 

The film adhesion and consequently the 
tool life improvements of HPPMS coated tools 
with a graded Cr/CrN nano-interlayer depend 
on the roughness of the employed cemented 
carbide substrates and on the adhesive 
interlayer thickness. 
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Figure 2. Effect of HPPMS nano-interlayers 

materials on the coating’s adhesion characterized: 
(a) by Rockwell HRC indentations, (b) by inclined 

impact tests and (c) by cutting experiments 

By inclined impact tests, significant 
adhesion quality differences were detected 
when different HPPMS graded Cr/CrN 
interlayer thickness are employed [3]. The 
removed film volume ratios (RVR) versus the 
number of impacts on inserts with various 
interlayers thicknesses were registered during 
the inclined impact tests. The corresponding 
results are exhibited in figure 3a. The TiAlN 
coated inserts with graded Cr/CrN interlayers 
of 200 nm withstand more effectively the 
repetitive oblique impact loads compared to 
the corresponding interlayers of 50 and 
600 nm thicknesses. Furthermore, the wear 
resistance of HPPMS TiAlN coated inserts with 
graded Cr/CrN-interlayer of various 
thicknesses was tested in dry milling (see 
figure 3b). According to the obtained results, 
the coated inserts with graded Cr/CrN nano-
interlayer thickness of 200 nm exhibit the best 
wear resistance, reaching a tool life of 

approximately 140,000 cuts, at a flank wear VB 
of 0.2 mm. Moreover, coated inserts with 
50 nm and 600 nm nano-interlayer managed 
to cut only ca. 100,000 and 90,000 times 
respectively, up to the flank wear of 0.2 mm. 
 

 
Figure 3. (a) Effect of interlayers’ thickness on the 
removed film volume during the inclined impact 

test on HPPMS coated inserts (b) Flank wear 
development versus the number of cuts of HPPMS 

coated tools with different interlayer thickness  

 
Figure 4. Number of cuts up to a flank wear of 

0.15 mm for various HPPMS interlayers thickness 
and substrate treatments 

Further milling investigations were 
conducted applying HPPMS TiAlN coated 
inserts with graded Cr/CrN-interlayer of 
various thicknesses and substrate mechanical 
treatments (see figure 4). In the polished and 
micro-blasted (P/mb) substrate treatment case, 
the coated inserts with nano-interlayer 
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thickness of 200 nm exhibit the best 
performance. In the ground and micro-blasted 
substrates (G/mb), the tool life was increased, 
as the nano-interlayer thickness grows. Thea 
fore described differences are caused by the 
coatings’ adhesion changes exhibited before. 

 
2.2 Multilayer nano-structured PVD coatings 

for restricting film brittleness 
 
The deposition of multilayer nano-structured 

PVD coatings on cemented carbide tools 
contributes to a significant improvement of the 
coated tool life due to their capability to prevent 
the crack propagation [7]. Characteristic SEM 
photos demonstrating cross sections of nano-
layered HPPMS PVD TiAlN coatings with film 
thickness of approximately 2 μm and 8 μm are 
shown in figure 5. The coating structure consists 
of successive TiAlN and TiN layers. The 
thicknesses of the individual TiAlN and TiN layers 
amounted to roughly 24 nm and 3 nm 
correspondingly. In this way, the resulting 
structure of a coating with thickness 
approximately equal to 2 μm, 4 μm and 8 μm is 
the sum of around seventy-five, or one hundred 
fifty, or three hundred TiAlN layers alternately 
with an equal number of TiN ones respectively. 
Furthermore, in figure 5, the roughness 
characteristics of the used coated inserts are 
illustrated. The roughness data are similar in all 
investigated coating thickness cases.  

 
Figure 5. The employed nano-layered coatings with 

various thicknesses and their roughness characteristics 

The strength properties gradations versus 
the film thickness for the investigated nano-
layered coatings are presented in figure 6. For 
estimating the graded strength properties of 
the used HPPMS PVD coatings, it was assumed 
that the structures of the 8 μm, 4 μm and 1 
μm thick coatings are described by four, two 
or one individual layers (Analytical 
Description's Layers (ADLs)) respectively, each 
one possessing a thickness of 2 μm and own 
uniform properties. Every layer after its 
deposition at the HPPMS process temperature 
is exposed to an annealing affecting its 
strength data. The annealing duration of each 
layer is associated with the rest time, up to the 
deposition of the overall coating thickness. 
Coated inserts with film thickness of 2 μm, 
4 μm and 8 μm were annealed in vacuum at a 
temperature of 550 °C equal to the related 
one during the film deposition. The annealing 
duration was adequately varied. To estimate 
the strength properties of the ADLs of the 
manufactured PVD films, nanoindentations 
coupled with appropriate FEM simulations 
were carried out on annealed coated 
specimens [7].  

 
Figure 6. Prediction of the graded strength 

properties of 8 μm, 4 μm and 2 μm thick nano-
layered coatings. 

The R-rate is the ratio of the flank wear land 
width VB growth between two reference VB values 
divided by the overall removed chip length lc 
between these values. The latter parameter lc is 
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equal to the obtained number of cuts NC between 
the latter two VB values multiplied by the 
undeformed chip length lcu. Figure 7 presents the 
R-ratio evolution versus the number of cuts NC and 
cutting time tc in various film thickness cases. 

 
Figure 7. VB-evolution rate development versus 

the number of cuts of coated cemented carbides 
inserts with different film thicknesses 

The R-rate was calculated at constant VB 
growth steps of 30 μm. The related number of 
cuts at the beginning and at the end of these 
steps were estimated by conducting milling 
experiments [7]. In the considered milling case, 
the undeformed chip length lcu amounted to 
16 mm. According to figure 7, the higher the 
coating thickness, the slower the R-rate 
evolution versus the number of cuts is. In the 
case of a 8 μm thick coating at a VB equal to 
about 150 μm, a low R-rate of roughly 0.04 × 
10−3 [μm/mm] develops. On the contrary, in 
the case of a 2 μm thick coating, the R-rate at 
the same VB of 150 μm is roughly 4.5 times 
higher, equal to around 0.18 × 10−3 [μm/mm], 
thus rendering the tool change necessary. 
Hence, when using a 8 μm thick film instead of 
a 2 μm one, the obtained tool life was larger 
than 4 times at the same R-rate, as for 
instance at 0.12 × 10−3 (R0.12 see figure 7). If the 
flank wear land width VB of 150 μm (VB0.15) 
was used as criterion to compare the achieved 
tool lives when using a 2 μm and a 8 μm thick 

coating, the previously mentioned tool life 
increase would be approximately only 3.5 
times larger (see figure 7). In this way, it can 
be stated that the usage of multilayer nano-
structured films facilitates the effective 
application of thicker coatings in milling 
processes due to their restricted brittleness. 
 
3. DIAMOND COATINGS 
 
3.1 Multi-layered diamond coating systems 

for restricting film brittleness  
 

Diamond coatings on hardmetal tools are 
characterized by high residual stresses. The 
residual stresses in diamond films are 
associated with numerous reasons such as 
epitaxial crystal differences as well as the 
significantly smaller thermal expansion 
coefficient of the diamond coating compared 
to its cemented carbide substrate [9,10]. The 
employed deposition parameters affect 
significantly the level of residual stress in 
diamond film structure.  

For investigating the described 
dependencies, three groups of coated inserts 
were produced by varying the deposition 
parameters. The cooling time was held 
constant and equal to 9 h. Applying a 
deposition time of 10 h, the NCD insert group 
was manufactured. At this deposition duration, 
the structural residual stresses were negligible 
and mainly thermal ones were developed in 
the nano-composite film structure. Moreover, 
two further groups were created possessing 
nano-composite (NCD/hsrs), or multi-layer film 
structure (MLD) with overall ten successive 
and alternate nano- and micro-structured 
layers. These nano- and micro-structured 
layers had approximately 0.34 and 0.66 μm 
thickness, respectively. In the latter two 
coating cases, the deposition time was 
intentionally shortened. As a consequence, 
structural compressive residual stresses 
developed in the diamond coating structure, 
which were overlaid with the also compressive 
thermal ones.  

For determining the maximum residual 
stress in the investigated diamond coatings, 
the experimental-analytical procedure 
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described in [11,12] was employed. The 
experimental procedure comprises the 
conduct of inclined impact tests on the coated 
specimens. During this test, depending on the 
applied repetitive impact load, a fatigue failure 
in the NCD coating–substrate interface 
develops after a certain number of impacts 
causing the film detachment. After this 
damage, the highly compressive stresses in the 
NCD coating structure are released elevating 
the coating in the detached circular region up 
to a certain maximum height (bulge formation) 
[11]. Characteristic diamond film bulges 
developed at certain impact loads, after 
approximately the shown number of impacts 
are shown in figure 8. The bars at the right 
figure part demonstrate the determined 
thermal and structural equivalent stresses in 
the investigated coating cases. These stresses 
were determined by means of the mentioned 
analytical methods [11], taking into account 
the mechanical properties and the dimensions 
(diameter and height) of the formed bulges. In 
the case of NCD insert group, the structural 
residual stresses are negligible at ambient 
temperature compared to the thermal ones. 
On the contrary, the film residual stresses of 
NCD/hsrs and MLD coated inserts are 
attributed to both thermal and structural ones 
resulting during the CVD process and the 
subsequent cooling. The structural stresses in 
the MLD films are lower compared to the 
corresponding ones of the NCD/hsrs ones. 
Hereupon, it can be assumed that the micro-
structured layers of the MLD coating absorb a 
part of the developed residual stresses, since 
they are more deformable compared to the 
nano-structured ones. The thermal residual 
stresses are reduced as the operational 
temperature grows, whereas the structural 
ones remain practically stable up to a 
temperature of roughly 400 οC.  

The cutting performance of the 
manufactured diamond coated tools was 
investigated in milling AA7075 T6. The 
experiment was performed without coolant or 
lubricant. For visualizing the coatings’ wear 
evolution, the minimum coating thickness trmin 
in the tool wedge roundness, at diverse overall 

chip lengths Lc, was determined with the aid of 
confocal microscopy measurements (see 
figure 9). 

 
Figure 8. FEM-calculated thermal and structural 

stresses in the investigated coatings based on the 
dimensions of the developed bulges at various 

loads and number of impacts. 

 
Figure 9. Coating remaining thicknesses trmin at 

various overall chip lengths Lc 

The NCD/hsrs inserts demonstrated a worse 
cutting performance compared to the NCD 
and MLD ones. This can be attributed to the 
large compressive structural stresses in the 
NCD/hsrs films which may increase their 
brittleness and deteriorate the cutting 
performance. MLD coatings exhibited the best 
cutting performance reaching an overall chip 
length Lc of almost 40 km up to a substrate 
revelation at the cutting edge roundness 
region. Hereupon, the MLD coating withstands 
more effectively the repetitive impacts during 
milling, since the layer’s interfaces obstruct 
the crack propagation and contributes to a 
tool life augmentation. Conversely, in the case 
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of NCD films, the cracks usually propagate 
straight down to the substrate, worsening their 
wear behavior in cutting. 
 
3.2  Increased interfacial fatigue strength by 

controlling the developed residual 
stresses in the film structure 

 
The cutting performance of diamond coated 

cemented carbide inserts is significantly 
affected by the film adhesion. Residual stresses 
in diamond films usually enhance the coating 
adhesion since they contribute to roughness 
locking in the coating–substrate interface. 
However, they may overstress the substrate 
material in its interface region, thus 
deteriorating the coating adhesion. 

For determining the interfacial fatigue 
strength of the investigated coatings shown in 
figure 8, inclined impact tests were conducted. 
The experimentally detected maximum forces 
for avoiding the fatigue failure of the diamond 
coating–substrate interface after 106 impacts 
at diverse temperatures are illustrated in 
figure 10a. These critical impact forces and the 
temperature-dependent film residual stresses 
shown in figure 8 were the input data for 
calculating the shear failure stress (SFLS) 
according to the mentioned method described 
in [12]. The displayed SFLSs in Figure 10b 
represent temperature-dependent thresholds 
triggering an interfacial coating–substrate 
adhesive failure in every coating case after 106 
repetitive impacts. The higher the operational 
temperature, the lower the maximum applied 
force and the SFLS are for avoiding an 
adhesive film fatigue failure. 

At temperatures, less than approximately 
200 οC, the lowest critical impact forces and 
SFLSs possess the NCD/hsrs coatings 
compared to the NCD and MLD ones. In this 
case, on the one hand, the sum of the 
structural and thermal residual stresses in the 
region of the film interface at temperatures 
less than approximately 400 οC is larger than 
the substrate rupture stress SM (Figure 8). 
Here, the temperature reduction to an 
ambient one leads to the formation of micro-
cracks in the substrate interface region. 

 
Figure 10. (a) Interface fatigue endurance 

impact force. (b) FEM-calculated SFLSs associated 
with the interface fatigue endurance at various 

temperatures. 

In this way, the SFLS of NCD/hsrs films is 
lower compared to MLD and NCD coatings at 
temperatures less than about 100 οC. On the 
other hand, when the temperature grows, 
roughnesses between film and substrate in the 
interface region remain locked in the case of 
the NCD/hsrs films since the structural stresses 
are practically not affected. Hence, the related 
SFLS remains almost stable and over about 
150 to 300οC it is greater compared to the 
related ones of the MLD and NCD films, 
respectively. In the latter two cases, the 
temperature increase causes an unlocking of 
interface roughnesses, thus deteriorating the 
film adhesion.  
 
4. CONCLUSION  
 

In this paper, characteristic measures for an 
effective application of nano-structured PVD 
and diamond coatings on cemented carbide 
tools in milling were introduced. Τhe goals of 
these measures are to achieve a sufficient film 
adhesion to the substrate and to avoid a rapid 
crack propagation due to a potential coating 
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brittleness increase. More specifically, in the 
case of HPPMS PVD coatings, the deposition of 
adhesive interlayers and application of 
multilayer nano-structured films for improving 
the film adhesion and brittleness respectively, 
are recommended. Moreover, multi-layered 
diamond coating systems prevent the steep 
crack propagation in cutting processes. In the 
case of diamond coatings, special care has to 
be given to the residual stresses of the film 
structure. The latter affect significantly the 
film adhesion.  
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Abstract: This paper focuses on the mathematical modeling of axial piston pump through dividing the 
failure development of friction pair into lubrication, mixed lubrication and abrasion. Directing to the wedge-
shaped oil film between cylinder block and valve plate, the support force distribution under the temperature 
variance was obtained. Considering the rough peak of valve plate, the contact load model is modeled under 
plastic deformation and elastic deformation and the corresponding wear volume is calculated. Computing 
the wear and tear along the counter-clockwise, the total amount of friction and wear can be calculated. 
Simulation and preliminary wear particle monitoring test indicates that proposed modeling and analysis can 
reflect the real abrasion process of hydraulic piston pump. 
 
Keywords: Axial piston pump, mixed wear, performance degradation, cylinder block, valve plate 

 
 
1. INTRODUCTION 
 

Aviation axial piston pump provides 
pressurized fluid to drive aircraft systems such 
as surface control system, landing gear system 
and nose wheel steering system. With the high 
efficiency and high power to weight ratio, axial 
piston pump is widely used in aircraft while its 
complicated structure makes it easy to fail due 
to the wear and tear of friction pairs. Based on 
the statistics, more than 70% failures of axial 
piston pump is the leakage due to the wear 
and tear of main friction pairs [1]. So many 
researches carried out the research on the 
failure mechanism under dynamic lubrication 
and abrasive wear. 

The main friction pairs of axial piston pump 
consist of cylinder block/valve plate, 
piston/plunger chamber and piston 
shoes/swash plate. In normal condition, the 

main friction pairs operate in good lubrication 
condition. However, the complicated 
operational principle makes it easy enter 
boundary lubrication even abrasion, so the 
wear and tear plays major role in failures of 
axial piston pump. The failure analysis of axial 
piston pump divides into two types: one 
focuses on the lubrication and another 
emphasizes on the wear and tear. In 1986, 
Yagaguchi studied the lubrication between the 
valve plate and cylinder block, and gives the 
mathematical model of fluid oil [2]. Based on 
above model, he established the dynamic 
model of cylinder block, calculated its force 
and torque, and provided the stable condition 
of constant oil film between the valve plate 
and the cylinder barrel [3]. Through fixing up 
the displacement sensors along the valve plate, 
he got the oil film thickness between the valve 
plate and the cylinder block [3]. In order to get 
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the variation of oil film, Maring measured the 
oil film pressure between piston shoes and 
swash plate through experiment [4]. At the 
same time, Ivantysynova established the oil 
film model of cylinder block and valve plate 
considering the elastic deformation of the 
contact surface under high pressure [5]. She 
also analyzed the temperature influence 
between this friction pair considering the 
effects of viscosity and pressure change [6][7]. 
With the continuous operation of the axial 
piston pump, Greenwood and Williamson 
discovered the local contact when the oil film 
thickness is less than the roughness of the two 
surfaces, and built the Greenwood-Williamson 
model based on the elastic contact of rough 
surfaces [8]. In order to connect the bridge 
between the lubrication and abrasion of 
friction pairs, Patir and Cheng proposed a kind 
of Reynolds equation to solve the lubrication 
problem under local contact condition for the 
axial piston pump [9][10]. Yamaguchi analyzed 
the mixed lubrication based on Greenwood-
Williamson model and Patir equation and built 
the test rig [11]. The corresponding 
experiment indicated that the proposed model 
can give the predict friction force and flow rate. 
Subsequently, many researches presented a 
series models to describe the multi scale 
characteristics of rough peak curvature in two 
surface contact [12][13]. Majumdar and 
Bhushan established the classification model 
of elastic plastic contact process on the rough 
peak, which means the plastic deformation 
connect each other and develop them to the 
elastic state [14]. Considering the rough peak 
deformation, Liou proposed a contact model 
based on height distribution of non Gauss 
distribution [15]. From the real micro profile 
monitoring, the wear and tear of friction pairs 
of axial piston pump depends on the pressure 
distribution, temperature distribution, oil film 
thickness variant and contact wear principle, 
so this paper establishes the mixed wear 
model considering the lubrication, boundary 
lubrication and abrasion, provides the 
performance degradation law and gives the 
estimation based on the on line wear debris 
monitoring. 

The rest paper is organized as follows. 
Section 2 presents the mixed wear theory 
based on the lubrication, boundary lubrication 
and abrasion. Section 3 provides the 
performance degradation due to the wear and 
tear of the friction pairs. Section 4 shows the 
experimental results through on line 
contamination monitoring. Section 5 makes 
conclusions. 
 
2. MIXED WEAR MODELING OF AXIAL PISTON 

PUMP 
 

Fig.1 shows the structure of axial piston 
pump, in which the valve plate and swash 
plate are fixed, the shaft drives the cylinder 
block rotation and the pistons reciprocate in it 
when the axial piston pump operates. There 
are three friction pairs in axial piston pump, 
that is, cylinder block/ valve plate, 
slipper/swash plate and piston/ plunger cavity. 
The cylinder block-valve plate plays important 
role in axial piston pump because its failures 
predominate in maintenance.  

转子 配流盘斜盘转轴
 

Swash plate Shaft Cylinder block Valve plate 

 
Fig. 1 The structure of axial piston pump 

Through analyzing the surface morphology 
of the worn valve plate, its eccentric wear in 
high pressure area occupies the primary 
position. Since the axial piston pump is full of 
oil, its normal operation depends on the 
lubrication between friction pairs. Based on 
the tribology theory, most of the abrasive 
wear of the axial piston pump is caused by oil 
film damage between friction pair surfaces. In 
order to describe the failure development of 
abrasive wear, it is necessary to investigate the 
dynamic variation of the fluid film and 
abrasion rule between valve plate and cylinder 
block. 
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2.1 Dynamic lubrication model of cylinder 
block and valve plate 

 
Since the imbalance pressure distribution 

between cylinder block and valve plate, the oil 
film between the friction pair is wedge-shaped 
shown in Fig. 2. 

 
Fig.2 Wedge-shaped oil film between cylinder 

block and valve plate 

 
   For wedge-shaped oil film, the position of 

the whole cylinder block can be determined 
through measuring the height of 3 fixed points. 
Suppose three points in cylinder block are 
shown in Fig.4, the oil film thickness at 
arbitrary point can be determined as follows: 

  3 2 1 2 3 1 2 32
,

3 33 rr

h h h h h h h h
h x y x y

rr

    
    (1) 

Where ,x y  is the coordinate at arbitrary point 
of valve plate, rr  is reference radius, 1 2 3, ,h h h  
are the height of oil film in distributed three 
points of valve plate. According to the 
Reynolds equation, the relation of support 
force and velocity can be described as: 

3 3

( ) ( )

6[ ( ) ( ) 2 ]

l l

x y

p ph h
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h
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x y t

 

 

  

  


   

  
  

  

            (2) 

Where lp  is the support force of oil film, h  is 
oil thickness,   is dynamic viscosity which is 
related to the temperature and pressure.  
 
2.2 Partial abrasion analysis of cylinder block 

and valve plate 
 

Under ideal condition, there exists a layer 
of oil film between valve plate and cylinder 
block, which lubricate the operation of the 
friction pair shown in Fig. 3. Since the sealing 
strips separates the high pressure area of 
outlet and low pressure area of inlet, the 
periodic eccentric moment exists in valve plate 

to cause out-of-balance between downward 
compressive stress 

BF  and upward support 
fF . 

Then the cylinder block will contact the partial 
area of valve plate and cause the wear and 
tear. 

 
0t t 1t t 2t t

BF
BF

BF

fF
fF

fF

 
Fig.3 Friction pair of cylinder block and valve plate 

 
In order to describe the contact of 

cylinder block and valve plate, Fig.4 enlarges 
the contact surface, in which ( )R   indicates 
the radius of curvature of rough peak and 

( )g z  expresses the height distribution. 
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Fig.4  Mixed lubrication state 

 
Suppose the contact surface between 

cylinder block and valve plate has the 
following characteristics: 

1) The surface of cylinder block is ideal 
rigid smooth plane; 

2) The surface of valve plate is non-rigid 
rough surface;  

3) The top of the rough peak on a rough 
surface is nearly half spherical; 

4) The curvature of rough peak R  is 
related to the sectional area of rough 
peak  ; 

5) The upward support force of rough 
peak is 

sp  and oil film support force 

lp . 
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   According to the Hertz contact theory, the 
critical deformation area of rough peak can be 
described as 

 
2

2

2
c

H
a R a

E



 

  
 

                    (3) 

Where H  is material hardness, E  is is 
equivalent elastic modulus. When 

ca a , the 
contact asperity is elastic deformation. 
Otherwise, the contact asperity is plastic 
deformation. 
   In elastic deformation, the deflection can be 
described as 

 e

a

R a



                                (4) 

Here ( )R a  is complex curvature radius of rough 
peak. 
   Then the contact force of elastic deformation 
asperity is 
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   To the plastic deformation, the deflection 
can be obtained according to the volume 
conservation as 
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The asperity contact area distribution of 
plastic deformation is shown as follows: 
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                     (7) 
Where 

aA  is real contact area, ( )g h  is the 
integrated surface height distribution of rough 
peak. The plastic deformation contact force is 

( )pf a Ha                                (8) 

Then the contact load can be expressed as 
[14]: 

         
0

,
c L

c

a a

s p p e e
a

p x y f a n a da f a n a da      (9) 

Where 
c  is critical deformation area, 

L  is 
maximum asperity contact area, 

pn  is asperity 
contact area probability density function of 
plastic deformation, en  is asperity contact 
area probability density function of elastic 
deformation. 

From Eq. (3) to Eq. (9), the pressure 
distribution of contact zone can be figured out.  

 

2.3 Abrasive wear model of cylinder block 
and valve plate 

 

If the eccentric wear between cylinder 
block and valve plate causes the particle and 
the particle size is larger than oil film, the 
abrasive wear will produce shown in Fig.5. 

 

Cylinder block surface 

particle 

Valve plate surface 

Oil film 

ΔA 

ΔB 

 
Fig. 5 Two-dimensional rhombic particle model 

   In Fig.5, D is the particle major axis, β is the 
angle to describe particle’s shape, h is the 
separation of the surfaces, ΔA is the depth of 
the groove on the cylinder block and ΔB is the 
depth of the groove on the valve plate. 

Assume that the particle hardness is 
much higher than hardness of sliding surfaces, 
the depth of a single abrasive particle 
embedded in the cylinder block and valve 
plate is 
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d
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H D
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     (10) 

Where A  is the depth of a abrasive particle 
embedded in the cylinder block, B  is the 
depth of a abrasive particle embedded in the 
valve plate, H  is the valve plate and cylinder 
block hardness ratio. Then we can get the 
wear volume of an abrasive particle in a 
certain time as 
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Where f  is coefficient of wear,   is velocity 
of pump, r  is the radius at point  ,x y .  
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Calculate pressure distribution of oil 
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Fig. 6 Wear calculation under mixed lubrication condition 
 
The total wear volume of friction pair within a 
certain period of time can be described as  

   
 ,

, ,A B

x y

v V x y V x y


                 (12) 

Where   is the abrasive wear region.  
In order to calculate the wear and tear 

along the circle of valve plate, the start angle 
0   and the positive direction is counter-

clockwise. Then we get the flow chat to 
calculate the oil film and wear volume shown 
in Fig.6. 
 
3. SIMULATION AND VALIDATION 
 

The rated velocity of pump is 4000rpm, so 
we increase the angle from zero to 4000rpm 
and computer the oil film thickness 
distribution along the valve plate shown in 
Figure7.  

 
a) Outer sealing strip 

 
b) Inner sealing strip 
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c) Oil film thickness distribution of outer sealing strip 
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d) Oil film thickness distribution of inner sealing strip 

Fig. 7 Dynamic oil film thickness of valve plate 

 
Fig. 8 The abrasive particle measured by inductive 

debris sensor 
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Fig. 9 Return flow rate of axial piston pump 

Fig. 7 shows that the oil film thickness is 
time dependent and angle position 
dependent. The oil film thickness decreases 
from discharge port (150°) to inlet port (330°). 
The average film thickness of inner sealing 
strip is smaller than that of outer sealing strip 
in the angular range of 60° to 240°. The 
simulation results demonstrate good 
agreement with reference [16].  

With the inductive debris sensor designed 
by our lab [17], we can detect the abrasive 
particle shown in Fig. 8. 

The pulses in Fig.8 shows that the wear 
particles are produced due the wear and tear 
between cylinder block and valve plate. As the 
time goes on, the wear particles accumulate 
and will lead to the leakage shown in Fig. 9.  

It is obvious that the return flow rate 
increases with the time, which means the 
wear and tear increases and causes more 
leakage. 
 
4. CONCLUSIONS 
 

This paper studies the performance 
degradation based on the complicated failure 
process including lubrication, mixed 
lubrication and abrasion. Based on Reynolds 
equation and Hertz abrasion theory, this paper 
establishes the dynamic abrasive wear model 
of cylinder block and valve plate from normal 
lubrication, partial abrasion to wear and tear. 
Simulation and validation indicate that the 
proposed mathematical model can reflect the 
integrated failure development process of 
axial piston pump, so its performance 
degradation is more consistent with the actual 
application.  
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Abstract: In front of sciences stay nowadays the topics of complexity and interdependence. Contact systems 
are adaptive complex entities whose specific structure and behavior are connected to the synergy effect 
resulting from the interaction of their components, and from the interaction of the systems with the 
environment. Regarding tribological processes in contact systems, self-organization is observed as 
spontaneous creation of higher ordered patterns (secondary structures) during the contact interaction. 
Different approaches are found to treat self-organization related to compatibility of the tribosystems, 
structural adaptation in the formation of the secondary surface structures and of frictional or tribo-films, 
using of synergistic alloying of selfadaptive wearresistant coatings, particularity of the selective material 
transfer during friction, etc. The review is based on the concepts of tribology as interdisciplinary science, 
regarding contact interaction as the most general transfer process, and the adaptation to the dynamic 
conditions of contact existence by self-organization and synergy mechanisms in the selective material 
transfer resulting in high reduction of friction and wear. 
 
Keywords: complexity, synergy, self-organization, tribosystems 

 
 
1. INTRODUCTION  
 

One of the most highly developed skills in 
contemporary civilization is dissection: the split up 
of problems into their smallest possible 
components. We are good at it. So, that we 
often forget to put the pieces back together 
again. Our thinking and sciences appear to be 
the notions of fraction: partition, division, 
fragmentation, parceling, segmentation, 
splitting, etc. Every situation has limits, 
contours, borders, or margins. Limits together 
with the conviction of the lack of uncertainty 
for the classical science reflect the remoteness 
between science and the world we live in. 
However, in the last decades, science becomes 
much broader than to reflect and explain an 

artificially fractioned and definite world. And 
closer examination reveals that reality lies in 
the unity and wholeness of things. If we quote 
the Buddhist sage Nagardjuna many hundreds 
years ago, existence and essence of things are 
rooted in their mutual relationship and are 
nothing if taken alone.  

Systems in real life are complex. [1,2] They 
consist of high number interacting 
components and subsystems. System 
properties are annihilated when a system is 
physically or theoretically decomposed into 
components. Complexity is generally used to 
characterize something with many parts 
interacting with each other in multiple ways, 
culminating in a higher order of emergence greater 
than the sum of its parts. Complex systems are 
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highly composite ones, built up from very large 
numbers of mutually interacting subunits whose 
repeated interactions result in rich, collective 
behavior that feeds back into the behavior of the 
individual parts. 

Complex adaptive systems are complex 
systems with memory they can be influenced 
by, or can adapt themselves to, its 
environment and are very sensitive to the 
initial conditions. In complex adaptive systems 
perfect understanding of the individual parts does 
not automatically convey a perfect understanding 
of the whole system's behavior. In the sense of 
Murray Gel-Mann [2], they gather information 
about their surroundings and about themselves, at 
a certain level of coarse graining (coarse-
grained materials or systems have fewer, larger 
discrete components). We shall consider contact 
systems as complex adaptive systems. 
 
2. CONTACT INTERACTION AND SYNERGY 
 

Overall said, systems can be regarded as 
contact systems in tribology. Two kinds of contacts 
can be considered for system’s arrangement: the 
contact between system and environment – 
external contact and the contact between system 
components – internal contact.  

Contact between system and environment – 
external contact: systems are immersed into their 
environment. They exchange energy-, mass- and 
information-flows with their surroundings. So, 
system and environment form an entity. The 
exchange of flows influences the interaction 
between system’s components and their mutual 
contacts.  

Contact between system components – internal 
contact: Contact systems are entities, the 
specificity of which (structure, properties, and 
behavior) is derivative from the communication 
and the mutual dependence of their 
components/subsystems. A process of transaction 
of energy, mass and information is disclosed. This 
is a simultaneous and interdependent interaction 
of their multiple components building the system’s 
wholeness. When a system is decomposed into 
components, it is no more the same system; its 
properties are destroyed. The system is a 
wholeness of components. All listed above factors 
are connected to the synergy (συνεργία or 
cooperative work) effect between system’s 
components and, on the other side, between 
system and surroundings.  

The synergism of the interaction of elements 
brings that the elements, when combined and in 
co-operative coherent behavior, produce a total 
effect greater than the sum of the individual 
elements contributions. Synergy considers multi-
component systems with the aim to reveal how 
the interaction of the components (e. g. on 
microscale) brings the emergence of secondary 
spatial, temporal or spatial-temporal structures in 
macroscale. Such behavior leads to increase of the 
order in the system, highly ordered structures 
emerge in the system of lower degree of order 
(chaotic) system: an order out of chaos system. 
Synergetics is the empirical study of systems in 
transformation, with an emphasis on total system 
behavior unpredicted by the behavior of any 
isolated components. [3-5] The focus is especially 
to the circumstances when the secondary 
structures emerge (it is a spontaneous act), as 
result of self-organization. A purpose is to disclose 
certain general principles leading the self-
organization irrespective the nature of the 
subsystems. Since systems are identifiable at every 
scale from the quantum level to the cosmic, 
synergetics is a very broad discipline, and 
embraces a wide range of scientific and 
philosophical studies. It is an interdisciplinary area 
about the spontaneous, i. e. the self-organized 
morphology of the emerged secondary structures 
in far from equilibrium physical or non-physical 
systems. This branch of synergetics refers to the 
self-organizing structures of open systems 
explored by Hermann Haken [ 3]. 

 
3. TRIBOLOGY, SYNERGETICS, SELF-

ORGANIZATION 
 
Immanuel Kant used the term "self-

organizing" in Critique of Judgement, 1790. At 
a later time the term was introduced to 
contemporary science in 1947 by W. Ross 
Ashby in the Principles of the Self-Organizing 
Dynamic System and by N.Wiener in 
cybernetics. After Ilya Prigogine’s 1977 Nobel 
Prize, the thermodynamic concept of self-
organization received attention of the public 
and scientific researchers [4,6]. There is not an 
agreeing hypothesis for self-organization 
definition and criteria. 

The concept of self-organizing systems was 
applied further for contact and tribological 
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systems by V. Ebeling, G. Polzer, A.A.Polyakov, 
D.N. Garkunov, etc.[5, 7 -11]   

The last decades showed the relatively fast 
development of tribology as science, research 
and interdisciplinary approach in the point-of-
view of contact problems.[9, 11-13] The term 
has diffused into the international engineering 
field. Tribological studies involve the efforts of 
mechanical engineers, material scientists, 
chemists and physicists – tribology is a 
pointedly interdisciplinary science. New areas 
of tribological studies have been developed 
that are at the interface of various scientific 
disciplines: nanotribology, biotribology, the 
tribology of magnetic storage devices and 
microelectro-mechanical systems, green 
tribology (ecotribology), etc.  

One of the new approaches of tribo-system 
research is based on synergetics and self-
organization during friction searching the 
advent of new technologies and new 
techniques for surface and interface 
characterization, treatment and application, 
especially in the search of low friction and 
wear.  

Regarding tribological processes, self-
organization is observed as spontaneous 
creation of higher ordered patterns (spatial 
and temporal secondary structures) out of the 
local contact interactions. Hence, self-
organization is difficult to be guided as it is a 
transition into a more organized form resulting 
in a spontaneous emergence of new structures 
in the absence of centralized control. Different 
approaches are found to resolving 
this contradiction: compatibility of the 
tribosystems, structural adaptation in the 
formation of the secondary surface structures 
and of frictional or tribo-films, the using of 
synergistic alloying of selfadaptive wear-
resistant coatings, the particularity of the 
selective material transfer during friction, etc.  

Theoretical treatment of the self-organizing 
processes in surfaces and interfaces is also 
focused. The principles of the thermodynamics 
of irreversible processes and of the nonlinear 
theory of dynamical systems are used to 
investigate the formation of spatial and 
temporal structures during friction. The 

transition to the self-organized state with low 
friction and wear occurs through 
destabilization of steady-state sliding. The 
destabilization is studied in different cases of 
formation of a protective film, micro-
topography evolution and slip waves. The 
pattern formation may involve self-organized 
criticality and reaction–diffusion systems. A 
special self-healing mechanism may be 
embedded into the material by coupling the 
corresponding required forces. The analysis 
provides the structure–property relationship, 
which can be applied for the design 
optimization of composite self-lubricating and 
self-healing materials for various ecologically 
friendly applications and green tribology [5, 
7,9,10,14,15].  

Adaptation to the variable and complicated 
conditions in tribo-couples is realized by self-
organization and synergy mechanisms. 
Synergy is regarded as two or more agents 
(contact body components) working together 
to produce a result not obtainable by any of 
the agents independently; the tribosystem 
being a complex adaptive system constituting 
of a set of coarse grained interrelated 
components working together with a common 
objective: fulfilling a designated need 
[2,5,7,9,16,17]. Tribosystems are considered 
as open systems exchanging material, energy 
and information with the milieu. The ability of 
a system “to forget” the external 
perturbations is related to system’s self-
organization. Due to the flow of mass, energy 
and information towards and from the system 
and far from equilibrium, new structures arise 
(new patterns like clusters, micro- and nano-
clusters). Their formation is characterized by 
spontaneity. Furthermore, it is intentional, not 
fully arbitrary. The aim of the system is to 
survive in spite of the external perturbation. 
The latest only stimulates (unlocks) internal 
mechanisms in the system, as a result of which 
the new structures are formed.  

In tribology are known many effects 
connected to self-organization: the effect of 
extremely low friction after irradiation of the 
surfaces with alpha-particles or ultrasound; 
the effect of selective transfer of material 
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between the contacting surfaces; the effect of 
surface-active additives in lubricants which 
cause decrease of surface strength; the effect 
of autovibrations, etc.  In all cases formation of 
new structures is observed – these are 
secondary protective surface structures. The 
study of the secondary protective surface 
structures is a central question in the study of 
self-organization. Problems of optimizing the 
tribosystem are related to the possibility of 
optimizing the conditions, under which the 
system being introduced in operating regime, 
forms secondary protective structures. 
Generally, the affect is on the working surface 
(material, preliminary structure) and on the 
conditions of the process, in such way that the 
internal for the system factors of its self-
organization could be switched on. 

Interesting and non-trivial is the 
phenomenon of self-organization during 
selective transfer of materials in the contact 
of friction surfaces and the tribological 
processes that take place during friction under 
conditions of selective transfer. In 1966 D.N. 
Garkunov and I.V.Kragelskii registered as a 
scientific discovery the selective transfer of 
material from one contacting specimen to the 
other under special conditions. In investigation 
and application, D.N. Garkunov and G. Polzer 
are of the first researchers of the selective 
transfer of material during friction of Cu-
containing contact surfaces with special 
surface-active substances, the corresponding 
formation of the “servovite layer” (notion 
adopted as per analogy with the contact in 
animal articulation), and the resultant high 
reduction in friction and wear [5,7,9,12,14,16-
18]. Many studies on selective transfer [29, 40, 
42-45,49] were also conducted with the 
transfer of layers different of copper. The 
surface passivation in selective transfer is 
accompanied by formation of a plastic film of 
secondary structures on the frictional  surfaces. 

Characteristic for the selective transfer in 
tribology applications is the fact that an 
inoxidable layer with low shift resistance is 
formed in the contact. This protective layer 
cannot accumulate dislocations and is highly 
antifrictional. The self-organization 

phenomena depend also on the interface 
energy and the material exchange with the 
environment. Generation of that layer requires 
special combination of materials of the contact 
surfaces, as well as special lubricant between 
them. Conditions for the continuous 
reproducibility of the layer are also needed 
because of its not so long life in the contact 
body in some cases. Thus, synergy effect in the 
forming of new structures in the contact 
between surface materials and lubricant 
appears to be desirable as optimization of 
contact couple. A special role in the formation 
of the tribo-film during the selective transfer 
plays the presence of certain additives in the 
lubricating layer between the friction surfaces. 
The results have shown that the values of the 
tribological characteristics moment of friction, 
coefficient of friction and wear are for each 
load lower for oil and grease that contain the 
oil-soluble metal-plating composite additive 
VALENA additive [18,19 ]. 

 
4. CONCLUSION  
 

The review aims to emphasize the 
possibility to optimize tribological contact 
systems through the investigation of the 
processes related to synergy, self-organization 
and selective transfer between the contacting 
surfaces. Important item is the focusing on the 
synergetic approach. It combines the effects of 
non-linearity and dissipation, randomness and 
coherence in open systems. The emergence of 
synergetics incited different sciences to match 
and to develop approaches related to self-
organization process. The approach is 
regarded in connection with the development 
of tribology. 

In tribology the contacts are under dynamic, 
variable, often very heavy conditions. So, the 
contact is in crisis. The system wants to 
protect itself and to survive in these conditions, 
i.e. to keep its integrity. We help the contact 
through tribology either by finding out the 
optimal material – that third body, which to be 
put in the contact, or by predicting the 
succession of events and phenomena by 
means of which the contact shall form its own 
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protective layer. The second case is related the 
opportunity to use self-organization processes 
in the contact body. They are connected to the 
adaptation of the tribosystem to the variable 
conditions and are realized by self-
organization and synergy mechanisms. The 
synergy corresponds to the mutual work of 
two or more agents working together to 
produce a result not obtainable by any of the 
agents independently. At the self-organization, 
due to the flow of mass, energy and 
information towards and from the system, 
arise with spontaneity new structures – 
secondary protective surface structures. The 
aim of the system is to persist and keep on 
functioning in spite of the external 
perturbation. The later only stimulates 
(unlocks) internal mechanisms for the 
formation of the new structures. 

The investigations of self-organization in 
the mode of selective transfer of materials 
have lead to the development of new 
lubricants, self-lubricating, wear-resistant and 
self-healing materials used in friction joints in 
heavy operating conditions, as in aircraft, 
mining industry, space research, etc. 

Many of the problems are left inconclusive 
hinting or presenting just the opportunities 
and new tasks in tribology unwrapped by the 
concepts of synergetics and self-organization 
in non-living matter. 
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Abstract: This paper presents the influence of the matrix on tribological properties of composites having 
10% aramid fibres. Polyamide (Relamid) and PBT (Crastin) were used as matrix. The short aramid fibers 

(Teijin), were approximately 200...250 m in length and 10 m in diameter, with expended extremities due 
to manufacturing process. Tests were done on block-on-ring tribotester on a BRUKER-CETR®.UTM 2 system. 
The test parameters were: sliding speed (0.25, 0.50 and 0.75 m/s), the load (5, 10, 15 and 30 N) and the 
sliding distance of 5,000 m. There were analyzed the dependence of friction coefficient, temperature on the 
contact edge and wear of the polymeric materials. SEM images help identify wear mechanisms and pointed 
out the different behavior of the two matrixes. Adding aramid fibers into a matrix of either PA or PBT makes 
the resulting blends have better tribological characteristics: the wear is much lower, the friction coefficient 
slightly increases, but remaining in an acceptable range for actual applications as compared with the neat 
polymers. PBT + 10% wt aramid fibres had the lowest wear versus a slightly higher coefficient of friction as 
compared to that of PBT, for the tested regimes. 

 
Keywords: dry sliding, aramid fibres, PBT, PA, wear 

 
 
1. INTRODUCTION  
 

Global energy and resources crisis has been 
made plastics find their field of application in 
virtually all industries, from the food, 
automotive, aviation, medicine and hi-tech 
technologies, where the polymeric materials 
become non-replaceable. 

Researchers have been focused on 
tribology of polymer composites and blends 
because friction couples with at least one 
element made of polymeric materials could 
have better behavior as compared to 
“classical” pair of materials, here including 
metal-metal contacts [1, 2, 3]. Tribological 

characteristics of polymers are improved by 
adding reinforcements (short fibres, nano and 
micro particles, made of metallic or ceramic 
materials) [4], solid lubricants, flame 
retardants etc. The most used fibres in 
polymeric matrixes are: glass fibres, carbon 
fibres, and recently introduced, aramid fibres. 
Companies [2, 5] offer on the market many 
composites with short fibres (carbon, glass, 
aramid) as reinforcement, giving mechanical 
characteristics of materials, but tribological 
characteristics are still reported by research 
institutes and academic stuff. For PBT, the 
mechanical characteristics are higher (Young 
modulus, tensile limit) adding 10% short fibres 

24 15th International Conference on Tribology – Serbiatrib ‘17



 

carbon than other fibres (aramid, glass) [2, 6] 
but comparison of tribological features are still 
rare. Reports on polymeric blends with aramid 
fibers of various length were done: 6 mm [7, 8], 
3 mm [9], 0.25 mm [10], 0.15...0.2 mm [11].  

The aim of this study is to offer a 
comparison between two composites with the 
same quantity of short aramid fibres, PA6 and 
PBT, as concerning the tribological behavior. 

 
2. TEST METHODOLOGY  
 

The materials involved in this research study 
were produced at the Reseach Institute for 
Synthetic Fibres Savinesti, Romania, using a 
molding equipment type MI TP 100/50. 

Polyamide grade Relamid and PBT grade 
Crastin were used as matrix (Tables 1 and 2). 
The short aramid fibers, as supplied by Teijin, 
were approximately 200...250 m in length 
and 10 m in diameter, with expended 
extremities due to the manufacturing process 
(Fig. 1) [12].  

 
Figure 1. Shot aramid fibers, as supplied by Teijin 

Table 1. Properties of PBT - CRASTIN 6130 NC010® 
[13, 14] 

Caracteristic Value 
Maximum working temperature, [°C] 110…180 
Tensile limit, [MPa] 65 
Thermal conductivity, [W/mK] 0.25 
Thermal expansion coefficient, [K-1] 9010-5 
Young modulus, [MPa] 3300 
Strain at yield, [%] 23 
Melting temperature, [°C] 235.6 

 

The composites with either PA6 or PBT 
matrix and addition of aramid fibers and black 
carbon (Table 4) were produced on a 
micropilot plant, by die molding, with a single-
screw extruder (length to diameter L/D = 25,  
D = 60 mm, Table 3), the cooling bath for the 
blank polymer, a granulator, a rotary dryer and 
rotary drum granules for mixing the 
constituent. 

Table 2. Properties of polyamide Relamid® [15]  

Caracteristic Value 
Maximum working temperature, [°C] 90-110 
Tensile limit, [MPa] 42 
Thermal conductivity at melt, [W/mK] 0.22 
Thermal expansion coefficient, [K-1] 200 
Young modulus, [MPa] 922 
Strain at break, [%] 109 
Melting temperature, [°C] 232 

 
Table 3. Caracteristics of the molding machine  

Characteristic Value 
Worm diameter  33 mm 
Number of heating zones 3+1 (nozzle) 
Nominal power for pump 11 kW 
Maximum molding volume  96 cm3 
Productivity 40 kg/h 
Maximum molding pressure  114 MPa 
Worm speed (under continously 
controlled load) 

20-250 rpm 

Maximum stroke of the nozzle  150 mm 
Maximum force on the nozzle  35 kN 
Temperature range for material 
heating 

20-400 °C 

Maximum pressure of hydraulic oil 14 MPa 
 
Table 4. Tested materials  

Symbol Composition (%wt) 
PA 100% PA 
PAX PA6 + 10% aramid fibers + 0.5% black 

carbon 
PBT 100% PBT  
PBX PBT + 10% aramid fibers + 1% PA6 + 1% 

black carbon 
 
The recommended parameters for  polymer 

injection are [16]: temperature in feed zone - 
220…240°C, temperature of matrix - 70…90°C, 
temperature in compression zone - 230…250°C,  
injection pressure - 80…120 MPa, temperature 
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in mixing zone - 240…270°C, the nozzle 
temperature - 250…260°C. 

Tests were done on block-on-ring 
tribotester (Fig. 2), included in a system 
BRUKER-CETR®.UTM 2 [17, 18] with the 
parameters: sliding speed (0.25, 0.50 and 0.75 
m/s), load (5, 10, 15 and 30 N) and the sliding 
distance of 5,000 m [15, 19, 20]. The speed of 
0.5 m/s is the most used by producers of 
polymeric materials, for evaluating tribological 
properties [3]. 

There were analyzed the dependence of 
friction coefficient, temperature on the contact 
edge with the help of a thermo-camera PI160 
and dedicated soft PI Conect and wear (as mass 
loss of the block) on the material.  

 

Figure 2. Tribotester block-on-ring 

As one may notice from literature [19, 21, 
22], the parameters for block-on-ring tests are 
in a wide range, especially for block 
dimensions, speed, load and sliding distance. 
After consulting many reports on this test, the 
authors considered that a sliding distance of 
5000 m is satisfactory for making the friction 
coefficient and wear stable.  

 
3. RESULTS 
 
3.1 Friction coefficient 
 

The average value of the friction coefficient 
(COF) was calculated for the running time of 
each test and in Figures 3 and 4, the minimum 
and maximum values of this parameter are 
also given. 

 

 
Figure 3. Average and spread range for friction 

coefficient characterising the couple PA-steel and 
PAX-steel. 

Comparing the average values for the neat 
polymer and the blend PA + 10%wt aramid 
fibres, it is obvious that load has a high 
influence after 15 N, the friction coefficient at 
30 N being about three times greater for PA as 
compared to the blend. 

For materials based on PBT, the differences 
in the average values of the friction coefficient 
are in a narrow range, thus, this tribological 
parameter is not relevant in selecting one of 
these two materials and other tribological 
ones have to be compared (wear, running 
temperature, surface quality [19, 20] and even 
price. 

In Figures 3 and 4, the smallest average 
values of COF (around 0.2) were obtained for 
the test parameters v = 0.25 m/s, F = 10 N. The 
lower value of the spread range was obtained 
for v = 0.25 m/s and F = 15 N. In some systems, 
where smooth operation is required, it is good 
to know this range. 

The following discussion is based Czicosh’s 
discussion on the friction coefficient [23] and 
Myshkin’s studies [24]. 

26 15th International Conference on Tribology – Serbiatrib ‘17



 

 

 
Figure 4. Average and spread range for friction 

coefficient characterising the couple PBT-steel and 
PBX-steel. 

 

 

Figure 5. Examples of COF evolution in time for 
PA and PAX 

For PA, one or two of these stages are 
missing and the friction coefficient evoluates 
smoothly for low loads, but for higher loads 
(15 N and 30 N), this parameter beggins to 
increase after 2500...3000 m for F = 15 N and 

after a shorter sliding distance (L = 600...1000 
m) for F = 30 N. This could be explained by the 
increasing temperature in contact (see Figs. 7-
10) that favours the appearance of a 
soften/molten tribolayer that resist sliding 
more than the solid polymer. Adding 10% 
aramid fibres makes the friction coefficient 
becoming more stable for F = 5...15 N, but for 
F = 30 N, it increases and oscillates, not so 
severely as for the neat polymer. 

For PBX, there could be indentified several 
stages, but some are overlapping or they are 
missing, L being the sliding distance: 

- phase I (L = 0-200 m…500 m) of addapting 
surfaces and an increasing friction coefficient, 
a step of adjusting the surface to increase the 
coefficient of friction, less pronounced at 
higher forces; 

 

 
Figure 6. Examples of COF evolution in time for 

PA and PAX 

- phase II (L = 200 m…500-1000 m) a step in 
which the friction coefficient decreases 
because of the surface smoothing; 

- phase III (L = 1000 m…2500 m) the friction 
coefficient is maintained at low values, 
possibly with a slight tendency to increase, 
more pronounced in composites; 

- phase IV (L = 2500 m…3000-5000 m) The 
development trend of the friction coefficient 
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depending on the combination (load, speed, 
materials in contact). 
 
3.2 Wear and temperature on contact edge 
 

In this work, the authors defined wear mass 
as the mass loss of the block, the difference 
between the initial mass and the final element. 

Wear maps have become o good tool for 
pointing out the influence of different 
parameters on wear [25]. Maps were plotted 
using a cubic interpolation in MATLAB R2009b 
and surfaces are “obliged” to include the 
experimental data. A point on a map 
represents a test for the same set of 
parameters (F [N], v [m/s], L [m]), where F is 
the normal load, v is the sliding speed and L 
(5000 m) is the sliding distance. The values in 
temperature maps represent the temperature 
at contact edge, measured with a thermo-
camera, just before the end of the test. 

The following figures (Fig. 7 to Fig. 10) 
correlates the mass wear and the maximum 
temperature recorded on the edge of the 
contact. Looking at Figure 7, for F = 30 N, 
materials based on PA6 have a sharp increase 
in the wear mass, very strong for v = 0.75 m/s. 
For example, at v = 0.25 m/s and F = 30 N, the 
wear of the PA block is 4.25 times higher than 
for a halved force (F = 15 N) and for v = 0.5 
m/s, wear of PA block is 12 higher than the 
wear at F = 15 N. The highest value was 
obtained at F = 30 N and v = 0.75 m/s. Based 
on these results, the authors recommend PA 
only in the field of F = 5...15 N and v = 0.25... 
0.75 m/s.  

PAX had better results, but its wear for F = 
30 N was noticeably higher (see Fig. 8) for v = 
0.50 m/s and v = 0.75 m/s, but having similar 
values, which means a reduced susceptibility 
to wear speed variation. From F = 15 N to F = 
30 N, PAX wear was increased by 1.5 times, at 
v = 0.25 m/s, increased 2.25 times for v = 0.5 
m/s and wear was 10 times higher for v = 0.75 
m/s. 

PBX wear is greater than that of the PBT for 
F = 5 N (for all tested speeds) (Fig. 11) it 
follows that the addition is not justified for 
small loads. Starting from F = 10 N, the wear 

behavior of the two materials to a metal 
surface changes. Low values are obtained for 
the PBX. For F = 30 N, PBT wear is 2 times 
higher than that of the PBX, at v = 0.25 m/s 
and v = 0.50 m/s and 1.75 times for v = 0.75 
m/s. 

When comparing the values in Figs. 7 and 8, 
for the PA and PAX, to those in Figs. 9 and 10 
for PBT and PBX, the following conclusions 
may be formulated. 

For F = 5 N, PAX and PBX have higher mass 
wear, especially for low speeds as compared 
to the polymer PA and PBT, respectively. From 
F = 10 N to F = 30 N, additivated materials 
behaved better to wear, they have lost less 
material as compared to polymers without 
fibres. 

Comparing wear values between PA and 
PBT, respectively PAX and PBX, favorable 
values (lower wear) are for PBT and PBX. 

PBT and PBX are less sensitive to changes in 
speed, regardless of load, in other words, the 
authors recommend materials PBT and PBX, 
for processes where sliding speed changes 
substantially (in the range v = 0.25...0.75 m/s). 

The maximum temperature recorded at the 
contact edge (Fig. 7 to and Fig. 10) ranks the 
tribological behavior more clearly for the 
tested materials. A designer will be interested 
in a material which is not easily heated and the 
load and speed variations of load will induce or 
increase the temperature as low as possible. 

PA had the largest increase in temperature 
in the same zone of test parameters (F, v), 
where the coefficient of friction and wear 
were maximum. PAX and PBT have similar 
peaks in the same zone, but minimum values 
of temperature are lower for PBT. 

PAX has the minimum temperature in the 
range of v = 0.25 ... 0.50 m/s and F = 10 ... 20 
N, while PBT has a larger area of the 
combinations (F v), for a temperature 
increase only a few degrees above the 
ambient temperature. PBX does not exceed 
60°C for any of the arrangements of test 
parameters.
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Figure 7. Maximum temperature at contact edge 

and mass wear for PA 

 

 
Figure 8. Maximum temperature at contact edge 

and mass wear for PAX 

 

 
Figure 9. Maximum temperature at contact edge 

and mass wear for PBT 

 

 
Figure 10. Maximum temperature at contact edge 

and mass wear for PBX 
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3.3 Wear mechanisms 
 

Friction couples involving at least one 
element made of polymeric materials initiate 
and develop particular wear mechanisms: 
transfer, particle agglomerations and 
compacting zones, abrasion (Fig. 11), all these 
influencing the tribological behavior.  

 
a) PAX, v = 0.25 m/s, F = 30 N 

 

c) v=0.25 m/s, F=15 N, PBX 

 

c) v=0.75 m/s, F=30 N, PBX 

Figure 11. Abrasion process on the polymeric block 

SEM images help identify wear mechanisms 
and pointed out the different behavior of the 
two matrixes. 

Figures 12 and 13 shows a good bonding of 
the matrix around the fibres. Fibres are elastic 
and bend a little in the sliding direction, 
„opening” a small cavity between matrix and 
fibre, in front of the contact, as also described 
by Stachowiack [25]. 

  
a) v = 0.25 m/s b) v = 0.75 m/s 

Figure 12. PAX, F = 30 N (sliding direction up-down) 

  
a) v = 0.5 m/s b) v = 0.75 m/s 

Figure 13. PBX, F = 30 N (sliding direction up-down) 

 
Abrasion has ploughing as dominant 

process (Fig. 11.a and b). This process is less 
intense for higher speed due to the softening 
of the tribolayer and the recovery of the 
polymeric matrix. There is a debonding 
process between fibres and matrix, but the 
elasticity of aramid fibres diminish the process 
intensity and the cavity so formed is easily fill 
with the smallest wear debris (Fig. 13). It 
seems that fibres are not broken when they 
are still embedded in the matrix, but after a 
running time, the polymer matrix is more 
prone to be detached and lets the fibres to be 
tear off, especially when they are 
approximately positioned parallel to the 
sliding direction (Fig. 11.a and Fig. 14). 
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Figure 14. Damage of the superficial layer of a 

block made of PBX, F = 15 N, v = 0.75 m/s 

   
a) v = 0.5 m/s,                        b) v = 0.75 m/s 

Figure 15. Worn surface of a block made of PAX,    
F = 30 N 

Figure 15 shows that at v = 0.75 m/s, for the 
block made of PAX, the running regime makes 
a very thin layer of polyamide to be soften and 
molt. At v = 0.5 m/s this thin layer is not 
noticeble (Fig. 15.a). Figure 16 presents a fibre 
detached from PAX, dragged and rolled in the 
contact (a), till break (b). 

  
a) Detached fibre b) Detail 

Figure 16. Detached fibre, find on steel surface, 
PAX, F = 15 N, v = 0.25 m/s 

Relatively low melt temperature combined 
with the low thermal conductivity of polymers 
ensures that frictional heat generated in 
contact can easily reach the melting point of 
the polymer and cause its surface to melt, at 
least to soften.  

When the polymer melts, its friction and 
wear parameter are markedly altered. The 
melt process is taking place in a very thin layer 
but now, it could be easier detached or spread 
on the surface. When this mechanism is 
prevailing, the type of material loss is named 
'melting wear' [3]. Also, the transfer of 
polymer could be intensified. 

  
a) Lump transfer b) Detail 

Figure 17. Steel ring surface after running against 
PBX (F = 15 N, v = 0,75 m/s) 

  
a) Adhesion and wear 
debris agglomeration  

b) Lump transfer and 
trapped fragments of 

aramid fibres  

Figure 18.  Steel ring surface after running against 
PAX, F = 15 N, v = 0.25 m/s 

Figures 17 and 18 present details of 
polymeric transfer on the steel surface of the 
ring and how the fibres are fragmented. 

The separated fibres from the matrix do not 
break easily, but, in time, they are fragmented 
in small parts of several microns, as see in Fig. 
19.b and Fig. 20. 
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a) Lump transfer b) Detail 

Figure 19. PBX transfer PBX on steel ring (F = 10 N, 
v = 0.25 m/s) 

  
a) Fragment of aramid 
fiber ambedded in an 
island transferred film  

b) Fragment of aramid 
fiber, trapped in the steel 

surface asperities 

Figure 20. Fragments of aramid fibres on the 
metallic surface , block made of PAX, F = 15 N,  

v = 0.25 m/s 
 
4. CONCLUSIONS 
 

From this tribological study, it results that 
adding  10% wt aramid fibres in PA and PBT 
decreases wear and the temperature in 
contact. The friction coefficient slightly 
increases for the materials containing aramid 
fibres, but remaining in an acceptable range 
for actual applications.  

The wear map of PA points out a zone with 
low wear for F = 5 ... 20 N (1.25 N/mm ... 5 
N/mm) and v = 0.25 ... 0.75 m/s. For F = 20 ... 
30 N (5 N/mm ... 7.50 N/mm) and v = 0.50 ... 
0.75 m/s, the wear has a large gradient, 
indicating that the material should not be 
recommended for this regime. 

Maps of wear recommend certain areas for 
load and speed in actual applications. Thus, it 
appears that PA and PAX wear is large for 
combination (high speed - high load), the 
polymer having a maximum of 4 times greater 
wear than PAX. PBT has an area of high wear 
for (high force - low speed) and the PBX had 

the lowest wear values, with a weak 
dependence on the sliding speed, especially 
for high load (F = 30 N). 

The addition of 10% aramid fibres in PA 
leads to flattening of the surface of wear map. 
The maximum value recorded for PAX is 
obtained for small forces and low speeds. So, 
this material has a much better wear behavior.  

PAX performs better at high speeds and for 
F = 30 N, curve shape of wear departs only 
slightly from a straight line. 

For PBT, the resulting map shows a better 
behavior between 12 ... 24 N and velocity v = 
0.25 m/s ... 0.6 m/s. The greatest wear was 
obtained for the combination (the lowest force 
- the highest speed). 
 It has been found that PBT without 
reinforcement has a very good tribological 
behavior, the average coefficient of friction 
being low and also a relatively low wear, but 
the addition of 10% wt aramid fibres, causes a 
substantial improvement in the wear behavior. 
PBT + 10% wt aramid fibres had the lowest 
wear versus a slightly higher coefficient of 
friction as compared to that of PBT, for the 
tested regimes. 
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Abstract: One commercial thermoset epoxy resin was used in this study namely Epiphen RE4020-DE 4020 
(Bostik). In general, epoxy is not an ideal material used in tribological applications due to its three-
dimensional network structure. This is why in this paper we made a study regarding friction coefficient of 
modified Epiphen epoxy resin. The tribological behaviour of Epiphen epoxy resin can be significantly 
improved by addition of suitable modifying agents. As modifying agents we used three concentrations of 
three organic solvents. Friction tests of formed composite materials were carried out on a pin-on-disc 
geometry. In this paper it is shown how load, sliding velocity, and distance affect friction coefficient of 
modified Epiphen epoxy resin.  
 
Keywords: epoxy resin, Epiphen, friction coefficient. 

 
 
1. INTRODUCTION  

 
The name epoxy resins has over the years 

become synonymous with performance [1]. 
Epoxy resins constitute a major class of 
thermosetting resins and are extensively used 
as coatings, electronic materials, adhesives [2]. 
Some of their most interesting applications are 
found in the aerospace and recreational 
industries [3]. Many polymers and polymer 
based composites are widely used for sliding 
couples against metals, polymers and other 
materials [4]. 

The most common resin is based on 
bisphenol A and is referred to as the 
"diglycycidyl ether of bisphenol A" or DGEBA. 
The formation of the three-dimensional 
network can take place at room temperature 
or elevated temperatures depending upon the 
nature of the amine or anhydride [1,5]. Studies 

over the past two decades have shown the 
potential improvement in properties and 
performance of epoxy systems in which 
organic solvents are introduced [6]. The use of 
organic solvents to place modifying agents 
inside the polymer matrix had attracted 
increasing interest owing to their unique 
properties and numerous potential 
applications [7]. There are some well-known 
solvents as 1,4-Dioxane (1,4-D), 1-Methyl-2-
Pyrrolidinone (NMP) and N,Ndimethylform-
amide (DMF) that can be used [8, 9, 10]. It is 
desirable to conduct tribological tests to 
understand how organic solvents affect the 
friction coefficient of modified epoxy resin [11]. 
There have been numerous investigations 
exploring the influence of test conditions, 
contact geometry and environment on the 
friction behaviour of polymers [12, 13]. 
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2. EXPERIMENTAL SECTION 
 

The experiments were carried out with 
Epiphen RE 4020 - DE 4020 (Bostik) epoxy 
system. Friction coefficient studies of epoxy 
systems against steel disc are usually carried 
out at different load, sliding velocity, and 
distance conditions [14]. 1,4-D with a stated 
purity of 99.5% was purchased from Sigma 
Aldrich. NMP and DMF were also from Sigma 
Aldrich (with more than 99% and 99.8% 
purities, respectively). First of all, the chemical 
compatibilities of components (Epiphen epoxy 
resin and solvents) were made. The used 
amount of organic solvent are: 2.5%, 5% and 
10%. The resin and the code designation for 
the test materials made from it are as follows: 
E0- epoxy resin; E1.4D2.5% - diluted epoxy 
resin with 2.5% 1,4-Dioxane; E1.4D5% - diluted 
epoxy resin with 5% 1,4-Dioxane; E1.4D10% - 
diluted epoxy resin with 10% 1,4-Dioxane; 
EDMF2.5% - diluted epoxy resin with 2.5% 
N,Ndimethylformamide; EDMF5% - diluted 
epoxy resin with 5% N,Ndimethylformamide; 
EDMF10% - diluted epoxy resin with 10% 
N,Ndimethylformamide; ENMP2.5% - diluted 
epoxy resin with 2.5% 1-Methyl-2-
Pyrrolidinone; ENMP5% - diluted epoxy resin 
with 5% 1-Methyl-2-Pyrrolidinone; ENMP10% - 
diluted epoxy resin with 10% 1-Methyl-2-
Pyrrolidinone. 

R1, R2 and R3 represents the friction 
coeficient regimes used for composite 
materials tests. 

The friction behaviour of epoxy resin and 
organic solvents diluted epoxy resin were 
investigated using a TRM 1000 tribometer 
from Wazau on pin-on-disk geometry, with the 
pin made of analyzed material and steel disk. 

 
Figure 1. Tribometer TRM 1000 from Wazau 

Tribological tests were done 23°C for 1000 
m distance. The tests were performed at three 

different regimes with three  loads and three 
sliding speeds in order to respect the same 
product load-speed (30N and 2m/s = R1; 40N 
and 1.5m/s = R2; 50N and 1.2 m/s = R3). The 
wear values of materials were also 
investigated. For each material three tests 
were run for each regime and the presented 
results are average values of the three tests. 

During tribological tests, temperature 
values at the beginning and at the end of the 
test were measured with IP 160 Optris® 
imager. 
 
3. RESULTS AND DISCUSSION 

 
Figures 2, 3 and 4 shows the friction 

coefficient evolution of 1,4-D organic solvent 
materials for all three regimes. The results 
indicate that E1.4D2.5% and E1.4D5% 
materials shows a constant behavior close to 
that of the unmodified resin for all three 
regimes. In the case of E1.4D2.5% material, 
the friction coefficient values shows   higher 
values than unmodified resin, while E1.4D5% 
material shows lower values than unmodified 
resin. In the case of E1.4D10% material, its 
behavior is approximately constant with the 
mention that the friction coefficient values for 
all three regimens are increasing, except 
within the three regime, where the values do 
not reach the friction coefficient of the 
modified resin, despite that the loss of 
material during the test it was a very small 
one, even lower than the unmodified resin 
(Table 1). 

 
Figure 2. Friction coefficient of 1,4-D diluted 

Epiphen against steel (R1) 
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Figure 3. Friction coefficient of 1,4-D diluted 

Epiphen against steel (R2) 

 
Figure 4. Friction coefficient of 1,4-D diluted 

Epiphen against steel (R3) 

Table 1. Wear values of 1,4-D diluted Epiphen 
against steel 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 0% 2.5% 5% 10% 
R1 1.66 1.33 3.53 1.06 
R2 2.5 5.25 1 7.5 
R3 3 7.2 8 1.2 

 

 
Although in case of the R3 regime, the 

friction coefficient values and the curve are 
very similar to that of the unmodified resin, 
the material loss of E1.4D5% material is two 
times higher, which leads to the idea that the 
phenomenon of abrasion in the case of this 
material it is a severe one. 

Regarding the R3 regime, the E1.4D10% 
material showed the lowest mass loss, which 
makes this material to provide excellent 
tribological properties. 

 
Figure 5. Friction coefficient of DMF diluted 

Epiphen against steel (R1) 

 
Figure 6. Friction coefficient of DMF diluted 

Epiphen against steel (R2) 

 
Figure 7. Friction coefficient of DMF diluted 

Epiphen against steel (R3) 

Table 2. Wear values of DMF diluted Epiphen 
against steel 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 0% 2.5% 5% 10% 
R1 1.66 10 2.66 4.33 
R2 2.5 6.75 5 8.75 
R3 3 5 5.6 5.6 
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Figures 5, 6 and 7 shows the friction 
coefficient evolution of DMF organic solvent 
materials for all three regimes. The friction 
coefficient values for every material in this 
category, are close to those of unmodified 
resin, exhibit no significant variation leading to 
the idea that the percentage of DMF organic 
solvent can improve or worsen the the 
properties of those materials. From Table 2 it 
is clear that the materials with DMF organic 
solvent, regardless of the used amount, the 
mass loss were higher compared to the 
unmodified resin. 

 
Figure 8. Friction coefficient of NMP diluted 

Epiphen against steel (R1) 

 
Figure 9. Friction coefficient of NMP diluted 

Epiphen against steel (R2) 

Figures 8, 9 and 10 shows the friction 
coefficient evolution of NMP organic solvent 
materials for all three regimes. The largest 
weight loss during test was recorded for 
ENMP5% for R1 and R2 regimes (Table 3). 
Regarding the friction coefficient values we 
can say that, for all operating modes (R1, R2 
and R3) the stabilization was recorded after 
about 400 m from the test was started. This 

instability can be related to the compatibility 
between the contact surface of the material 
and the disc (pin-on-disc). If we refer to the 
mass loss,  it is inversely proportional with 
raising force and directly influenced by the 
speed of the test. Thus, for this type of 
material R3 regime is optimal. 

 
Figure 10. Friction coefficient of NMP  diluted 

Epiphen against steel (R3) 

Table 3. Wear values of NMP diluted Epiphen 
against steel 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 0% 2.5% 5% 10% 
R1 1.66 6.7 10 8.75 
R2 2.5 6 7.5 3.4 
R3 3 2.5 2.5 2.04 

 

 
Tables 1-3 shows the degree of wear values 

calculated for each component. These values 
were determined using the following formula: 

 

Where  weight loss; F applied force; L 
sliding distance of 1000 m. 

Analysis of the thermal field of the 
tribological system to the above listed 
materials leads to the conclusion that 
materials, due to friction, increase the 
temperature by approximate 19°C degrees for 
R1, 28°C for R2 and by 38°C for R3, for all 
organic solvents used (Fig.11). 

This leads to the idea that the used organic 
solvent does not influence the temperature of 
materials during the tribological tests. The 
temperature increases with increasing test 
loads. 
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Figure 11. Thermal field of composite materials 

 

4. CONCLUSIONS 
 

Friction coefficient and wear tests of 
modified Epiphen resin containing different 
amounts of organic solvents were carried out 
using a pin-on-disc friction and wear machine. 

The best behaviour of friction coefficient 
values is for DMF and NMP materials for all 
used concentrations.  

Unstable behavior of friction coefficient 
values has been observed for all regimes for 
1,4-D materials. They show some oscillations 
during tribological test. The oscillations are 
more pronounced in the case ofR2 regime, for 
an intermediate force of 40N. Can be noticed 
that 1,4-D materials does not comply the 
typical behavior of increasing friction 
coefficient values followed by its stabilization 
toward the end of the test. 

The used organic solvent does not influence 
the temperature of materials during the 
tribological tests. 
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Abstract: This paper deals with the theoretical foundations aimed for modeling and simulation of fluid flow 
through porous structures and related friction. Different approaches to determination of the analytical 
solution of the friction factor are presented, as well as formulas that are used in specific flow regimes. 
Review of fluid types from aspect of viscosity are shown, namely Newtonian and non-Newtonian fluids and 
related aspects of the fluid behaviour. Review of the established dependencies of the friction factor on the 
influential factors is presented, such as on Reynolds number, pore geometry, permeability and inertia 
coefficients. Differences between smooth and rough surfaces in contact with the fluid are observed, from 
aspects of friction. Geometry of the porous structure essentially influences the flow and governs the friction, 
as well as the surface roughness. The pressure drop within a porous structure is directly influenced by the 
permeability and drags force coefficients and can well characterise cellular materials. Wall roughness 
typically enhances the turbulence and transition from laminar to turbulent flows appears earlier for rough 
than for smooth surfaces. One short example of CFD modeling of the fluid flow through porous media is 
shown, as well as generation of the Voronoi based open cell pattern. 
 
Keywords: friction factor, fluid flow, CFD, porous structure, Voronoi meshing. 

 
 
1. INTRODUCTION  
 

Porous materials have gained much 
attention for numerous industrial applications, 
whereas the main property enabled is related 
to the lighter materials in otherwise robust 
elements. Porous material is a material 
containing voids in certain percentage.  The 
solid portion of the material is often called the 
"matrix" or "frame". The voids or pores can be 
empty (e.g. in the case of shock absorbers) or 
filled with a fluid (e.g. in the case of filtration 
systems). Porosity is eminent property, but 
other features are also important, such as 
permeability, tensile strength, electrical 
conductivity or any other related to the end 
application. However, porosity is not a simple 

term, because it is directly describing the 
material only in case of poroelastic medium. 
Porosity can be interconnected, thus making 
continuous network of solid matrix and open 
pores. In other case, porous material can have 
closed voids resulting in rather different 
methods of characterisation and design, from 
several aspects (fabrication, mechanical 
behaviour, etc.). For materials with open 
porosity, effective porosity (pore space 
accessible to flow) is also introduced as the 
process parameter. 

Most of the natural materials exhibit some 
degree of porosity (rocks, soil, wood, biological 
tissues – bones), as well as many artificial ones 
(cement, concrete, ceramics) and numerous 
applications use its concept (e.g. filtration 
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systems that directly use porosity in its 
function). Fluid flow through open channels 
(e.g. river basin or pipes) is rather different 
than the flow through porous medium, 
whereas some part of the fluid is retained 
within pores constantly during the flow. The 
basic law related to the fluid flow through 
porous medium is Darcy's law, as given in 
equation (1), established by, Henry Darcy in 
1856. It is based on his experiments with 
water passing through sand. It is a simple 
direct relationship between the discharge rate 
through a porous medium, pressure drop over 
certain distance and fluid viscosity.  

 

Q =   (1) 

 
where: Q is volumetric flow rate [m3/s]; P is 
pressure [Pa]; ρ is density [kg/m3]; g is 
gravitational acceleration [m/s2]; z is vertical 
coordinate (measured downwards) [m]; L is 
length of sample [m]; C is constant of 
proportionality [m2/Pa s]; A is cross-sectional 
area of sample [m2]. 

Darcy’s law is valid in the case of 
macroscopic flow, that is, when flow regions 
are much larger than the pore sizes. However, 
when micro and nano voids are observed, 
different set of parameters must be taken into 
account. There are several influential 
parameters describing fluid flow through 
porous materials introducing complexity in 
calculations and theory. Observation of 
nano/micro scales only increase these 
complexities, and many issues are under 
investigation in scope of these new 
applications. For example, permeability is not 
a property related to the pore size. It is related 
to certain region that contains some number 
of pores and representative elementary 
volume (or length scale) needs to be defined. 
Dynamic behaviour of the fluid, especially in 
case of porous medium, often introduce Darcy 
friction factor, which is essentially different 
that friction coefficient in case of solid 
contacts. It describes the friction losses during 
the flow in pipes and open channels, and it is 
studied also for porous nano/micro structures.  

 
Table 1. Historical approximations to the Colebrook–White relation: friction factor, f 

Equation Author Year Range Ref. 

 

Moody 1947  

 

[1] 

 

Churchill 1973 Not specified [2] 

where 

 

 

Churchill 1977 Not specified [2] 

if  than  
and if  than  

Tsal 1989 Not specified [3] 

 

 

Brkić 2011 Not specified [4] 
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Table 2. Examples of different fluids from aspect of viscosity 

Viscoelastic 
 

Amorphous polymers, semicrystalline 
polymers, biopolymers, blood clots, metals at 
very high temperatures, toothpaste, gelatine 

combination of elastic and 
viscous effects under 
deformation 

Time-dependent viscosity Synovial fluid, printer ink, gypsum paste viscosity increases with 
duration of stress 

Yogurt, aqueous iron oxide gels, gelatin gels, 
pectin gels, some clays, many paints, many 
colloidal suspensions 

viscosity decreases with 
duration of stress 

Non Newtonian Viscosity Silica nano-particles are dispersed in a 
solution of polyethylene glycol; quicksand; 
corn starch in water 

Shear thickening 

Blood, some silicone coatings, some silicone 
oils, sand in water, ice 

Shear 
thinning (pseudoplastic) 

Water, Blood plasma  Generalized Newtonian 
fluids. Idealized fluid where 
viscosity is constant. 

 
There is a number of existing 

phenomenological equations that enable 
calculation of Darcy friction factor, depending 
on the flow regime (laminar, transitional, 
turbulent in smooth or rough conditions, free 
surface), as well as many approximations, as 
given in Table 1. Friction factor has been 
studied by many research groups, but mainly 
for the pipe flow. The simplest formula is for 
the laminar flow in the pipe, for Reynolds 
number less than 2320, as given in equation (2). 

               (2) 

Beside the Reynolds number, roughness ε is 
introduced and pipe diameter D. Development 
of the friction factor equations through years 
is given in Table 1. It only reflects complexity 
of the exact determination of the friction 
factor and additional issue of porous materials 
represents state-of-the-art subject of research 
nowadays. There are different parameters that 
can be observed as influential and a good 
review is given in [14, 19]. 
 
2. FRICTION FACTOR IN NON-NEWTONIAN 

FLUIDS IN POROUS MEDIA 
 

Unlike the water, synovial fluids and blood 
belong to a group of non-Newtonian fluids. 
These fluids do not follow the Newton's Law of 
viscosity and exhibit viscosity that is 
dependent on the shear rate. Comparison of 

non-Newtonian, Newtonian, and viscoelastic 
properties and examples of fluids are given in 
Table 2 [6]. 

Flow of non-Newtonian fluids through 
porous materials is important for many 
applications, such as oil recovery, liquid 
polymer molding, blood flow through bone 
scaffolds, etc.  

In general, non-Newtonian fluids can be 
classified as: 
- Time-independent or generalized  
   Newtonian fluids 
- Time-dependent fluids 
- Viscoelastic fluids 

Friction coefficient can be calculated by 
using several equations, as previously 
mentioned, but in the case of porous 
structures it is still under development and is 
applied with more or less accuracy in modeling. 
Good reviews of possible approaches in 
modeling of flow through the porous 
structures are given in [18, 19, 20]. 

For single void, normalized friction 
coefficient calculated as the function of 
Reynolds number is shown in Fig. 1, whereas 
comparison of different pore sizes, flow 
lengths and empirical coefficients reflecting 
flow regimes are shown. The difference from 
idealized Newtonian fluid can be clearly seen. 
Another important parameter is the roughness 
of the surface over which the fluid is flowing, 
which essentially influence the friction in 
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boundary layers. Flow behaviour over smooth 
(Fig. 2a) and rough surfaces (Fig. 2b) usually 
relates to a different regimes and friction 
factor dependence on Reynolds number is 
shown in Fig. 2 [7] with obvious differences. 
The transition between laminar and weak 
turbulent flow can be clearly seen. Navier–
Stokes equations are applied at the 
microscopic level, whereas these are reduced 
to Stokes equations when non-linear part is 
neglected. If only one width of the pore is 
presented for both cases of rough and smooth 
surfaces, very obvious difference in values of 
the friction factor can be seen in Fig. 3 [7]. It 
can also be seen that friction factor decreases 
with increase of Reynolds number, what can 
be typically expected. However, Figs. 2 and 3 
shows that some opposite behaviour can be 
expected in certain ranges of Reynolds 
number. This can be especially well observed 
in Fig. 3, for both smooth and rough surfaces, 
but more pronounced in case of smooth 
surface. Wall roughness typically enhances the 
turbulence and transition from laminar to 
turbulent flows appears earlier for rough than 
for smooth surfaces (denoted by the sudden 
fluctuation of values in the presented curves). 
Tzelepis et al. [7] suggested the certain 
threshold on the factor dependence on the 
fracture width (or pore size if porous structure 
is considered) and roughness, meaning that 
after some value of Re, no dependence can be 
observed, but this needs further investigations. 

However, there is a limited literature on 
fully porous structures related to the friction 
factor and all analytical solutions are mainly 
related to some approximations of those for 
pipe or open channel flows with introduction 
of wall roughness. Geometry of porous 
structure essentially influences the flow and 
some recent papers have started to deal with 
this topic, such as very good article on this 
subject is written by Kumar and Topin [8]. 
 

 
Figure 1. Friction coefficient dependence on 

Reynolds number for non-Newtonian fluids in 
comparison to Newtonian fluids [6] 

 

 
Figure 2. Constructed Moody diagram for all 
widths for a) smooth fractures and b) rough 

fractures [7] 
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Figure 3. Constructed Moody diagram for 3 mm 

width – comparison of smooth fractures and rough 
fractures [7] 

They enlisted several approaches in 
definition of properties of flow through open 
cell foams and analysed dependence of the 
particle diameter Dp on Reynolds number, 
used for pressure drop and friction factor 
calculations. This approximation considers the 
porous structure as the collection of grains 
closely packed, with the same specific surface 
area as the porous structure thus formed, 
what in reality can display rather large 
difference as can be seen in Fig. 4.  

 

 
Figure 4. Comparison of analytical and 

experimental solutions for friction factor 
dependences on Reynolds number with influence 

of K and C coefficients [8] 

Geometry of pores within the porous 
structure can be easily exactly determined, 
experimentally by using micro CT device [9]. 
Different formulas are used in different 

regimes and several parameters are important, 
whereas flow characteristics, K – permeability 
and C – inertia coefficients, are commonly 
obtained by experiment and used for fitting of 
analytical curves. 

Kumar and Topin [8] suggested analytical 
solution for friction factor by using pressure 
drop within a porous structure as given in 
equation (3) and proven by good fitting with 
experimental data as shown in Fig. 5. The 
pressure drop within a porous structure is 
directly influenced by the permeability and 
drag force coefficients and can well 
characterise cellular materials [8, 9]. 

             (3) 

 
Figure 5. Comparison of analytical and 

experimental solutions for friction factor [8] 

 
Figure 6. Friction factor dependence on: 1) the cross 

section area (Dh – central diagram); 2) equivalent 
diameter (deq – lower right diagram); 3) square root 

of permeability (dk – lower left diagram) and 4) 
porosity (dh – upper right diagram) [10] 
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Kim et al. [10] classified the relations 
between friction factor and Reynolds number 
for metal foams in several regimes: Re < 20, Re 
> 2000 and suggested that the dependence for 
foams is similar to classical Moody chart, as 
given in Fig. 6 [10].  

The largest discrepancies with linear fit are 
exhibited for higher friction factors and 
inverse Reynolds number (1/Re), as well as for 
lower pore sizes and smaller cross section 
areas. Another correlation of the friction 
factor with Re for foams and different regimes 
is given in [16]. Approximations by using 
woven metal mesh screens have also been 
studied [17]. 

Besides the fundamental understanding of 
the friction within a fluid flow through the 
porous media and governmental basic 
parameters of the system, additional 
influences need to be considered as well, such 
as the temperature or magnetic field, 
especially in nano and micro domains and 
some recent research have been dealing with 
this. For example, magnetohydrodynamic 
nanofluids flow and transfer of heat are quite 
interesting for some new applications in micro 
systems [11, 12]. Those results indicated that 
volume fraction of nanoparticles can be 
related to some coefficients important for 
fluid dynamics, such as Nusselt number, but 
the type of the nanoparticle still remains the 
most important governing factor. However, 
magnetic field influence still needs 
clarifications. 

Important areas of application are medical 
implants and human tissue represents the 
typical non-uniform porous structures [13]. 
The blood is known to be the non-Newtonian 
fluid, thus making modeling and simulation of 
the flow dynamics very complex and still under 
investigation from many aspects. In that sense, 
poroelasticity becomes important, as the 
property indicating interactions between the 
fluid flow and deformation of solids, during 
the flow through the porous structure [13]. 

 

3. Modeling of the fluid flow through porous 
media 
Modeling of the fluid flow has been 

developed in the last decades in order to 
describe the system behaviour and predict its 
performance, as well as to determine the zones 
where the strengthening is needed. 
Determination of distributions of stress and 
strain within a porous structure is cutting edge 
research that will enable better material design. 
There are several approaches to the modeling 
of porous structures, but the majority still 
encounter principles used for solid structures 
and presence of voids still need to be 
comprehensively studied. One of the 
techniques used for modeling of the fluid flow 
through porous structure is by using Voronoi 
tessellation 3D effects. In the next example, 
dynamic behavior of pores under fluid effects is 
observed, by application of the simple steady 
sate viscous model based on commercial pre 
and post processing FEMAP TMG FLOW (CFD) 
software. A constant volumetric flow of water, 
Q = 2 l/s is applied and the structure is shown in 
Fig. 7. Mesh generation is schematically shown 
in Fig. 8 and Fig 9. 

 
Figure 7. CFD modeling of the water flow through 

the porous structure 

Initial conditions based on Navier–Stokes 
equations consider ambient temperature; 
mixing length laminar/turbulent flow model; 
and average Reynolds number of 14460. 
Distributions of the pressure and velocity are 
shown in Figs. 10 and 11, for the flow through 
the empty space represented by the given 3D 
structures in these images. 
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Figure 8. Design schematic and mesh generation procedure for the Voronoi based open pores pattern 

 
Figure 9. Computational domain definition for the incompressible Newtonian volumetric flow model based 
on algebraic mixing length model 
 

 
 

Figure 10. Pressure distribution at the boundary 
layers, in the x-direction 

 
 

Figure 11. Velocity distribution at the boundary 
layers, in the x-direction 
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Skin friction drag pertains to the friction 
between the fluid and thin boundary layer on 
the surface of the object over which the fluid 
flows, usually consisting of the air. It is directly 
in connection with the properties of the 
material surface. The force that is exerted for 
dragging the layer of air attached to the 
surface of the object (e.g. inner pipe surface, 
or struts in porous structure) is called skin 
friction drag. Skin friction is due to the viscous 
drag within the boundary layer attached to the 
object surface, usually very thin, but it can 
become thicker within the rear zones, 
especially in the case of porous structures. 
Usually this zone exhibit laminar flow and 
transits to the turbulent in the rear zones. 
Shape of the surface greatly affects the zones 
with laminar and turbulent flow, and 
especially influences the transition point 
between the two of them. Good article on 

trasnsitional conditions is given in [15].  

Various design methods are studied to 
provide laminar flow when it is possible. As in 
the previous case of the friction factor, skin 
friction coefficient can be calculated by using 
several equations, depending on the flow regime, 
and the basic one is given in equation (4).  

Cf= τw /q   (4) 

where τw is the local wall shear stress; q is the 
free-stream dynamic pressure. And for the 
turbulent flow, empirical formula is similar to 
the equation (2), as shown in the equation (4). 

Cf=0.074/Re0.2   (5) 

where Re is the Reynolds number. 

The majority of theoretical equations are 
established for aerodynamic coefficients (e.g. 
for rockets) [5] and very limited literature 
exists related to the porous structures that 
represents the cutting edge current research 
related to several final applications, such as 
tissue scaffolds and associated processes. 

 
CONCLUSIONS 
 

Porous materials have gained much 
attention in the recent time due to many 
benefits that they can offer in both traditional 

applications as the substitution for heavy bulk 
materials, while retaining the strength and 
mechanical properties, and new applications, 
such as medical implants of new generations. 
However, the comprehensive properties of the 
porous structures are still under development, 
especially in the case of fluid flow through its 
voids. Dynamic fluid behaviour and its effects 
on mechanical integrity of the porous material 
elements (thin struts and matrix in general) is 
of the utmost importance for many new 
applications, including filtration systems, 
biomedical scaffolds and tissue engineering, or 
oil refining. Modeling and simulations 
represent valuable tool for determination of 
the weak points and further improvements, 
but also for prediction of its functional 
behaviour over time. Theoretical foundation 
for analytical solutions that are necessary for 
modeling is under development and many 
unanswered questions still exists. However, 
even with the existing ambiguities related to 
the transition between laminar and turbulent 
flow within the porous structure, distributions 
of pressures and velocities in boundary layers, 
and pressure drop over lengths, as well as the 
issue of all necessary influential factors, some 
new approaches have been studied and 
enabled rather well fitted analytical solutions 
related to the friction factor. Also, efficient 
new technologies, such as micro CT enabled 
exact determination of the real porous 
structure and opened up new avenues in this 
research topic. 
 
ACKNOWLEDGEMENT 
 

This work has been supported by research 
grants SELECTA H2020-MSCA-ITN-2014 No. 
642642 and Ministry of Education, Science and 
Technological Development, Serbia, No. 
III41007. 
 
REFERENCE 
 
[1] L.F. Moody: An approximate formula for pipe 

friction factors, Transactions of the ASME, Vol. 
69, pp. 1005-1006, 1947. 

[2] S.W. Churchill: Empirical expressions for the 
shear stress in turbulent flow in commercial 

15th International Conference on Tribology – Serbiatrib ‘17 49



 

pipe, AIChE Journal, Vol. 19, No. 2, pp. 375-
376, 1973. pp. 1005-1006, 1947. 

[3] R.J. Tsal: Altshul-Tsal friction factor equation, 
Heating, Piping and Air Conditioning, No. 8, 
pp. 30-45, 1989. 

[4] D. Brkić: Review of explicit approximations to 
the Colebrook relation for flow friction, 
Journal of Petroleum Science and Engineering, 
Vol. 77, No. 1, pp. 34-48, 2011. 

[5] S. Box, C.M. Bishop, H. Hunt: Estimating the 
dynamic and aerodynamic paramters of 
passively controlled high power rockets for 
flight simulaton, February, 2009.  

[6] H.E. Fayed: On Laminar Flow of Non-
Newtonian Fluids in Porous Media, Springer 
Science+Business Media Dordrecht, Transport 
in Porous Media, Vol. 111, pp. 253–264, 2016.  

[7] V. Tzelepis, K.N. Moutsopoulos, J.N.E. 
Papaspyro, V.A. Tsihrintzis: Experimental 
investigation of flow behavior in smooth and 
rough artificial fractures, Journal of Hydrology 
Vol. 521, pp. 108–118, 2015. 

[8] P. Kumar, F. Topin: Investigation of fluid flow 
properties in open cell foams: Darcy and weak 
inertia regimes, Chemical Engineering Science 
Vol. 116, pp. 793-805, 2014.  

[9] X.O.X. Zhan, T. Lowe, R. Blan, M.N. Ra, Y. 
Wang, N. Batai, C. Phamd, N. Shokri, A. 
Garforth, P. Withers, X. Fan: X-ray micro 
computed tomography characterization of 
cellular SiC foams for their applications in 
chemical engineering, Materials 
Characterization, Vol. 123, pp. 20–28, 2017. 

[10] T.H. Kim, W. Lee, J.H. Jeong: Thermo-fluidic 
characteristics of open cell metal foam as an 
anodes for DCFC, part I: Head loss coefficient 
of metal foam, international journal of 
hydrogen energy, pp. 1-8, 2014.  

[11] M. Sheikholeslami, M. Hatami, D.D. Ganji: 
Nanofluid flow and heat transfer in a rotating 
system in the presence of a magnetic field, 
Journal of Molecular Liquids, Vol. 190, pp. 
112–120, 2014. 

[12] M. M. Rashidi, S. Abelman, N. F. Mehr: 
Entropy generation in steady MHD flow due 
to a rotating porous disk in a nanofluid, 
International Journal of Heat and Mass 
Transfer Vol. 62, pp. 515–525, 2013. 

[13] J.P. Gleghorn, A.R.C. Jones, C.R. Flannery, L.J. 
Bonassar: Boundary Mode Lubrication of 
Articular Cartilage by Recombinant Human 
Lubricin, December 2008. 

[14] D. Edouard, M. Lacroix, C.P. Huu, F. Luck: 
Pressure drop modeling on SOLID foam: State-
of-the art correlation, Chemical Engineering 
Journal, Vol. 144, pp.299–311, 2008. 

[15] P. Venkataraman, P.R.M. Rao: Darcian, 
transitional, and turbulent flow through 
porous media, Journal of Hydraulic 
engineering, Vol. 124, No. 8, 1998. 

[16] J.F. Liu, W.T. Wu, W.C. Chiu, W.H. Hsieh: 
Measurement and correlation of friction 
characteristic of flow through foam matrixes, 
Experimental Thermal and Fluid Science, Vol. 
30, pp. 329–336, 2006. 

[17] W. Bussière, D. Rochette, S. Clain, P. Andréa, 
J.B. Renard: Pressure drop measurements for 
woven metal mesh screens used in electrical 
safety switchgears, International Journal of 
Heat and Fluid Flow, Vol. 65, pp. 60–72, 2017. 

[18] F. Macdonald, M. S. El-Sayed, K. Mow, F. A. L. 
Dullien: Flow through Porous Media-the Ergun 
Equation Revisited, Industrial & Engineering 
Chemistry Fundamentals, Vol. 18, No. 3, pp. 
199-208, 1979. 

[19] Genic et al: A Review of Explicit 
Approximations of Colebrook’s Equation, FME 
Transactions, Vol. 39, pp. 67-71, 2011. 

[20] V.B. Gawande, A.S. Dhoble, D.B. Zodpe, S. 
Chamoli: A review of CFD methodology used 
in literature for predicting thermo-hydraulic 
performance of a roughened solar air heater, 
Renewable and Sustainable Energy Reviews, 
Vol. 54, pp. 550–605, 2016. 

 
 

50 15th International Conference on Tribology – Serbiatrib ‘17



 

 
Serbian Tribology 

Society 

SERBIATRIB ‘17 
15th International Conference on 

Tribology 
 

Faculty of Engineering  
University of Kragujevac 

Kragujevac, Serbia, 17 – 19 May 2017 

TRIBOLOGICAL STUDIES ON COPPER-BASED FRICTION LININGS 
 

Mara KANDEVA1,*, Dimitar KARASTOYANOV2, Galya NIKOLCHEVA3, Blaža STOJANOVIĆ4, 
Petr SVOBODA5, Aleksandar VENCL6 

1Tribology Center, Technical University of Sofia, Sofia, Bulgaria 
2Institute for Information and Communication Technologies, Bulgarian Academy of Sciences, Sofia, 

Bulgaria 
3Faculty of Industrial Technology, Technical University of Sofia, Sofia, Bulgaria 

4University of Kragujevac, Faculty of Engineering, Kragujevac, Serbia 
5Faculty of Mechanical Engineering, Brno University of Technology, Brno, Czech Republic 

6University of Belgrade, Faculty of Mechanical Engineering, Belgrade, Serbia 
*Corresponding author: kandevam@gmail.com 

 
 
Abstract: The objects of this work were nine different copper-based friction linings produced from powder by 
pressing and sintering. Six copper-based friction linings contained 3 wt. % zinc (Zn) and variable content of tin 
(Sn), i.e. 1, 2, 4, 6, 8 and 10 wt. %. Three copper-based friction linings were with fixed contents of Zn (3 wt. %) 
and Sn (10 wt. %), and with different amount of SiC particles, i.e. 2, 4 and 6 wt. %. Tribological studies on these 
friction linings included determination of the static and kinetic coefficient of friction under different normal 
loads and unlubricated sliding conditions, as well as, determination of the abrasive wear resistance under 
different normal loads and unlubricated sliding/rolling conditions. The analysed results present the influence of 
Sn content and addition of SiC particles to the copper-based friction lining on its friction and wear properties. 
 
Keywords: friction couplings, copper, tin, silicon carbide, friction, abrasive wear. 

 
 
1. INTRODUCTION 
 

Multiple-disc clutches (Fig. 1) are type of 
friction couplings which transmit motion and 
torque over the multiple friction plates (discs). 
They are used primarily in machine tools 
gearboxes, but also in the textile, construction 
and other machinery [1]. They also can be 
used as brakes. A multiple-disc clutch or brake 
is composed of friction lining discs and steel 
discs, which are internally or externally 
toothed and which upon activation are 
pressed against one another and transmit 
frictional torque [2]. By using multiple discs, a 
very large contact surface is obtained and 

more friction is achieved. Contact between the 
discs may be without or with lubrication, i.e. 
dry and wet clutches. 

 
Figure 1. Schematic diagram of multiple-disc clutch 

The friction materials (friction linings) must 
poses a complex of diverse and in many cases 
mutually exclusive properties. They should 
have high coefficient of friction, high wear 
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resistance and resistance to seizure, high 
thermal conductivity, high strength, good 
processing and machinability, high corrosion 
resistance, etc. Depending on the application 
and requirements, very different friction 
linings are used, i.e. organic friction linings 
(paper-based linings), metal friction linings 
(sintered bronze, iron and brass), carbon and 
carbon-containing friction linings, and ceramic 
and ceramic-containing friction linings [2,3]. 

The powder metal friction linings (sintered 
bronze, iron and brass) are based on a sintered 
metal matrix, into which mineral, metallic, non-
metallic or ceramic agents, as well as abrasives 
and solid lubricants can be embedded. The 
production of powder metal friction linings 
includes compaction (densification) of powder 
and sintering. During sintering processes 
powder mixtures are heated to temperatures 
below the melting point, under pressure and 
controlled protective atmosphere. Thereby 
annealing, diffusion and recrystallization 
processes occur. These friction linings can be 
considered as mechanical coatings (solid state 
surfacing) [4], since the lining (coating) are 
bonded during sintering to the steel disc 
(substrate). Copper and iron are the most 
frequently used as the main metals forming the 
matrix of sintered materials for friction 
purposes [5]. Iron-based friction material has 
high temperature strength, hardness and 
thermal stability, while copper-based friction 
material has smaller but more stable 
coefficient of friction [6]. There is also a rapid 
increase in interest in composites as a 
promising class of friction materials [7]. 

The aim of this paper was to investigate the 
possibilities to increase the service life and 
coefficient of friction of multiple-disc clutches 
with copper-based friction linings. Relative to 
this, the influence of Sn content and addition 
of SiC particles to the copper-based friction 
lining on its friction and wear properties were 
investigated. All together nine different 
copper-based friction lining materials were 
tested, i.e. their static and kinetic coefficient of 

friction and abrasive wear resistance in 
unlubricated conditions were analysed. 

 
2. EXPERIMENTAL DETAILS 
 
2.1 Materials 
 

The substrate material for all copper-based 
friction linings was a high-carbon steel, in form 
of circular discs, with chemical composition 
shown in Table 1. Outer diameter of all circular 
discs was 89 mm, inner diameter was 60 mm, 
and thickness was 1.5 mm. Nine different 
copper-based powder mixtures were 
compacted and sintered on steel disc 
substrates. Their chemical composition is 
shown in Table 2. The powder mixtures were 
prepared by ball milling at 200 rpm for 90 
minutes. After ball milling, the average particle 
size was 25 μm. All copper-based friction 
linings were compacted at a pressure of 320 
MPa, and sintered at a temperature of 700 °С 
for 3 hours. Designation and hardness of the 
friction lining samples is shown in Table 2. 

Table 2. Designation, chemical composition (wt. %) 
and hardness of tested friction lining samples 

Sample 
designation 

Powder chemical 
composition [wt. %] Hardness 

HB 
Zn Sn SiC Cu 

Cu-1Sn 

3 

1 

– 

Balance 

75.5 
Cu-2Sn 2 76.2 
Cu-4Sn 4 81.5 
Cu-6Sn 6 84.4 
Cu-8Sn 8 89.2 
Cu-10Sn 10 94.0 
Cu-10Sn-2SiC 

10 
2 125 

Cu-10Sn-4SiC 4 138 
Cu-10Sn-6SiC 6 144 
 

The thickness of friction linings was 
measure in 10 points by Pocket-LEPTOSKOP 
2021 Fe, and the calculated average thickness 
of 150 μm was the same for all samples. 

Table 1. Chemical composition (wt. %) of steel disc substrate 

Element C Si Mn Ni P S Cr Fe 
Percentage 0.7 0.28 1.1 0.18 0.03 0.02 0.25 Balance 
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2.2 Coefficients of friction testing 
 

The coefficient of friction testing was 
performed on the test rig presented in Figure 
2. Test sample (1) is mounted and fixed in the 
sample holder (3), which is connected through 
the non-elastic string with the dynamometer 
(6). Tangential force (T) is loaded to the 
sample through the very slow rotation of the 
micrometric screw (5) and displayed on the 
dynamometer (6). The counter-body (2) is 
stationary and in contact with the test sample 
(1). The normal force (Fn) is set by means of 
the weights (4). The test rig shown in Figure 2 
enables determination of the two values, i.e. 
static and kinetic coefficient of friction. Both 
values are read from the same dynamometer 
(position 6 in Fig. 2). 

 
Figure 2. Schematic diagram of the coefficients of 

friction testing 

Test parameters were as follows: four 
different normal loads, i.e. 40, 80, 120 and 160 
N; dry contact condition, in ambient air at 
room temperature (≈ 25 °C) and relative 

humidity of 40 – 45 %. Test sample and 
counter-body were in the shape of circular disc 
with outer/inner diameter of 89/60 mm (Fig. 
3). This gives the initial geometrical contact 
area of approximately 3394 mm2. Taking into 
account this contact area, the specific loads 
were approximately 12, 24, 35 and 47 kPa. The 
resting time (time for the possible stress 
relaxation at the junctions) was 30 s for each 
contact pair. 
 
2.3 Abrasive wear testing 
 

Abrasive wear testing was carried out on 
Taber Abraser with a modified standard test 
conditions, i.e. only one abrasive roller was 
used (Fig. 4). A circular disc (1), having 
outer/inner diameter of 89/60 mm, with 
friction lining sample (2) is fixed on the 
horizontal turntable platform, driven with 
constant rotational speed (n) of 60 rpm by the 
electric motor (3). Abrasive roller (4), a Taber 
abrading wheel Calibrase® CS-10, is mounted 
on horizontal axis (5) and provides through 
weights (6) the necessary normal load (Fn). 
Abrasive wear of friction lining samples is 
calculated as their mass loss, i.e. as a difference 
between the initial mass of the sample and its 
mass after given number of abrasion cycles (N), 
counted by the counter (pos. 7 in Fig. 4). Mass 
of the samples is measured by the electronic 
balance with accuracy of 0.1 mg. 

 
Figure 3. Appearance of the copper-based friction lining test sample (left) and the steel counter-body (right) 
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Figure 4. Schematic diagram of the abrasive wear 

testing 

Abrasive roller (wheel) is driven by the 
rotating test sample. The wheels produce 
abrasion marks that form a pattern of crossed 
arcs over a circular ring. The width of the worn 
area (circular ring) is 12.7 mm, with the inner 
radius of 31.75 mm and outer radius of 44.45 
mm (Fig. 5). Therefore, the distance between 
the rotational axis of circular disc sample (1) 
and mass centre of the contact area (K) is 38.1 
mm, and the worn area is approximately 30 
cm2 [8]. The sliding action between the friction 
lining sample and abrasive roller is due to the 
relative motion between them which is 
characterised by the roller slip. This occurs 
because the axe of the roller is shifted from 
the centre of rotation of circular disc sample 
with the drifting angle of around 30° [9]. 

 
Figure 5. Wear track (lighter circular ring) on sample 

Cu-4Sn after 300 abrasion cycles (approx. 71.8 m) 

Test parameters were as follows: normal 
load of 1 kg (9.8 N); average tangential velocity 
of friction lining sample of 0.239 m/s; sliding 
distance of N = 400 abrasion cycles (approx. 
95.8 m); dry contact condition, in ambient air 
at room temperature (≈ 25 °C) and relative 
humidity of 40 – 45 %. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Static and kinetic coefficient of friction 
 

The obtained values of the coefficients of 
friction are presented in Figure 6. Values were 
in the range 0.22 – 0.34 for static coefficient of 
friction, and 0.15 – 0.32 for kinetic coefficient of 
friction. These values more or less correspond 
to the values for sintered friction clutch 
materials under dry sliding conditions, which 
are 0.36 (static coefficient of friction) and 0.30 
(kinetic coefficient of friction) [10]. The average 
coefficient of friction of modern friction 
materials is between 0.3 and 0.5 [11]. In our 
case, contact pressure was very small (from 12 
to 47 kPa) and that could be the reason for 
smaller values of the coefficients of friction. 

It is well known that the friction depends on 
the size of actual (real) contact area. The 
number and size of the contact point will 
increase with the increasing pressure. If the 
contact between asperities is elastic, the 
coefficient of friction will decrease with the 
increasing pressure. On the other hand, if the 
contact between asperities is plastic, the 
coefficient of friction will increase with the 
increasing pressure. In general case the 
coefficient of friction dependence on load 
possesses the minimum that is connected 
directly with transition from elastic to plastic 
contact (when load is increasing) and 
associated variation in the relative 
contribution of the friction components [12]. 
In fact, something similar can be noticed on 
Figure 6, which shows the influence of normal 
load on both, static and kinematic coefficient 
of friction. Both coefficients of friction, for all 
materials, mainly decrease as the normal load 
increase up to 80 N, and after that load starts 
mainly to increase. 
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Figure 6. Static and kinetic coefficient of friction of tested materials (contact pairs) for different loads: 

Influence of load on coefficients of friction values 

Differences between static and kinetic 
coefficient of friction did not differ too much 
between the samples. On the other hand, this 
difference changes with applied normal load. 
The average decrease of kinetic comparing to 
static coefficient of friction was 0.08 (31.2 %) 
for loads of 40 and 80 N, while for 100 and 120 
N loads this average decrease was 0.03 (9.7 %). 
Static coefficient of friction is usually greater 
than kinetic coefficient of friction of about 20 
to 30 % [13]. When the static coefficient of 
friction is noticeably greater than the 
kinematic one, the phenomenon of stick-slip 

may occur, which is not desirable in terms of 
continuous torque transmission in friction 
couplings. This is due to the fact that before 
the onset of motion, a large stress relaxation 
at the junctions may occur, which causes an 
increase in the real area of contact and allows 
the adhesive forces to fully develop. This is 
particularly important in the contact that are 
mostly plastic and when the sliding surfaces 
are without contaminants [13]. 

Influences of tin (Sn) content and silicon 
carbide (SiC) particles content on the static 
and kinetic coefficients of friction are analysed 
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Figure 7. Dependence of static and kinetic 

coefficient of friction on Sn content, for different 
normal loads 
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Figure 8. Dependence of static and kinetic 

coefficients of friction on SiC particles content, for 
different normal loads 
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separately. Based on the results given in Figure 
6, appropriate diagrams are drawn for the 
dependences of coefficients of friction on Sn 
content (Fig. 7), and on SiC particles content 
(Fig. 8), for different loads. Once again, 
different behaviour is noticed for lower loads 
and for higher loads. Generally, both static and 
kinetic coefficient of friction are higher when 
the amount of Sn in copper-based friction 
lining is higher, but this influence is very small 
or do not exist at all for lower normal loads 
(Fig. 7). For higher loads this influence can not 
be neglected. As example, friction linings with 
8 and 10 wt. % Sn, at highest applied load of 
160 N, show the highest values. Their static 
coefficient of friction is higher by 0.07 (29.2 %) 
and kinetic coefficient of friction is higher by 
0.10 (50.0 %), comparing to the friction lining 
with 2 wt. % Sn at the same load. 

Similarly, addition of SiC particles to 
copper-based friction linings did not influence 
in significant meaner the values of the 
coefficients of friction at lower loads (Fig. 8). 
The more significant increase of coefficients of 
friction is noted only at the highest load of 160 
N. At this load the highest values of 
coefficients of friction were for the friction 
lining containing the biggest amount of SiC 
particles (Cu-10Sn-6SiC). Static coefficient of 
friction of this friction linings at load of 160 N 
is higher by 0.03 (9.7 %) and its kinetic 
coefficient of friction is higher by 0.02 (6.7 %), 
comparing to the friction lining without SiC 
particles at the same load. Based on the 
percentage increase at 160 N load, it can be 
concluded that the addition of Sn has bigger 
influence on coefficients of frictions values 
than the addition of SiC particles. 

If we analyse the mutual effect of Sn and 
SiC particles addition, the increase of the 
coefficients of friction is even higher. This is 
obtained by comparing friction lining which 
showed the highest values of coefficients of 
friction (Cu-10Sn-6SiC) with the friction lining 
which showed the lowest values of coefficients 
of friction (Cu-2Sn). In this case, at load of 160 
N, the increase of static coefficient of friction 
of 0.10 (41.7 %), and kinetic coefficient of 
friction of 0.12 (60.0 %) is obtained. 

3.2 Abrasive wear resistance 
 

Abrasive wear of the friction linings was 
determined at various number of cycles, i.e. at 
N = 100, 200, 300 and 400, which corresponds 
to the following sliding distances: 23.9, 47.9, 
71.8 and 95.8 m. Obtained mass losses for 
each number of cycle/sliding distance are 
presented in Table 3. 

Table 3. Abrasive wear of tested friction linings 

Sample 
designation 

Number of cycles (N) 
100 200 300 400 

Sliding distance [m] 
23.9 47.9 71.8 95.8 

Mass loss [mg] 
Cu-1Sn 15.8 25.4 44.1 53.8 
Cu-2Sn 14.8 16.6 33.2 36.2 
Cu-4Sn 11.6 16.0 19.4 31.1 
Cu-6Sn 12.8 14.7 27.7 29.2 
Cu-8Sn 12.9 21.9 27.8 28.6 
Cu-10Sn 12.0 23.8 24.5 25.0 
Cu-10Sn-2SiC 10.0 14.6 18.5 20.1 
Cu-10Sn-4SiC 8.0 12.2 16.8 18.1 
Cu-10Sn-6SiC 5.0 10.2 14.8 16.1 
 

Using the results from Table 3, mass losses 
are shown as a function of sliding distance, in 
the form of comparative wear curves (Fig. 9). 
The appearance of the constructed wear 
curves is similar for all tested friction linings, 
i.e. more or less linear dependence of wear on 
sliding distance is noticed. This suggests that 
the steady-state wear occurs from the 
beginning of the tests, which is common thing 
for the abrasive wear. 

In order of easier comparison of different 
friction linings and influences of Sn and SiC 
particles content, values of total wear rates 
are calculated and presented in Figures 10 and 
11. Total wear rates were calculated by using 
the highest mass losses and sliding distances, 
assuming that the steady-state wear occurred 
from the beginning of the tests. In addition to 
the wear data, the hardness of each of tested 
friction linings was determined (Table 2), as an 
ancillary mechanical property, to make 
appropriate correlations (Figs. 10 and 11). 
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Figure 9. Mass loss vs. sliding distance (wear 

curves) for tested friction linings 

The analysis of the results show that the 
presence of higher amount of tin (Sn) decreases 
the abrasive wear of tested friction linings (Fig. 
10). The lowest wear rate of 2.61 × 10–1 mg/m 
shows sample Cu-10Sn, i.e. friction lining with 
the highest amount of Sn (10 wt. %). The 
increase of wear resistance for this friction 
lining is approximately 2.2 times in comparison 
to friction lining Cu-1Sn (sample with the lowest 

amount of Sn of 1 wt. %) which shows the 
highest wear rate of 5.62 × 10–1 mg/m. 

Presence of silicon carbide (SiC) particles 
also decreases the abrasive wear of tested 
friction linings, and this decrease is higher as 
the amount of SiC particles increases (Fig. 11). 
The lowest wear rate of 1.68 × 10–1 mg/m 
shows sample Cu-10Sn-6SiC, i.e. friction lining 
with the highest amount of Sn (10 wt. %) and 
highest amount of SiC particles (6 wt. %). The 
increase of wear resistance for this friction 
lining is approximately 1.6 times in comparison 
to friction lining Cu-10Sn (sample with the same 
amount of Sn and without SiC particles) which 
shows the wear rate of 2.61 × 10–1 mg/m. 

If we analyse the mutual effect of Sn and 
SiC particles addition, the increase of the wear 
resistance is even higher. This is obtained by 
comparing friction lining which had the lowest 
wear rate (Cu-10Sn-6SiC) with the friction 
lining which had the highest wear rate (Cu-
1Sn). In this case, increase of wear resistance 
of approximately 3.3 times is obtained. 

The noticed decrease of wear rate with the 
increase of Sn and SiC particles content is 
connected with hardness of the tested samples. 
The wear rate decreases as hardness increase, 
as it could be expected. The relationships 
between obtained abrasive wear values and 
hardness (Table 2) of tested friction linings are 
shown in Figures 10 and 11. The obtained 
correlations between wear rate and hardness 
of tested samples are almost linear, with the 
exception of sample Cu-1Sn. Indeed, the other 
friction linings showed good correlation, since 
the R-squared (R2) value are relatively high (R2 
= 0.93 for samples without SiC particles and R2 
= 0.99 for samples with SiC particles). 
 
4. CONCLUSION 
 

In this study, the friction and wear 
behaviour of nine different copper-based 
friction linings, produced from powder by 
pressing and sintering, were investigated. 
Different samples were obtained by varying 
the amount of Sn (1, 2, 4, 6, 8 and 10 wt. %) 
and SiC particles (0, 2, 4 and 6 wt. %) in friction 
linings. 
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Figure 10. Friction linings with different content of Sn: total wear rates (left) and dependence of abrasive 

wear rate on hardness (right) 
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Figure 11. Friction linings with different content of SiC particles: total wear rates (left) and dependence of 

abrasive wear rate on hardness (right) 

Generally, both static and kinetic 
coefficients of friction are higher when the 
amount of Sn in copper-based friction lining is 
higher, but this influence is very small or do 
not exist at all for lower normal loads. For 
higher loads this influence can not be 
neglected. Similarly, addition of SiC particles 
to copper-based friction linings did not 
influence in significant meaner the values of 
the coefficients of friction at lower loads, but 
only at the highest applied load. The analysis 
of the wear results show that the presence of 
higher amount of Sn decreases the abrasive 
wear of tested friction linings. Presence of SiC 
particles also decrease the abrasive wear of 
tested friction linings, and this decrease is 
higher as the amount of SiC particles 
increases. 

The highest values of static and kinetic 
coefficient of friction and the lowest wear rate 
showed friction linings with the highest 
amount of Sn (10 wt. %) and SiC particles (6 
wt. %). It was shown that with mutual effect of 
Sn and SiC particles addition, tribological 
characteristic can be increased up to 1.6 times 
(kinetic coefficient of friction) and up to 3.3 
times (wear resistance). 
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Abstract: In this study, tribological behavior of reinforced polytetrafluoroethylene (PTFE) against gray cast 
iron counter face is studied experimentally. In these experimentations pin on ring method is applied in order 
to obtain friction characteristics in lubricated conditions. In the tests, gray cast iron is used as ring (counter 
face) and PTFE materials having several reinforcing material ratios is used as pin element. 
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1. INTRODUCTION 
 

Refrigerator is the only household 
appliance that does not have a switch on/off 
button, which means once it is plugged in, it 
works non-stop. Therefore, the increase of 
efficiency of a refrigerator may result in great 
amounts of energy savings. In order to 
increase efficiency, energy losses must be 
minimized as much as possible. Energy losses 
due to friction, which can be named as friction 
losses, mostly occur with the contact of 
relatively moving components. 

In order to reduce friction losses, the 
material pair having the lowest possible 
coefficient of friction should be investigated. 

Gray cast iron is commonly used as 
crankshaft material because of its low cost and 
ease of machinability. Polytetrafluoroethylene 
(PTFE) is a remarkable material known for its 
tribological behavior, and low weight. In order 
to improve wear resistance and frictional 
behavior PTFE is reinforced with some 

additives [1,2] i.e. bronze, carbon, carbon fiber, 
glass-fiber, alumina [3,4,5]. 
 
2. EXPERIMENTAL STUDY 
 

In this study, pin on ring method is used; 
friction coefficients and wear losses of various 
reinforced PTFE sliding against gray cast iron 
are investigated experimentally under 
lubricated friction conditions at different loads 
and speeds. 
 
2.1 Test setup and materials 
 

In pin on ring system, gray cast iron is 
employed as ring material and PTFE material 
having 3 different reinforcing material ratios 
are employed as pin component. Moreover, a 
commercially available refrigeration oil named 
as Suniso 1GS, is used to lubricate the contact 
surface of the ring and pin components. 
Schematic view of the pin on ring system and 
lubrication tank is shown is shown in Figure 1. 
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Figure 1. Schematic view of the test system 

In order to determine friction and wear 
characteristics of the test samples, a pin on 
ring apparatus was employed. In this 
apparatus, pin stays stationary and in contact 
to the outer surface of the rotating ring. 
Because of this rotating motion, a friction 
force takes place between contact surface of 
pin and ring. The friction force is measured by 
a force transducer which is located on the 
fixed end of the pin holder. The force 
transducer has a range of ±200 N with a 
sensitivity of ±0,1 N. The ring is driven by a DC 
motor with rotational speed range of 30-900 
rpm. The wear rate of the test specimens were 
computed based on the loss of mass and the 
mass was measured by using a scale which has 
0,0001g accuracy. In addition, a three point 
infra-red thermometer, which has a range of -
20 ℃ to 900 ℃ with a sensitivity of ±2 ℃, was 
used to measure the temperature of the 
contact surface. 

In experiments, the rotating ring was made 
of GGG40 gray cast iron. The ring has as 59 
mm in diameter and 15 mm in thickness. Pins 
are made of PTFE materials having 3 different 
reinforcement ratios, which have 10 mm 
diameter and 12 mm length, for the ease of 
assembly to the system. In experiments, wt. 
25% glass fiber, wt. 60% bronze and wt. 35% 
carbon filled PTFE materials were used. In 
Figure 2, gray cast iron and reinforced PTFE 
samples are shown.  

 
Figure 2. The ring and pin components 

Furthermore, the above mentioned 
refrigeration oil which has approximately 11,5-
14,5 cSt kinematic viscosity at 25 ℃ - 38 ℃ 
(according to ASTM D2161/D445) [6] and has 
specific gravity of 0,887-0,904 at 15,6 ℃.  

 
2.2 Test procedure 

 
At the beginning of experiments, counter 

face (ring) is attached to the DC motor shaft 
and pin is placed to the pin holder. After that, 
deadweights are placed to the lever arm of the 
system. In addition lubrication tank is filled 
with refrigeration oil and located underneath 
of the ring as it can be seen in Figure 3.  

 
Figure 3. Assembly of the system. 

In order to obtain proper surface contact 
between material pair, a pre-running 
operation was executed. Thus, undesired 
partial contact between pin and ring was 
prevented. Besides pin and ring surfaces were 
cleaned with carbon tetrachloride to make 
sure the absence of any contaminant. 

In experiments 2 different normal loads 
were applied; 50 N and 100N at the linear 
velocity of 1 m/s. During the experiments 
friction force and temperature values were 
recorded. Also the mass of the pins were 
measured before and after tests. The wear 
rate is calculated according to the formula 
given below 

   (1) 
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where,  is the loss of mass [g], F is the 
normal load [N], and L is the sliding distance 
[m]. Sliding distance was set to 2000 m for 
both friction and wear tests.  

 
Figure 4. Pin holder and ring surface during the 

tests for lubricated conditions. 

In figure 4, it can be seen that, oil bath 
lubrication was applied in the tests. Lubricant 
cap is filled with Suniso 1GS and placed under 
the ring. When ring rotates, proper amount of 
oil transfers to the ring surface and reaches to 
the contact surface. Thus mixed-film 
lubrication mechanism is ensured. 

 
3. RESULTS AND DISCUSSIONS 

 
In this study, tribological characteristics of 

various reinforced PTFE sliding against cast 
iron were investigated experimentally.   

 
Figure 5. Variation of friction coefficient with 
sliding speed under 50 N load for lubricated 

conditions. 

At the beginning, the effect of sliding speed 
on friction coefficient was investigated. Under 

50 N load and lubricated conditions, the sliding 
speed of 2,5 m/s is reached with 0,2 m/s steps. 
Figure 5 shows these friction coefficient results 
of reinforced PTFE materials sliding against 
gray cast iron surface.  

It can be said that all three filled PTFE has 
similar friction coefficient variations with 
sliding speed. 

 
Figure 6. Variation of friction coefficient with sliding 
speed under 100 N load for lubricated conditions. 

The same test was repeated under 100 N 
load and results are shown in Figure 6. Both 
friction coefficient curves and sequence of pin 
materials remained similar comparing to 
Figure 5.  

After these results, linear velocity of 1 m/s 
was chosen as a constant parameter and the 
friction and wear test were performed until 
2000 m sliding distance was reached. 

 
Figure 7. Variation of friction coefficient with 

sliding distance under 50 N load for lubricated 
conditions. 

In the tests under 50 N normal load wt. 25% 
glass-fiber filled PTFE showed remarkably 
lower friction coefficients than other materials 
in Figure 7. 

However, as the normal load increases the 
minimum friction coefficient values was 
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obtained for wt. 35% Carbon reinforced PTFE 
as seen in Figure 8. 

 
Figure 8. Variation of friction coefficient with 

sliding distance under 100 N load for lubricated 
conditions. 

During tests, temperature of a portion of 
the ring which is very close to the contact 
surfaces was measured by using infra-red 
thermometer. Recorded data are given in 
Figure 9. As it can be seen from the Figure 9, 
good lubrication practice prevented the 
surfaces to reach high temperatures and slope 
of the curve decreased with sliding distance. 

 

 
Figure 9. Temperature vs Sliding distance graph 

under 50 and 100 N loads and lubricated 
conditions. 

The mass of the pin was measured before 
and after each experiment, and the loss of 
mass was recorded. Regarding the loss of mass, 

applied loads and sliding distances, wear rates 
of each material were computed. The wear 
characteristics results can be seen in Table 1. 
After these systematical experiments, the 
sliding surface of the pins was examined under 
the optical microscope. Considering sliding 
direction, all specimens were placed in the 
same direction. Optical micrographs of these 
specimens were taken by a digital camera 
attached to optical microscope. 

Table 1. Loss of pin materials per load and distance 

 Under 50N 
load 

Under  
100N load 

10-9 [g/(N.m)] 10-9 [g/(N.m)] 
wt. 35% Carbon 11 3 
wt. 60% Bronze 26 44 
wt. 25% Glass-
fiber 

19 4 

 

 
Figure 10. Micrographs of specimens after 

lubricated friction tests, from top to bottom, wt. 
35% Carbon filled PTFE, wt. 60% Bronze filled PTFE, 

wt. 25% Glass-fiber filled PTFE; from left to right 
100 times and 200 times growth, respectively. 
 
In Figure 10, the optical micrographs of the 

pin surfaces are given for 100 and 200 
magnification ratios respectively. In Figure 10, 
(a) shows wt. 35% Carbon filled PTFE with 
magnification ratio of 100; (b) shows wt. 35% 
Carbon filled PTFE with magnification ratio of 
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200; (c) shows wt. 60% Bronze filled PTFE with 
magnification ratio of 100; (d) shows wt. 60% 
Bronze filled PTFE with magnification ratio of 
200; (e) shows wt. 25% Glass-fiber filled PTFE 
with magnification ratio of 100; (f) shows wt. 
25% Glass-fiber filled PTFE with magnification 
ratio of 200. 

 
4. CONCLUSION 
 

Regarding the above discussions, the 
following results can be reached from this 
study. 
 In the presence of lubricant, 25% glass-

fiber filled PTFE gives the lowest friction 
coefficient values for all cases. 

 For all materials, coefficient of friction 
decreases with increasing speed. This is 
caused by transfer of more oil in contact 
region reducing the dry contact points. 

 The variation of coefficient of friction with 
sliding distance shows different pattern 
for lower and higher loads. In lower 
normal loads wt. 25% glass-fiber filled 
PTFE gives lower friction coefficient values 
through the 2000 m distance. As the 
normal load increases, wt. 35% carbon 
filled PTFE gives lower friction coefficient 
values. This caused by the lubricating 
effect of carbon taking effect after 
relatively higher surface pressures. 

 In Figure 7, it can be seen that under 50 N 
normal load, friction coefficient of wt. 
25% glass-fiber filled PTFE dramatically 
decreased around 500 m sliding distance 
and remained around same friction 
coefficient values. 

 The increase of load resulted in decrease 
of both friction coefficient and wear rate. 
This finding can be explained by the ease 
of transfer film formation at higher 
surface pressure. 

 The good thermal properties of bronze 
shows its effect at the surface 
temperatures (Fig.9).  

 The wear rate of wt. 60% Bronze filled 
PTFE is remarkably higher than the other 
specimens (approximately 10 times 
disregarding specific weight). This is 
caused by the weak bonding between 
PTFE and bronze material. The increase in 
the wear rate of this material with 
increasing load supports this conclusion. 
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Abstract: In recent years natural fibre reinforced composite materials have received an increasing attention 
in consideration of their biodegradability and admirable mechanical properties. The present paper reveals 
the experimental observations and results of accelerated aging in the cases of ecological composite 
materials made by lignocellulosic fibres and an eco-friendly resin, when exposed to salt water and 
temperature. In particular, this research aims at verifying the potential of flax, as a natural fibre 
reinforcement, coupled with a vinylester with low content of styrene as matrix. Two types of specimens, 
dried and conditioned, were tested and results compared in terms of flexural strength. Fluid absorption was 
also monitored. In addition, surface characterization by 3D digital microscope was implemented. Results 
show an effectiveness of flax as reinforcement, but also a significant drop in flexural properties due to the 
water absorption which induced the degradation of the fibre/matrix interface. 
 
Keywords: green composites, flax, vinylester, accelerated aging, salt water flexural strength, 
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1. INTRODUCTION 

 
Nowadays, glass fibres surely represent the 

most preferred reinforcement for composites 
in the largest gamma applications, as of 
marine, thanks to a favourable combination of 
low-cost draft materials, efficient productive 
technologies [1-3] and high resistance to the 
effects of degradation. Whenever better 
properties in materials are necessary and extra 
costs can be accepted, then, carbon fibres are 
used to replace glass ones and autoclaves 
appear in processes [4]. But, unfortunately, 
neither glass, nor carbon fibres offer the 
ecosustainable option that meets the modern 
customers’ expectations and desires. 

Meanwhile, the use of lignocellulosic fibres 
(such as wood, flax, hemp, etc.) probably 
represents the most prominent eco-strategy 
for reinforcing composite materials by natural 
fibres [5-6]. In particular, in several 
investigations (as [7, 8]), it is highlighted that, 
although the mechanical properties of these 
eco-composites are usually lower than 
fibreglass [9] and material costs are often 
higher, they can even be appreciated in 
practical applications [10]. In the marine 
sector, this is the case, e.g., of applications for 
non-structural parts (such as coverings, panels, 
parts of deck, hatches [12]), where a slight loss 
in strength and higher costs can be offset by 
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the advantages of an environmental 
awareness. 

Nevertheless, the hydrophilic character of 
the lignocellulosic fibres, together with a 
consequent reduction in mechanical 
properties [13-15], can represent a relevant 
obstacle for the application of natural 
reinforcements in marine industry or other 
outdoor constructions. Many researches tried 
to investigate and solve this criticality [16-19], 
without providing a definite response.  

This research aims at enlarging the current 
knowledge on eco-composites focusing the 
attention on flax as natural reinforcement and 
on a specific vinylester with low content and 
emission of styrene, as eco-matrix. 

Referring to the selection of reinforcement, 
in comparison with other lignocellulosic fibres, 
flax fibres present significantly better 
mechanical properties [20-21], but several 
precautions have to be taken in account, both 
in terms of production and use. For instance, 
previous researches [24] demonstrated that 
flax fibres start to slowly degrade between 
200˚C and 220˚C. Above this temperature, the 
degradation of fibres is irreversible which sets 
a limit excluding the possibility of using 
thermoplastic polymers with a melting point 
higher than this value [23].  

Referring to the selection of matrix, among 
all resins respecting this thermal limit, 
vinylester represents a very popular choice in 
marine industry [25, 26]. Anyway, considering 
the use of a reinforcement fibre (flax) quite 
uncommon for marine applications, a special 
attention has to be reserved during the 
experiment in investigating the correct 
interaction between matrix and fibres. 

This aspect could be particularly critical in 
marine application considering the prolonged 
contact between composites and salt water. In 
fact, moisture absorption strongly influences 
interface adhesion between lignocellulosic 
fibre and polymer matrix, creating in turn poor 
stress transfer efficiency while causing a 
decline in the mechanical properties. In 
polymer matrix composites, diffusion of 
moisture occurs through three different 
mechanisms: diffusion between polymer 

chains; capillary transport into the flaws at the 
interface between reinforcement and matrix; 
and moisture transport into the fibres causing 
swelling of lignocellulosic composition [27, 28]. 

In comparison with other resins, vinylester 
shows low moisture absorption and a good 
resistance to ultraviolet rays whose nature 
plays a significant role in the aging behaviour 
of composites for marine purposes [29]. In 
particular, according to [30] eco-composites 
with vinylester matrix seem to show a limited 
surface damage even with long-term influence 
of moisture, but this damage can decrease 
flexural strength and impact resistance [31] of 
composites structures, as demonstrated for 
other fibres. 
 
2. MATERIALS AND METHODS 
 

This study aims at investigating the 
potential influence of a marine environment 
on the flexural properties of flax fibre 
reinforced vinylester ecomatrix composites. 
An accelerated aging was realized by 
submerging specimens in hot and salt water 
for a long period. Liquid absorption was 
monitored by measures of weight. Surface 
effects and other material damages were 
observed by 3D digital microscopy, comparing 
dry and conditioned specimens. 

In particular, a commercial flax 
reinforcement (LINEO® FLAXPLY BL), consisting 
of 70% cellulose and characterized by 300 
gr/m2 (flax weight per square meter), 
balanced fabrics (0°/90°) was used [32]. This 
bio-based eco-friendly reinforcement can be 
used with all conventional processes (RTM, 
infusion, hand lay-up…), In addition, it offers 
acceptable mechanical properties that, 
coupled with low density, enables a general 
weight reduction. 

Referring to the matrix, a commercial 
vinylester (DISTITRON ® VEef 220 STZ), 
characterized by Low Styrene Emission (LSE) 
properties was used [33]. It is a thixotropic 
preaccelerated vinylester resin with 
interesting mechanical and thermal 
characteristics providing both excellent 
chemical resistance to prevent blistering 
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formation and low shrinkage to guarantee a 
good finishing. In order to comply with 
environmental requirements for VOC, the 
resin contains less than 35% of styrene, 
without including any other monomer in its 
formulation, to minimize emissions during 
application and a LSE system to block the 
during curing. 

Properties of fibres and vinylester matrix 
declared by material manufacturers and 
vendors are shown, respectively, in Table 1 
and Table 2. In the case of resin (Table 2), the 
values of strength, elongation and modulus 
represent the properties a cured (24h at 23°C 
+ 3h at 100°C) unreinforced condition. 

Table 1. Main properties of flax fibres [30] 

Property Unit Value 

Density g/cm3 1.40 

Tensile strength MPa 1034 

Tensile modulus  GPa 51.0 

Elongation at break % 1.5 

 

Table 2. Main properties of vinylester matrix [31] 

Property Unit Value 

Density at 25°C g/cm3 1.03 – 1.16 

Viscosity at 25°C mPa.s 1900 – 2550 

Volatile content % <35 

Gel time Min 36 – 49 

Curing time  Min 39 – 70 

Glass transition T. °C 115 

Tensile strength MPa 65 

Tensile modulus MPa 3500 

Elongation at break % 2.0 

Flexural strength MPa 105 

Flexural modulus MPa 3600 

 
3. SPECIMENS PREPARATION 
 

Laminates manufacturing was conducted by 
a wet lay-up hand laminating process 
overlapping 8 layers of flax balanced fabric and 
vinylester matrix, with a 24h long cure at room 
temperature followed by a 3h long post-cure 
at 100˚C. After curing, composites were 
characterized by a total ratio of lignocellulosic 
reinforcement of 57.3% (in weight). After post-
curing and cooling, the specimens were 
extracted out from the original laminate by 

diamond saw and tool machining. Half of the 
samples (dry) were prepared for flexural 
testing in dry conditions and the other half 
(conditioned) was subjected to the accelerated 
aging immerging them for 1000h in 35 ppt salt 
water at 80 °C. This solution, prepared with 
35% g/L of NaCl, intends to represent the 
overall proportion of inorganic salts 
representative of ocean water (in accordance 
with ASTM D1141 [34]), but, for the sake of 
simplicity, without introducing each salt (as 
MgCl2, Na2SO4, …). 

Immersed specimens in their bath are 
shown in Figure 1. The presence of plastic 
spacers and a frequent manipulation of 
specimens (for their reallocation) were used to 
guarantee a homogenous condition of 
immersion, even in the case of a little 
container, in accordance with the appropriate 
dimensions for the T-controlled oven at 
disposal. 

 
Figure 1. Specimens in immersion in salt water 

 
4. ABSORBTION MONITORING 

 
In order to determine the stability of the 

composites, gravimetric water absorption 
analysis was done. The specimens were dried 
for 24h at 60C and cooled to room 
temperature in a desiccator and the initial 
weight (w0) was taken to the nearest 0.001g. 
The specimens were then immersed in the 
solution and weekly extracted for weight 
recording. In these monitoring events, the 
water on the surface was wiped away and the 
weight of each specimen was taken again (w). 
All specimens were analysed and the average 
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weight was taken. The percentage of water 
absorption (WA in %) was calculated using the 
Equation (1): 

   (1) 

where, wo represents the initial weight 
after drying and w the weight after water 
immersion.  

In Table 3, the change in weight of 
specimens is reported along with a absorption 
rate estimative. 

Table 3. Measure of weight and absorption 
estimation 

Specimen Weight [10-3 kg] Absorption 

 dry aged [%] 

LVFC1 13.354 14.308 7.14 

LVFC2 13.766 14.631 6.28 

LVFC3 14.400 15.362 6.68 

LVFC4 14.764 15.709 6.40 

LVFC5 14.763 15.622 5.82 

Mean 14.209 15.126 6.46 

St. Dev.. 0.62 0.62 0.48 

 
Furthermore, with the aim at providing 

useful references for a better comprehension 
of the absorption phenomena in composites, 
laminates from other materials were also 
manufactured and their samples conditioned 
at the same environmental conditions (salt 
water at 15%, 80 °C, 1000hr). Specific resins 
and fibres were selected with the scope to be 
highly representative in respect to the main 
material under investigation (low-styrene 
vinylester, reinforced by flax). In particular, the 
same “green” vinylester was used as matrix, 
but reinforced by basalt or by a mix of basalt 
and flax fibres (as also reported in [35, 36]). In 
this way, the specific effect of flax on water 
absorption rate could be easily analysed 
thanks to the constancy of matrix. In addition, 
as inevitable reference, a fibreglass laminate 
was also realized, but selecting a standard 
vinylester. 

A comparison among the different 
absorption tendencies is available in Table 4. 
Values are reported in terms of weight 
improvement (in %) in respect to the dry 
materials. 7 specimens for each materials 
were used. Weight was initially evaluated in 

wet conditions, after 6 hours from the first 
immersion, and, then, weekly till the end of 
the aging period (1000hrs). 

Table 4. Weight improvement (regarding dry 
specimens) for different fibres and vinylesters  

Matrix Fibres Wet Aged 

Vinylesterstand Glass 0.40% 0.67% 

Vinylestereco Basalt 0.31% 0.67% 

Vinylestereco Basalt & Flax  2.01% 5.01% 

Vinylestereco Flax 2.81% 6.18% 

 

Table 4 shows that: 
- vinylesters are not particularly sensitive 

to the aging effect of salt water, neither 
standard nor “green”, confirming a behaviour 
quite different from Fick’s theory of diffusion 
and a gain in weight much lower than other 
common commercial resins [37]. 

- fiberglass is extremely stable and inert 
confirming its properness for marine 
applications; 

- basalt, an emerging and sustainable 
material, especially interesting for its extreme 
mechanical properties, offer a similar stability 
when compared with carbon [9, 35]; 

- flax seems to significantly accelerate 
the water absorption. 

As a probable consequence of this last 
feature, it is expected that several material 
properties of flax fibre reinforced composites 
change in consideration of immersion in 
water. 

 
5. EXPERIMENTAL TEST 

 
The flexural strength in the case of dry and 

conditioned composites (before and after 
water immersion) was determined by an 
Instron 8033 servo-hydraulic testing machine, 
using a three-point bending test method. Tests 
were performed according to ASTM D7264 
[38], an experimental standard for flexural 
properties determination of polymer matrix 
composite materials. Specimens were placed 
over two supports. Loads were applied 
midway by a bar with rectangular cross section 
and a crosshead speed of 2mm/min. A span of 
80 mm was used in a 25 kN load cell. Test 
stages are shown in Figure 2. Photographs of 
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dry and conditioned specimens after flexural 
testing are shown on the Figure 3. 
 

 
Figure 2. Sequential images from the flexural test 

 

 
Figure 3. Specimens after three-point flexural 

testing: a) dry and b) conditioned 

 
6. RESULTS AND DISCUSSION 
 

Experimental results obtained during 
flexural testing are summarized in Table 5 
while stress-strain diagrams are shown in 
Figures 4 and 5 for, respectively, dry and 
conditioned specimens 

Table 5. Flexural strength and strain at break for 
dry and conditioned specimens 

 Dry Conditioned 

Strength 
MPa 

Strain % 
Strength 

MPa 
Strain 

% 

140.9 5.77 74.8 6.51 

122.9 5.25 76.3 6.48 

130.9 6.28 77.2 6.48 

120.6 5.23 79.8 7.14 

131.7 5.34 72.9 6.25 

Mean 129.4 5.57 76.2 6.57 

Dev.St. 8.1 0.45 2.6 0.33 

 

Improvements in the flexural strength 
offered by the flax reinforcement can be 
immediately noticed. Comparing the values of 
flexural strength of cured, but unreinforced 
resin, as declared by vendor and reported in 
Table 2, with the experimental data, it is 
possible to estimate, on average, an increasing 

of 22.8% (from 105 MPa to 129±8 MPa) in this 
property and a peak of 33% in the case of the 
specimen that, with 140 MPa, showed the best 
performance during tests.   
 

 
Figure 4. Flexural stress-strain diagrams for dry 

flax/vinylester composites 
 

 
Figure 5. Flexural stress-strain diagrams for 

conditioned flax/vinylester composites 

These results are in line with similar 
researches, as reported in [39], where the 
influence of direction of fibres on the flexural 
properties in a flax fibre-reinforced composite 
(with acrylated epoxidized soybean matrix) 
was analysed. In particular, it is demonstrated 
that significantly better improvements could 
be obtained when a unidirectional fabric is 
preferred to the balanced one. Material 
technical datasheet for this specific 
reinforcement highlights, for instance, an 
ultimate stress strength in flexion up to 300 
MPa in the case of 12 layers of unidirectional 
fabrics [30]. But, with only 180 gr of flax/m² 
(instead of 300 gr) and 4 additional layers, this 
solution appeared less interesting in terms of 
productivity, costs and ecosustainability. 

Meanwhile, a decrease in mechanical 
resistance of the conditioned specimens 
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compared to the dry specimens can be also 
immediately noticed. In particular, referring to 
the mean values, the flexural strength fall from 
129.4 MPa to 76.2 MPa, losing more than 40%. 
On the contrary, the strain at break highlights 
a light increase, about +14%, from 5.57% to 
6.57%. In other terms, accelerated aging by 
salt water and temperature improves the 
material ductility and reduces its mechanical 
resistance. 

This phenomenon of brittle rupture is also 
suggested by the stress-strain diagram where 
the effect of first break, in the case of 
conditioned specimens, consists of a sudden 
and steeper fall. 

Another noteworthy aspect, emerged from 
experiments, less evident at first sight, is 
related to the change in variability of the 
experimental values and its physical sense. In 
particular, Figures 4 shows a larger variability 
in the elastoplastic behaviour in the case of 
dry composites. Even if the strain at break is 
almost the same for all samples (6.57±0.33%) 
while the maximum stress shows relatively 
slight variances (129±8 MPa), their stress-
strain diagrams look quite different between 
specimens. In contrast, the stress-strain 
diagrams for conditioned composites are 
identical to the ultimate stress, as shown in 
Figures 5. In other terms, water absorption 
and accelerated aging tend to level the 
difference in material structures and, as a 
consequence, in their mechanical properties.  

 
Figure 6.  Relation between strain at break and 

water absorption 

This supposition was also investigated 
trying to directly relate the flexural behaviour 
to the moisture absorption. In Figure 6, the 
strain at break is plotted versus the water 

absorption (expressed in %). Even if the 
reduced number of specimens and the 
variability of the phenomena do not permit a 
definite response, a slight incremental 
correlation can be initially observed. Further 
tests are necessary before any confirmation. 
 
7. FURTHER CONSIDERATIONS 
 

The degradation of mechanical properties 
can be related to the formation of hydrogen 
bonding between the water molecules and 
lignocellulosic fibres. Hydrophilic nature of 
lignocellulosic fibres with a large number of 
hydroxyl groups in the fibre structure enables 
formation of a large number of hydrogen 
bonds between the macromolecules of the 
cellulose and polymer matrix. This process is 
described in [38] and demonstrates that 
natural lignocellulosic fibres, such as flax, due 
to the intense presence of –OH groups, exhibit 
a very low resistance in the aquatic 
environment. In addition, the reduction in the 
interfacial adhesion between fibre and matrix 
causes dimensional variation and leads to 
decrease the mechanical properties these 
materials (as reported in [28, 41]).  

The drop in strength seems too intense to 
be explained only by formation of a large 
number of hydrogen bonds between the 
macromolecules of the cellulosic 
reinforcement and polymer matrix: also 
polymer matrix degradation has to be present 
[42].  

The hydrophilic flax fibre, attacked by the 
salt water, starts swelling, causing micro 
cracking of the brittle polymer matrix. At the 
same time, flax fibres, due to their high 
cellulose content, attract the water molecules 
which penetrate into the interface through 
these micro cracks activating capillarity 
transport of water to the interface region of 
composite material. Thus, the process of water 
diffusion through the matrix takes place, 
causing delamination and seriously damage of 
composite material (as detailed in [43]). 

A validation of this hypothesis was 
investigated at the microscopic scale. Images 
obtained by HIROX multifocal 3D digital 
microscope are shown in Figure 7 and Figure 8. 
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These micrographs confirm that the vinylester 
embrittles with aging, but also highlight the 
presence of structural defects in materials as 
delamination and micro cracking.  

The limit introduced by the hydrophilic 
nature of lignocellulosic fibres could be 
practically solved in applications with the 
addition a skin coat on the composite’s surfaces. 
The skin coat can be composite laminate with 
water resistant reinforcement as basalt fibre, 
which can also improve mechanical properties 
of composite structure [27, 28]. 

   

 
Figure 7. Micrographs of composite surfaces, 

before (a) and after (b) the aging, showing the 
effect of embrittlement 

 
Figure 8. Micrograph of a specimen after aging, 

showing structural defects 

8. CONCLUSIONS 
 

The effect of the salt water on the 
mechanical properties of flax fiber reinforced 
vinylester matrix composites was investigated 
by accelerated aging, flexural tests and 
micrographs. Experimental results confirm 
that natural flax reinforcements really improve 
the properties of composites and that, in 
general, vinylester represents a valid solution 
as matrix in marine applications because of 
the good mechanical properties and low 
absorption rate it presents. 
Contemporaneously, the same results 
demonstrate that, in the case of vinylester 
reinforced by flax, a significant drop in flexural 
properties is due to the substantial water 
absorption that induces several phenomena, 
including the degradation of the fibre/matrix 
interface. Under the influence of moisture the 
hydrophilic flax fibre swells and micro cracking 
of the brittle polymer matrix occurs. Than the 
molecules of water penetrate into the interface 
and the process of water diffusion through the 
matrix causes delamination and seriously 
damage of the composite material. Microscopic 
analysis proves micro cracking and 
delamination damage mechanisms into the 
accelerated aged composite materials during 
flexural testing. It should be noted that 
vinylester resin continues to cure during 
accelerated aging which makes it more brittle 
than in dry condition. To overcome the 
problem of water absorption sensitivity authors 
recommended the usage of basalt fibre based 
skin coat on both sides of the lignocellulosic 
fibre reinforced composite material. 
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Abstract: In this study tribological properties of obtained nanocomposites were investigated using micro 
scratch tester. Tested nanocomposites were developed on well-known tribological ZA-27 alloy using 
compocasting technique. SiC nanoparticles (average size 50nm) in different volume fraction were used as 
reinforcement. Main scratch test results were coefficient of friction, penetration and residual depth. 
Obtained results for nanocomposites were compared to the obtained results for base ZA-27 alloy. Scratch 
test results and SEM revealed existence of structural irregularities such as porosity (trapped gas bubbles in 
material structure) and agglomerated nanoparticles. Existence of structural irregularities mainly diminishes 
positive effects that are expected from addition of hard nanoparticles. 
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1. INTRODUCTION 
 

Engineers and researchers from all over the 
make an effort to obtain the material that is 
perfect in tribological manner, that has low 
coefficient of friction and therefore energy 
efficient and also it is necessary to have a 
great wear resistant or to be unswerving for a 
long time. Zink aluminium alloys are well 
known tribological material and they are 
widely used in various industrial applications. 
Zinc and aluminium are the main alloy 
constituents with low content of copper and 
magnesium. Content of aluminium can vary 
and regarding that exists several alloys with 
different content of aluminium 8% (ZA-8), 12% 
(ZA-12) and 27% (ZA-27). Casted zinc-
aluminium alloys possess a great combination 
of strength, toughness and rigidity. Due to low 
copper content these alloys are very 

economical and energetically efficient 
replacement for numerous alloys based on 
non-ferrous metals. Regarding that they 
possess a good bearing capability, but from 
the other side they are characterised by lower 
casting temperature and cost effectiveness [1-
4].  

ZA alloys are widely used for plain bearings 
that work under conditions of low sliding 
speeds and high normal loads [5, 6].It should 
be mentioned that one of the main 
disadvantages of these alloys is their inferiority 
on higher temperatures [3, 7]. 

Further improvement of mechanical and 
tribological properties of ZA-27 alloys lead 
through development of their composites. 
Addition of hard ceramic particles improves 
wear resistance in comparison to the wear 
resistance of the base alloy [8-14], while 
addition of graphite particles improves 
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frictional properties [15-21]. Addition of 
graphite can also improve wear properties 
through generation of specific tribo-layer on 
both contact surfaces [6]. In order to improve 
wear and friction properties hard particles 
were simultaneously with graphite particles 
that acts like a solid lubricants [16, 18, 21, 22]. 
Recently researchers make great efforts to 
improve base alloys properties with addition 
natural biomaterials such as cassava leaves 
[23], coconut [24], palm kernel [25] and egg 
shell [26].   

Beside all these scientific and research 
effort, influence of nanoparticles on the 
properties of base metals and their alloys is 
not fully understood and properly defined. 
Also numerous problems regarding dispersion, 
reactivity, and wettability are still present in 
order to obtain optimal distribution of 
nanoparticles in base material. Due to that the 
aim of this study is to investigate tribological 
properties of ZA-27 nanocomposites 
reinforced with different volume fraction of 
SiC nanoparticles obtained by compocasting 
technique. 
 
2. MATERIAL 

 
As is it previously mentioned ZA-27 alloy is 

reinforced with SiC nanoparticles, with 
average size around 50nm. Volume fraction of 
SiC nanoparticles was 1, 3 and 5%. Chemical 
composition of base ZA-27 alloy is presented 
in table 1. 

Table 1. Chemical composition of the ZA-27 base 
alloy 

Label Chemical composition (wt. %) 

Al Cu Mg Zn 

ZA27 25-27 2-2,5 0,015-0,02 Balance 

 
Nanocomposites were obtained by the 

compocating procedure which comprise 
adding of nanoparticles in molten alloy under 
intensive mixing in order to achieve uniform 
distribution of nanoparticles and to avoid 
formation of agglomerates. Mixing time 
depends on volume fraction of nanoparticles. 
After casting obtained nanocomposites were 
hot pressed with 250 MPa pressure.   

Tribological samples were prepared by 
milling, grinding and polishing, but making 
sure that the temperature does not exceed 
100°C, which would result in degradation of 
mechanical properties [3, 7]. 

 
3. EXPERIMENTAL DETAILS 

 
Tribological properties of obtained 

nanocomposites were investigated using CSM 
micro scratch tester (Figure 1). Micro scratch 
tests were performed using progressive 
normal load from 0 to 10 N, with loading rate 
10 N/min, while sliding distance was 3 mm. 
Indenter was diamond Rockwell cone with a 
100 μm radius on top. Results of these tests 
were presented through coefficient of friction, 
penetration and residual depth plots. 
Experiments on each sample were performed 
15 times. Obtained results for nanocomposites 
were averaged compared to the base ZA-27 
alloy. 

 

Figure 1. Micro scratch tester 
 
4. RESULTS AND DISCUSSION 
 

Scratch test was repeated on each 
investigated material 15 times while the 
distance between tracks were 0.5 mm, and 
this type of experiment organisation was in 
order to get a clearer picture of material 
distribution in surface layer of investigated 
materials. On figures 2, 3, 4 and 5 presents 
plots of coefficient of friction, penetration and 
residual depth for base ZA-27 alloy and for 
nanocomposites reinforced with 1, 3 and 5 
vol. % of SiC nanoparticles. Presented plots are 
results obtain after one test while averaged 
values of all 15 tests is presented on figure 6.
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Figure 2. Penetration and residual depth, coeficient of friction and corresponding wear track (below) for 

ZA-27. 
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Figure 3. Penetration and residual depth, coeficient of friction and corresponding wear track (below) for 

ZA-27+1%SiC 
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Figure 4. Penetration and residual depth, coeficient of friction and corresponding wear track (below) for 

ZA-27+3%SiC 
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Figure 5. Penetration and residual depth, coeficient of friction and corresponding wear track (below) for 

ZA-27+5%SiC 
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Scratch tests results performed on obtained 
nanocomposites indicated existence of 
structural irregularities such as air bubbles and 
agglomerates while it was not the case with 
scratch test results obtained on base ZA-27 
alloy. This conclusion is based on penetration 
depth curves analysis for nanocomposites 
where drastic changes are noticeable which 
refer to decline of indenter during sliding. 
Increase of penetration depth indicates on 
surface and subsurface defects. Numerous 
researchers noticed existence of structural 
irregularities generated with addition of hard 
nanoparticles and increase of their content in 
base material [27-31]. Due to nanoparticles 
nature gas bubbles generates around them 
(case when porosity is influenced by individual 
nanoparticles) or they are generated around 
agglomerated nanoparticles as a result of 
aggravated movement of molten metal during 
casting (case when porosity is influenced by 
agglomerated nanoparticles) [28]. Gas bubbles 
could occur due to low wettability between 
nanoparticles and base material, while 
generation of agglomerates is a result of 
increased friction between nanoparticles due 
to increased surface to volume ratio in 
comparison to the micro particles [32]. 
According to the appearance of presented 
plots for penetration depth of tested 
nanocomposite it could be concluded that 
number and size of structure irregularities 
along scratch track is different and 
unpredictable. 

Change of penetration depth value causes 
changes of coefficient of friction value and 
results in higher average value of coefficient of 
friction in comparison to the coefficient of 
friction value of ZA-27 base alloy. From these 
plots it could be concluded that the degree of 
elastic relaxation is almost equal and constant 
for all examined materials, which means that is 
constant despite change of volume fraction of 
nanoparticles. 

Averaged plots of coefficient of friction 
based on all 15 scratch tests are presented on 
figure 6. Analysing presented, it is obvious that 
ZA-27 exhibits lowest value of coefficient of 
friction during the scratch test sliding. 

Coefficient of friction as it is previously 
mentioned highly depend on penetration 
depth of indenter and regarding that the 
coefficient of friction of nanocomposites is 
higher in comparison to the base ZA-27 alloy. 
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Figure 6. Averaged plots of coefficient of friction 

for tested materials 

Figure 7 present comparative averaged 
plots of penetration depth for base alloy and 
obtained nanocomposites. Analysing 
presented plots it can be concluded that 
despite existence of trapped gas bubbles in 
material structure (figure 4) obtained 
nanocomposite reinforced with 3 vol.% of SiC 
nanoparticles has the lowest average value of 
penetration depth. In this case presence of 
nanoparticles of reinforcement managed to 
prevent movement of dislocations and on that 
to improve wear resistance and bearing 
capability [Error! Reference source not found., 
Error! Reference source not found.]. Also it is 
noticeable that values of penetration depth for 
all tested materials are just slightly different in 
comparison to each other, but the higher 
differences could be noticed for higher value 
of normal load. 
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Figure 7. Averaged plots of penetration depth for 

tested materials. 
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The lowest average value of residual depth 
after scratch test exhibits base ZA-27 alloy 
than nanocomposite reinforced with 3 vol. % 
of SiC nanoparticles (Figure 8). This 
phenomenon could be explained by that the 
existence of trapped gas bubbles and 
agglomerates of nanoparticles cannot 
contribute to elastic relaxation of the 
nanocomposites. Scratch tests on base ZA-27 
alloy revealed several smaller structural 
irregularities in comparison to the obtained 
nanocomposites. 
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Figure 8. Averaged plots of residual depth for 

tested materials. 

Obtained wear tracks were analysed using 
optical and scanning electron microscopy 
(SEM). Micro scratch tester is equipped with 
optical microscope which allows generating 
panoramic view of obtained wear track and 
matching with the corresponding results 
(coefficient of friction, penetration and 
residual depth plots). Generated panoramic 
view of obtained wear allows graphic 
presentation of noticed changes on plots. SEM 
equipped with topographic mode was used to 
analyse plastic deformation generated on the 
wear track sides (Figure 9). 

SEM analysis of wear track shows that 
inside the wear track large number of small 
cavities is noticeable. Also analysing 
surrounding surface shows previously 
mentioned structural irregularities (Figure 9b 
and 9c). Pile up material on the sides of the 
wear track is apparently compact, especially at 
the end of the track where the material pile up 
is much bigger in comparison to the pile up on 
the side.  

 
a) 

 
b) 

 
c) 

Figure 9. Scanning electron microscopy of obtained 
wear track on nanocomposite reinforced with 1 

vol. % of SiC: a) at the beginning, b) in the middle 
and c) at the end. 
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Regarding that it could be concluded that 
generated wear debris during the scratch is 
push in front of indenter, than deformed, 
compacted and pushed out due to conical 
geometry of indenter. 
 
5. CONCLUSION 
 

Micro scratch test was used to properly 
evaluate tribological properties of ZA-27 based 
nanocomposites reinforced with 1, 3 and 5 
vol. % of SiC nanoparticles.  

Micro scratch test revealed existence of 
structural irregularities of obtained 
nanocomposites. Structure irregularities such 
as gas bubbles and agglomerates of 
nanoparticles has a great influence on the 
penetration depth value. 

The lowest averaged value of penetration 
depth during the scratch test exhibits 
nanocomposite reinforced with 3 vol. % of SiC 
nanoparticles.   

Base ZA-27 alloy exhibits the lowest value 
of coefficient of friction during the scratch 
tests. 

The lowest averaged value of residual 
depth exhibits base ZA-27 alloy. 

SEM analysis of generated wear track 
showed plastic deformation and pile of 
material along the sides and at the end of the 
wear track. 
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Abstract: The aim of this work the aim of this work was to manufactured an alloy of aluminum - magnesium 
and niobium, The raw materials used for the manufacture of Al - 0.03 wt% Mg - Nb alloy specimens were 
electrolytic aluminum and magnesium with a purity of 99.3% and Al - Mg - Nb alloy. With a particle size of 
100 μm. The aluminum, magnesium and niobium particles were placed in a graphite crucible and then 
melted in an induction furnace. The raw materials used for the manufacture of Al - 0.03 wt% Mg - Nb alloy 
specimens were electrolytic aluminum and magnesium with a purity of 99.3% and a particle size of 100μm. 
The aluminum, magnesium and niobium material was placed in a graphite crucible and then melted in an 
induction furnace. The ingots subsequently obtained were subjected to homogenization heat treatment for 
14 hours at a temperature of 450 ° C, were preheated in a box oven for 30 minutes at 100 ° C and 
subsequently laminated to a final thickness of 13mm. After rolling the specimens were annealed for 45 
minutes at a temperature of 350 ° C, 3 alloys were obtained, with a Brinell hardness of 250, 285 and 315 HB 
respectively. The micrographic analysis shows a fine dendritic structure. 3 specimens of each alloy were used 
for the respective dry abrasion tests according to ASTM G-65, entitled "Standard Test Method for Measuring 
Abrasion Using the Dry Sand / Rubber Wheel Apparatus". Where AFS 50/70 silica sand, whose size is 
approximately 250 μm, was used as the abrasive material. The load applied was 10N and a sand flow of 0.4 
kg / min. It was observed that the niobium causes a grain refinement in the microstructure of the Al - Mg 
alloys, and increases the surface hardness, the increase of the Nb content in the Al - Mg alloys satisfactorily 
improves the abrasion resistance and one of The obtained alloys shows a lower hardness due to the absence 
of niobium and does not allow adequate thermal stability. For this reason, its resistance to abrasion proves 
to be less compared to the other two alloys manufactured. 
 

Keywords: Aluminium alloy, magnesium, niobium, induction furnace, heat treatment, micrographic 
analysis, dry abrasion test. 
 
 
1. INTRODUCTION  
 
 The search for aluminum alloys that 
perform well in many applications has led to 
the search for new options such as lithium 
aluminum alloys, beryllium aluminum, 
aluminum matrix metal compounds developed 
through the process of powder metallurgy. 
The family of aluminum alloys lithium, are 
characterized mainly by their low weight in 

structures for the aeronautical industry, due to 
a significant reduction in density. A substitute 
in these lithium alloys is magnesium, which is 
an element that increases mechanical strength 
through the solid solution. However, 
aluminum magnesium alloys have not been 
competitive because reducing density is a 
significant challenge. Its application in the 
construction industry represents the largest 
market in the aluminum industry, thousands 
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of homes use aluminum for doors, windows 
screens, locks, nozzles and water pipes. 
Transportation is the second major market, 
many military and commercial aircraft are 
constructed entirely of aluminum [1, 2]. 
 In previous decades aluminum magnesium 
alloys were developed with small additions of 
transition metals, such as scandium, which 
produces important improvements in the 
properties of these alloys, such as high 
mechanical strength, corrosion and abrasion. 
Due to the high mechanical strength and low 
weight, these alloys are used extensively in the 
automotive industry as well as in space and 
marine applications. The manufacturing 
industry is also very interested in these alloys. 
 However, scandium is a very rare and very 
expensive element for industrial applications 
[3]. Niobium is an abundant element, in alloys 
it is used as a grain refiner; it increases 
hardness, wear resistance and hot corrosion. 
Due to these properties, it is possible to use 
niobium in aluminum magnesium alloys [4, 5]. 
 In addition, the first studies of importance 
and interest in the phenomenon of abrasion, 
using dry sand and a metallic disc with rubber 
as tribotester, were carried out by Haworth in 
the decade of 1940 [5]. Misra subsequently 
reviewed the abrasive wear of metals [6]. The 
tribological abrasion machine used for the 
experimental development of the present 
work was designed and manufactured by the 
team of Tribology researchers from SEPI-
ESIME-IPN [7], in accordance with the 
international standard ASTM G-65 [8]. 
 
2. EXPERIMENTAL DEVELOPMENT 
 
2.1 Materials 
 
 The raw materials used for the manufacture 
of Al - 0.03 wt. % Mg - Nb alloy specimens 
were electrolytic aluminum and magnesium 
with a purity of 99.3% and a particle size of 
100μm. The aluminum, magnesium and 
niobium particles were placed in a graphite 
crucible and then melted in an induction 
furnace. The furnace was purged under a 
vacuum pressure of 10-2 Torr, using an argon 

atmosphere to prevent oxidation of the 
elements. The melting point was about 750°C, 
within a copper matrix, cooled by circulating 
water. The ingots were obtained with a cross 
section of 50 x 50 x 300 mm, of three different 
aluminum alloys Al - 0.03 wt% Mg - 0.0003 
wt% Nb (I), Al - 0.03 wt% Mg - 0.0006 wt% Nb 
(II) And Al - 0.03 wt% Mg (III), respectively. All 
ingots were manufactured under the same 
conditions. The chemical analysis of the three 
alloys obtained is shown in Table 1. 
 

Table 1. Chemical analysis of aluminum alloys 
obtained 

 
Element 

Alloy 
 

I II III 

Si 0.000677  0.000622  0.001084 
Fe 0.001573  0.001461  0.003664 
Cu 0.000010  0.000010  0.000046 
Mn 0.000080 0.000079 0.003459 
Mg 0.03174 0.03216 0.03349 
Zn 0.000050 0.000050 0.000050 
Ni 0.000032 0.000030 0.000012 
Cr 0.000010 0.000010 0.000018 
Pb 0.000020 0.000020 0.000020 
Ti 0.000028 0.000027 0.000064 
V 0.000097 0.000097 0.000079 

Co 0.000020 0.000020 0.000020 
Sr 0.000001 0.000001 0.000001 
Al 0.966 0.965 0.948 

 
The specimens of the aluminum alloys 
obtained were subsequently subjected to a 
homogenization heat treatment for 14 hours 
at a temperature of 450°C within a box 
furnace in an argon gas atmosphere in order 
to avoid oxidation. 
 
2.2 Heat Treatment and rolling 
 
 The specimens of the aluminum alloys 
obtained were preheated in a box oven for 30 
minutes at 100 ° C and subsequently rolling to a 
final thickness of 13mm. After rolling, the 
specimens were annealed for 45 minutes at a 
temperature of 350°C using an argon atmosphere 
with a gas flow of 7.87 x 10-5 m3 sec-1. 
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2.3 Abrasive wear 
 
 Three specimens of each alloy were used 
for the respective dry abrasion tests according 
to ASTM G-65, "Standard Test Method for 
Measuring Abrasion Using the Dry Sand / 
Rubber Wheel Apparatus" [8]. Where AFS 
50/70 silica sand, whose size is approximately 
250 μm, was used as the abrasive material. 
The load applied was 10N and a sand flow of 
0.4 kg / min., during all tests performed. While 
the mass loss of the aluminum alloy specimens 
was performed on an analytical balance with a 
sensitivity of 0.0001g. The development of 
abrasive wear tests is presented in figure 1. 
 

 
Figure 1. Schematic diagram of wear test 

 
3. EXPERIMENTAL RESULTS 
 
3.1 Determination of hardness 
 
 The hardness of the specimens of each alloy 
was obtained using a Brinell hardness tester. 
The load applied was 250 kg and with a sphere 
diameter in the indenter of 2.5 mm. The 
results obtained are shown in Table 2. 
 
Table 2. Hardness of aluminum alloys 

Alloy I II III 

Brinell hardness, HB 230 285 315 
 
3.2 Abrasive wear 
 
 The abrasion resistance of the 
corresponding alloys was evaluated during 5 

successive stages of wear tests, achieving a 
total trajectory of approximately 3590,835 m 
оf sliding distance. The results are shown in 
Figure 2. 
 

 
Figure 2. Wear behavior of the corresponding 

alloys 

 
4. DISCUSSION OF RESULTS 
 
4.1 Metallography 
 
 Aluminum alloys generally have a dendritic 
structure such as the Al-Mg alloy. Although the 
alloys including niobium are distinguished 
because they preferably have a fine dendritic 
structure as seen in Figure 3, obtained with 
the optical microscope. 
 It is assumed that at room temperature the 
solubility of the impurities is close to zero, and 
do not mix in the aluminum. 
 However, the second phases, shown in 
Figure 4, are only distinguishable using a high 
magnification in the scanning electron 
microscope. 

 
a) alloy I 
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b) alloy II 

 

 
c) alloy III 

Figure 3. Dendritic structure. 500X. 

 

 
a) Alloy I 

 

 
b) Alloy II 

 
c) Alloy III 

Figure 4. Second phases with SEM microscope. 

 
Table 3 shows the percentage by weight of the 
second phases. 
 
Table 3. Chemical Composition of the Second 
Phases of Aluminum Alloys 

Element Alloy 

I II III 

Al 0.966 0.965 0.958 
Mg 0.03174 0.03216 0.03349 
Si 0.000377 0.000622 0.001084 
Fe 0.001573 0.001461 0.003664 
Mn 0.000080 0.000079 0.003459 
Nb 0.0003 0.0006 0.0000 

other 
elements 

0.000267 0.000265 0.000309 

 
5. CONCLUSION 
 
 Niobium causes a grain refinement in the 
microstructure of Al-Mg alloys, and increases 
surface hardness. 
 Increasing the Nb content in Al-Mg alloys 
satisfactorily improves abrasion resistance. 
 The Al-0.03 wt. % Mg alloy shows the 
lowest hardness, due to the absence of 
niobium, and does not allow adequate thermal 
stability. For this reason, its resistance to 
abrasion is less compared to the other two 
alloys analyzed. 
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Abstract: The microstructure and  tribological properties of austempered ductile irons (ADI) with structure 
of lower bainite and upper bainite with nanoadditives of titanium carbonitride and titanium nitride 
TiCN+TiN are investigated. For improvement of the particles wetting and distribution into the melt volume 
the electorless method for plating of the additives is applied using EFTTOM-NICKEL method. 
The microstructure of the patterns is observed by optical and quantitative metallography, X-Ray analysis, 
SEM and EDX analysis. Tests for hardness, wear resistance and intensity of wear are carried out. 
The influence of the nanosized particles on the graphite phase modification is proved. Abrasion wear 
resistance increase of 23% (for structure of upper bainite) and of 73% (for structure of lower bainite) for 
austempered ductile irons with nanoadditives in comparison with   irons without additives is determined. 
 
Keywords: detonation nanodiamond, electroless nickel coating, wear resistance, microhardness, and 
microstructure 

 
 
1. INTRODUCTION 

 
The austempering of iron – carbon alloys in 

the bainitic area forms a structure with 
improved physical and mechanical properties. 
Austempering is a reason of formation of 
upper or lower bainitic structure characterized 
with a high strength and increased toughness. 
Austempering has a wide practical application 
in processing of the structural steel and 
spheroidal graphite cast irons [1,2]. 
Austempered ductile irons (ADI) are 
characterized with a high strength, toughness 
and wear resistance. 

Graphite in the iron ensures resistance to a 
mechanical wear and improves its processing. 
Alloying or by heat treatment or using both of 

this processes the graphite morphology and 
substrate structure could be changed with an 
aim to obtain irons with optimal properties. 
The investigation of new composition irons in 
cast condition or after heat treatment  is an 
opportunity to extent the application area of 
this materials. Perspective to achieve this aim 
is the use of nanosized additives. 

The role of added nanoparticles in the melt 
is in the changing of the graphite morphology 
for lamellar to vermicularis one [3], in the 
quantity graphite increase [4] and in the 
changing the substrate structure, which reflect 
in the increase irons’ wear resistance [3-7]. 

The aim of the present work is to 
investigate the microstructure and tribological 
properties of austempered ductile irons (ADI) 
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with nanosized additives of titanium 
carbonitride and titanium nitride TiCN+TiN. 
 
2. MATERIALS AND INVESTIGATION 

METHODS 
 

The composition of the spheroidal graphite 
cast iron samples is: Fe-3,55C-2,67Si-0,31Mn-
0,009S-0,027P-0,04Cu-0,025Cr-0,08Ni-0,06Mg 
wt%. The samples with and without nano-
additves of titanium carbonitride and titanium 
nitride TiCN+TiN (Table 1) are studied. The 
TiCN and TiN    nanosized particles are coated 
by electroless nickel coating EFTTOM-NICKEL 
[8] prior to the edition to the melt. The nickel 
coating improves the particles wetting into the 
melt and their uniformity distribution into the 
casting volume. 

The microstructure of the cast iron samples 
before austempering is tested by quantity 
metallography, scanning electron microscopy 
(SEM) and  energy-dispersive X-ray 
spectroscopy (EDX). Scanning microscopy 
EVO® MA10 „Carl Zeiss” Energy Dispersive X-
ray Microanalyser - "Bruker" is used. The 
quantity metallographic analysis is performed 
by „Olympus MicroImage” Software and the 
data for an average diameter Dmid of the 
graphite grains, their roundness as well the 
volume parts of graphite, pearlite and ferrite 
are received. 

The spheroidal graphite cast iron samples 
are undergone an austempering, including 
heating at 900оС  for an hour, after that 
isothermal retention at 280оС, 2h and at 380oC, 
2h. The austempered ductile iron samples’ 
microstructure is observed by means of an 
optical metallographic microscope GX41 
OLIMPUS. The samples surface is treated with 
2 vol. %  nital solution. The austempered 
ductile iron samples are tested by X-Ray 
diffraction analysis the retained austenite 
quantity in the structure to be defined. The 
retained austenite quantity is determined 
before and after abrasion wear. For a phase 
identification X-ray powder diffraction 
patterns are recorded in the angle interval 
20÷103o(2θ), on a Philips PW 1050 diffracto-
meter, equipped with Cu Kα tube and 

scintillation detector. The data for cell 
refinements and quantitative analysis are 
collected in θ-2θ, step-scan mode in the angle 
interval from 20 to 103o (2θ), at steps of 0.03o 

(2θ) and counting time of 3 s/step. A 
quantitative analysis is carried out by BRASS - 
Bremen Rietveld Analysis and Structure Suite 
[9]. 

The hardness test is carried out by Brinell 
method (for cast samples) and by Vickers 
method (for  austempered samples). 

The experimental study of the wear is 
carried out using method and device for 
accelerated testing in kinematic scheme 
“thumb-disc” under friction over a fixed 
abrasive [4,6]. The impregnated material 
Smirdex 330 Duraflex P80 117SV is used for 
the spheroidal graphite cast iron samples. The 
test data are: nominal contact pressure 
Pa=0,21.106[Pa]; average sliding speed, 
V=26,38[cm/s]; nominal contact surface, 
Aa=50,24[mm2]; density, ρ=7,80.103[kg/m3] 
[9]. The impregnated material Corundum 220 
is used for the austempered ductile iron 
samples. The test data are: nominal contact 
pressure, Pa=0,4.106[Pa]; average sliding 
speed, V=24,5[cm/s]; nominal contact surface, 
Aa=50,24[mm2];density,ρ=7,80.103[kg/m3][6]. 

  
3. RESULTS AND ANALYSIS 
 

The tested spheroidal graphite cast iron 
substrate consists of ferrite and pearlite [4]. 
The quantity metallographic analysis is 
performed the influence of the nanosized 
additives on the graphite quantity, size and 
morphology as well as on the quantity ratio 
between ferrite and pearlite to be determined 
(Table 1). The analyses are carried out on 
three randomly chosen field of the ground 
joint and the average data are presented. 
Nanosized additives of TiCN+TiN in the 
spheroidal graphite cast irons don’t change 
the graphite shape, but they decrease the 
average diameter of the graphite spheres 
Dmid  from 11,00 to 10,50 µm (Figure 1a). 

Nanosized additives increase the graphite 
phase quantity to 94% compared to this one of 
the irons without nanoparticles (Figure 1b). 
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 Table 1. Nanoadditives, graphite characteristics, graphite, pearlite and ferrite quantity, hardness and  
               tribological properties of spheroidal graphite cast irons. 

 

  
Figure 1. Average diameter of the graphite spheres 

Dmid  (a) and graphite quantity (b) in spheroidal 
graphite cast irons: samples number – 1 and 2. 

They change the quantity of the pearlite 
and ferrite in the structure of the cast iron 
samples (Table 1). The hardness of the tested 
irons is 185 НВ  for the sample 1 and 180 НВ  
for the sample 2 (Table 1). 

SEM analysis of the fracture of the impact 
destructed spheroidal graphite cast iron 
sample with TiCN+TiN nanoparticles additives 
(Figure 2) and EDX analysis of the graphite 
phase (Figure 3) are performed and the 
nanoparticles presence in the graphite is 
observed. These results and that achieved 
from the quantity metallographic analysis 
prove the modifying  influence of the 
nanoparticles on the size and shape of the 
graphite phase in the iron samples. 

In assessing the wear resistance of the iron 
base structure is necessary to take into 
account its ability to be changed as a result of 
a complex set of processes in operation. In the 
materials with a stable structure obtained 
after casting, improvement or normalization 
changes in the microgeometry, appearance of 
a sizable retained tension and strengthening of 
the surface layers by a formation of strips of 
sliding is observed. 

Graphite in the gray cast iron structure has 
an essential role in their behavior in wear. In 
the dry friction in individual sections of the 
contact surface is not observed practically 
wear caused by adhesion. This is related to the 
presence of graphite in the structure, which 
has a lubricating ability and acts as a lubricant 
material. 

 
 

 
 

 
Figure 2. SEM analysis of the fracture of the impact 
destructive sample from spheroidal graphite cast 
irons with nanoadditives of TiCN+TiN (sample 2). 

№ 
of 

sampl
e 

Nanosized 
additive 

Dmid 
µm 

Round-
ness 

Volume part of: [%] 
 

Hardness 
 

HB 

Intensity 
of wear 

i 

Wear        
resistance 

I Graphite Pearlite Ferrite 

1 - 11,0
0 

1,59 8,44 32,12 59,44 185 0,124.10-6 8,06.106 

2 TiCN+TiN 10,5
2 

1,28 16,36 25,36 58,28 180 0,08.10-6 12,5.106 
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The wear resistance of the cast irons with a 
pearlite base at specified conditions of wear 
(contact pressure and sliding speed) is 
inversely proportional to the average distance 
between the graphite grains. By reducing the 
distance between the graphite grains the 
protective properties of the surface carbon 
layer improve and the wear  resistance of the 
cast iron increases. 

 
Figure 3. EDX analysis of the graphite phase in 

spheroidal graphite cast irons with nanoadditives 
of TiCN+TiN (sample 2). 

The studied spheroidal graphite cast irons 
with or without nanosized particles have an 
equilibrium ferrite-pearlite structure of the 
substrate and inclusions of graphite spheres. 
The results of the quantitative metallographic 
analysis, SEM and EDX analysis show that the 
nano-sized additives possess modifying 
influence on the graphite and without 
changing its shape, increase its quantity 
leading to a reduction of the average distance 
between the graphite grains. The intensity of 
wear of the cast iron with nanoadditives of 
TiCN+TiN decreases and the wear resistance 
increases by 55 % compared to this one of the 
cast iron without nanoparticles (Table 1, Figure 
4). 

The wear resistance increase observed in 
the tested samples probably is connected not 
only with the defined changes in the quantity 

and size of the graphite phase, but also with 
the nanoadditives influence on the surface 
strengthening in friction. 

  
Figure 4. Intensity of wear i (a) and wear resistance 

I   (b)  of spheroidal graphite cast irons: samples 
number – 1 and 2. 

The ductile cast irons are undergone to 
austempering in the bainitic area. The 
austempering mode includes austenitization at 
900оС, 1 h followed by isothermal retention at 
280 оС, 2 h with formation of a lower bainic 
structure (Figure 5) and  isothermal retention 
at  380oC, 2 h with formation of  a upper 
bainitic  structure (Figure 6). 

 
 

 
Figure 5. Lower bainite in uastempered ductile 

irons: a-sample 3; b-sample 
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4.  
 

 
Figure 6. Upper bainite in austempered ductile 

irons: a-sample 5; b-sample 6. 

Bainite is an oriented structure consisting of 
needles α - phase (bainitic ferrite), carbides 
and unconverted austenite. α-phase is formed 
by martensitic mechanism in austenitic areas 
with low carbon content [1,2,6]. Upon cooling 
on the temperature of isotherm to ambient 
temperature, the part of the unconverted 
austenite undergoes martensitic 
transformation, and another part thereof 
remains in the structure as a retained 
austenite A. 

The austenite bainitic transformation 
begins with the formation of individual 
needles α-phase (bainitic ferrite) and is 
developed with the formation of new oriented 
needles located close to each other and 
forming a package of alternating plates α-
phase and the unconverted austenite enriched 
with carbon A (c). Optical metallographic 
analysis shows this package as an individual 
needle in the low bainitic struicture. Carbide 
phase is formed as a result of self-tempering 
of the α-phase or directly from А(c). 

The microstructure and crystallographic 
characteristics of the lower and upper bainite 
are similar. The main difference is that the 
bainitic ferrite (α phase) in a lower bainite is 

supersaturated with a larger amount of carbon 
compared to this one of the upper bainite. 

This means that the carbide particles in the 
lower bainite are separated mainly in the inner 
part of the ferrite plates, as in the upper 
bainite the carbide phase mainly is separated 
directly from the enriched with carbon 
austenite A (c). 

Silicon in the spheroidal graphite cast irons 
(2-3%) hinders process of the carbide 
formation. A transformation to a bainitic 
ferrite and enriched with carbon unconverted 
austenite А(c) structure with high mechanical 
characteristics is realized at austempering for 
2-4 hours. An austempering mode over 6 
hours could lead to a decomposition of the 
enriched with carbon austenite to a composite 
of ferrite and carbide (α +carbide), which 
decreases the iron mechanical properties and 
practically not carried out [1,2]. 

The hardness HV10 of the tested 
austempered samples with a lower bainitic 
structure is in the range of 388 HV10 (sample 
3) and 422 HV10 (sample 4), whereas this one 
of the upper bainitic structure is – 314 HV10 
(sample 5) and 319 HV10 (sample 6) (Table2, 
Figure 7). The higher lower bainitic hardness is 
correlated to the higher carbon saturation   of 
the α–phase and to the higher degree of the 
austenite transformation in the lower 
temperature range of the bainitic area. 

The quantity of the retained austenite in 
the samples with upper bainitic structure is 
higher than this one in the samples with the 
lower bainitic structure after 2 hours 
austempering at 380 and  280оС (табл.2). This 
correlates with the characteristics of the 
bainitic transformation mechanism in the 
upper and lower temperature range of the 
bainitic area [1,2]. Nanosized additives of 
TiCN+TiN in the austempered ductile irons 
change the bainitic transformation kinetics 
and accelerate the austenite transformation to 
bainite. The retained austenite quantity 
decreases from 30,6% for the samples without 
nanoadditives to 24,9% for the samples with 
nanoadditives after 2 hours  austempering at 
280оС. For 2 hours  austempering  at  380 оС  
the retained austenite quantity decreases 
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from 40,4 % to 27,1% for the samples with the same composition (Table 2). 
Table 2. Tribological properties,  hardness and  retained  austenite quantity of austempered ductile irons 

№ 
of 

sample 

 
Structure 

after  
austempering 

Nanosized 
additive 

Hardness 
HV10 

 
Intensity of 

wear 
i 

Wear        
resistance 

I 

Retained  austenite 
A, % 

before 
wear test 

after 
wear test 

3 
lower bainite 

- 388 0,14.10-6 7,13.106 30,6 25,0 
4 TiCN+TiN 413 0,08.10-6 12,3.106 24,9 12,2 
5 

upper bainite 
- 314 0,13.10-6 7,67.106 40,4 31,3 

6 TiCN+TiN 319 0,10.10-6 9,42.106 27,1 11,6 
 

        
Figure 7. Hardness HV10 of austempered ductile 
irons with a lower bainitic structure (samples 3 and 
4) and upper bainitic structure (samples 5 and 6). 

 
Figure 8. Intensity of wear i    of austempered 

ductile irons with a lower bainitic structure 
(samples 3 and 4) and upper bainitic structure 

(samples 5 and 6). 

The results achieved for the intensity of the 
wear i and for the wear resistance  I  of the 
tested samples of austempered ductile iron 
are shown in the Table 2 and Figure 8 and 9. 
The 4 and 6 samples with nanoadditives of 
TiCN+TiN   possess higher wear resistance of 
73% (for a lower bainitic structure) and of 23% 

(for a upper bainitic structure) compared to 
the wear resistance of the samples 3 and 5 
without nanoadditives. 

 
Figure 9. Wear resistance I   of austempered 
ductile irons with a lower bainitic structure 

(samples 3 and 4) and upper bainitic structure 
(samples 5 and 6). 

The tribological properties of the metal 
materials depend in a great extent on the 
structural condition, formed on the contact 
surface in friction. In the conditions of 
intensive plastic deformation of the metal in 
the area of the friction contact in the 
metastable structures (retained austenite, 
martensite, bainite) occur structural 
transformations that have a strong influence 
on the effective strength of the surface and, 
accordingly, on the tribological properties of 
the materials. 

To the structural transformations of the α-
martensite, initiated by plastic deformation, 
strain dynamic ageing or “strain tempering” of 
the martensite is connected. The processes of 
a strain dynamic ageing are characterized with 
a formation of segregates (atmospheres) of 
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carbon atoms on the emerging in friction 
dislocations. The strong fixing of the 
dislocations with dopands determines 
intensive strain strengthening of high carbon 
martensite in friction as well an increase in its 
resistance to various types of wear. 

To the metastale structures refers also 
retained austenite, which undergoes strain 
induced γ→α  martensite transformation in 
friction. In friction the retained austenite 
partially transforms to a strain induced 
martensite with the same quantity carbon as 
well a high carbon austenite and It appears 
untempered martensite with high hardness 
and capacity for intensive strengthening in a 
wear processing [6, 10]. 

X-Ray analysis is carried out for defining the 
possibility of martensite formation as a result 
of a strain induced γ→α  martensite 
transformation in the area of the friction 
contact in the wear test. The quantity of the 
retained austenite is determined in the tested 
samples before and after the tribological 
testing (Table 2). It is found that the quantity 
of the retained austenite decreases in the all 
of the tested samples (Figure 10). 

 
Figure 10. Quantity of the retained austenite A of 

austempered ductile irons with a lower bainitic 
structure (samples 3 and 4) and upper bainitic 
structure (samples 5 and 6) before and after 

tribological testing. 

For the samples without nanoadditives 
(sample 3) the decrease is from 30,6% to 
25,0% and from 40,4% to 31,3% (sample 5) 
and for the samples with nanoadditives of  
TiCN + TiN   - from 24,9 % to 12,2 % (sample 4) 
and from 27,1 % to 11,6 % (sample 6) (Table2; 
Figure11; Figure12). 

 
 

 
Figure 11.  X– ray diffraction pattern of 

austempered ductile iron sample 4 before (a)  and 
after (b)  wear test 

 
 

 
Figure 12.  X– ray diffraction pattern of 

austempered ductile iron sample 6 before (a)  and 
after (b)  wear test. 

In the area of the friction contact from the 
metastable retained austenite the strain 
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induced martensite is formed, which probably 
additionally increases the wear resistance of 
the austempered ductile irons. The tests 
performed show that in the irons with 
nanoadditives of TiCN + TiN  the 
transformation of the retained austenite to 
strain induced martensite takes place in a 
greater extent in the wear and they have 
higher wear resistance compared to the irons 
without nanosized additives. 

The observed effect of the nanoadditives 
on the graphite phase characteristics and on 
the extent of the transformation of the 
austenite to bainite, also the greater extent of 
the metastable retained austenite 
transformation to a strain induced martensite 
in the area of the friction contact in friction 
explain higher abrasion wear resistance of the 
tested austempered ductile irons with 
nanoadditives compared to the same without 
nanoadditives. 
 
3. CONCLUSION  

 
Nanosized additives of TiCN + TiN  in the 

spheroidal graphite cast irons have a modifying  
effect on the graphite phase. Without 
changing the graphite shape, they decrease 
the graphite spheres size and increase the 
graphite quantity in the irons’ structure. The 
spheroidal graphite cast irons with nanosized 
particles have a higher abrasion wear 
resistance compered to this one of the irons 
without nanoparticles. 

It is specified that retained austenite in the 
structure of austempered ductile irons is 
partially transformed to a strain induced 
martensite in the wear testing as in a greatest 
extent, this conversion takes place in the cast 
irons with nano-sized additives of TiCN + TiN. 
These irons possess higher abrasion wear 
resistance compered to this one of the irons 
without nanoadditives. The increase of the 
wear resistance of the irons with 
nanoadditives is a result of the complex 
influence of the nanosized particles on the 
graphite phase chracteristics, on the kinetics 

of the bainitic transformation under 
austempering and on the range of the 
metastable retained austenite conversion to a 
strain induced martensite in an wear testing. 
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Abstract: The effects of Graphene Nanoplatelet (GNP) on mechanical and tribological properties of 
Polyamide 6 (PA6) were studied. The composites were blended using twin-screw extruder and subsequently 
injection molded for test samples. Mechanical properties were investigated in terms of microhardness, 
scratch hardness and Young’s modulus measurements and tensile test. The tribological behavior of 
composites was studied by using ball-on-disc reciprocating tribometer. Recent studies showed that the 
addition of GNP in PA6 matrix resulted in enhancement of mechanical and tribological properties. 
 
Keywords: Graphene, composite, polyamide 6, scratch hardness, tribology. 

 
 
1. INTRODUCTION 

 
Strong composite materials based on 

polymeric matrices are increasingly used in 
wide range of engineering applications, due to 
their higher stiffness-to-weight ratio in 
comparison with metallic materials as well as 
their enhanced corrosion-resistance. In order 
to improve their poor surface characteristics, 
various particles such as carbon nanotubes 
and boron carbide have been used especially 
in the recent decade [1, 2]. Due to its 
extraordinary mechanical properties with a 
reported Young’s modulus of 1 TPa and a 
tensile strength of 130 GPa [3, 4], graphene 
nanoplatelets (GNPs) are an ideal 
reinforcement for strengthening polymer 
matrices. In order to improve the properties of 
GNP-polymer composite, the surface of GNPs 
is modified either physically or chemically [5]. 
It is generally considered that the surface 

modification of GNPs is beneficial to improve 
the dispersal property of GNPs in polymer 
matrix. However, the modifying process is 
usually complicated and damages the 
structure of the GNPs and thereby greatly 
reduces their mechanical properties [6]. Thus, 
the enhancement effect of the GNPs will be 
weakened. 

The objective of this paper is to fabricate 
PA6/GNP composites and investigate the 
effects of GNP loading content on the 
mechanical and tribological properties of the 
PA6/GNP composites without using any 
surface modification process. 

 
2. EXPERIMENTAL METHODS 
 

GNPs in this study were GRAFEN-IGP2 
nanoplatelets (Grafen Chemical Industries, 
Turkey). These nanoparticles consist of short 
stacks of graphene layers having a lateral 
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dimension of 5 nm and a thickness of 5–8 
nm. SEM observation (Fig. 1) of GNPs shows 
that the GNPs superimpose together and look 
like wrinkled or crumpled thin paper. Melt 
blending of PA6 and GNP was carried out in a 
co-rotating twin screw extruder (Thermoprism 
TSE 16 TC, L/D 24) at a screw speed of 100 rpm 
and barrel temperature profile of 230-230-
230-230-230 °C, followed by granulation (3 – 5 
mm long and 3 mm in diameter) in a pelletiser 
and drying. Prior to extrusion, the PA6 
polymer and GNP were dehumidified in a 
vacuum oven at 90 °C for a period of 24 h. The 
GNP content in the PA6/GNP composites was 
varied from 1 – 4 wt. % (Table 1). The 
composite mixture was molded using a 
laboratory scale plunger type injection-
molding machine (Micro injector, Daca 
Instruments) at a barrel temperature of 200 °C 
and mold temperature of 30 °C, for 
preparation of microhardness, scratch 
hardness, Young’s modulus, tensile and 
tribological test samples. 

 
Figure 1. The SEM image of GNPs. 

Table 1. Ratios and codes of GNP in the composites. 

Samples GN Content     (in 
weight %) 

PA6/GNP-1 1 
PA6/GNP-2 2 
PA6/GNP-4 4 

 
Room temperature mechanical properties 

of the unfilled PA6 and PA6/GNP composites 
were determined according to microhardness 
and Young’s modulus measurements, scrathch 

hardness and tensile tests. Microhardness 
measurement was carried out on 
metallographic samples under the load of 50 g 
with a Vickers indenter. At least ten successive 
measurements were performed for each 
condition. The Impulse Excitation Technique 
(IET) was used to measure the Young’s 
modulus of the sample series in accordance 
with the ASTM E 1876 standard [7]. Briefly, IET 
utilises the phenomenon of free mechanical 
resonance of flexural vibrations when these 
vibrations are excited by tapping the test 
sample. Analysis of the fundamental frequency 
of a specific vibration mode, which depends on 
sample mass, stiffness, and geometry, allows 
determining the Young’s modulus by 
measuring the resonance frequency. The 
tensile test samples with a gage length of 80 
mm were also tested according to the ASTM D 
3822 standard [8] on Lloyd LR 5K tensile 
testing machine with a load cell of 10 N and 
the deformation rate was 20 mm/min. All the 
results represented an average value of five 
tests with standard deviations. The scratch 
tester, designed and built in our laboratory, 
was used to carry out scratch tests equipped 
with a Rockwell C-type conical indenter under 
laboratory environment condition (the 
temperature was 25 °C and the humidity was 
30-35 % RH). The tests were conducted at 
four different loads (5, 10, 15 and 20 N) with a 
constant tip velocity of 0,007 m/s. The length 
of the scratch was kept constant as 10 mm. In 
order to assess tribological properties of the 
unfilled PA6 and PA6/GNP composites, the 
friction and wear tests were conducted on a 
reciprocating wear tester under dry sliding 
conditions. The ambient temperature was 
approximately 25 °C and the relative humidity 
was nearly 40 ± 5 %. The wear tests on all 
samples were performed under a constant 
load of 10 N using a 10 mm diameter 304 steel 
ball at a sliding velocity of 1.7 cm s-1. In all 
tests, the total sliding distance was kept 
constant at 50 m. The wear was calculated by 
analysing width and depth of wear scars 
developing on sample surfaces with the help 
of a contact stylus profilometer (SJ400). 
Following the wear tests, the steel counterface 
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surfaces were examined under an Optical 
Microscope (OM) in order to investigate the 
wear mechanisms. Then, scratch and wear 
scars on the surfaces of the unfilled PP and 
PA6/GNP composites were examined using a 
Scanning Electron Microscope (SEM- Carl Zeiss 
AG - SUPRA 40). 

 
3. RESULTS AND DISCUSSION 

 
Figure 2 showed XRD patterns of the 

unfilled PA6 and PA6/GNP composites. PA6 
exhibited polymorphic structures containing 
two types of crystal form: monoclinic (α) and 
pseudo-hexagonal (γ). 

 
Figure 2. XRD patterns of unfilled PA6 and 

PA6/GNP composites. 

The representative diffraction peaks 
observed at 2θ=20.4° and 21.8° corresponded 
to α and γ crystalline phases of the unfilled 
PA6 [9, 10], respectively. As shown in Fig.2, α 
phase was the dominant crystalline phase for 
the unfilled PA6. Also, all composites showed 
two peaks at 2θ=20.1° and 22.1°, 
corresponding to α and γ crystalline phases. 
When compared to the unfilled PA6, the 
diffraction peak corresponding to α-form 
crystal phase was observed only as a less 
pronounced shoulder at all GNP contents. 
However, the peak of γ form crystal phase in 
the PA6/GNP composites grew more obvious. 
However, referring to Fig. 2, in addition to the 
two reflections as seen in the PA6/GNP 
composites a other reflection was also 
detected at 2θ=26° which was related to the 
GNP [11]. According to these results, GNPs 
changed crystal structure of all composites. 
Gong et al. [12] reported that the diffraction 

peaks of α-form crystals of modified graphene 
based PA6 composites become weaker with an 
increase of GNP loading content. Oneill et al. 
[3] showed that functionalized graphene oxide 
(GO) and functionalized reduced graphene 
oxide (rGO) could promote the formation of γ 
phase crystals in the PA6 matrix. 

The mechanical properties of PA6/GNP 
composites are characterized by their tensile 
strength, Young’s modulus, elongation at 
break and microhardness. The effects of GNP 
loading content on tensile strength and 
Young’s modulus of the composites are 
displayed in Fig. 3. As shown in Fig. 3, the 
PA6/GNP composites show similar tensile 
strength compared to that of unfilled PA6. In 
addition, the Young’s modulus of PA6/GNP 
composites increases with an increase in GNP 
contents (Fig. 3). The Young’s modulus of the 
composite with 4 wt. % loading content of 
GNPs increased by 50 %, compared with that 
of unfilled PA6. The influences of GNP loading 
content on elongation at break and 
microhardness of the composites are 
presented in Fig. 4.  

 
Figure 3. Tensile strength and Young’s modulus of 

PA6 filled with various contents of GNPs 

 
Figure 4. Elongation at break and microhardness of 

PA6 filled with various contents of GNPs 
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As seen from Fig. 4, the elongation at break 
of the composite decreases with an increase of 
GNP loading content and when the loading 
content is 4 wt.%, the value decreases by 95 % 
in comparison with that of unfilled PA6. 
However, the microhardness of composite 
increases with an increase of GNP loading 
content and when the loading content is 4 
wt.%, the value increases by 38 % in contrast 
to that of unfilled PA6. The results of 
mechanical properties revealed that the 
incorporation of GNPs could improve the 
strength, but increase brittleness in the 
PA6/GNP composites due to alteration of the 
crystal structure of the PA6 matrix by the GNP 
(Fig. 2). Chatterjee et al. [6] reported that 
nanofillers could affect the mechanical 
properties of PA matrix by changing the 
crystallinity, which seems to be in compatible 
with my results. 

In Fig. 5, by increasing the GNP content, 
scratch hardness showed a rising trend 
because of the existence of GNPs in the 
direction of the scratch test (Fig. 6) and 
decreased with increasing applied load. The 
rise of scratch hardness at a load of 20 N was 
sharper than the rise of the scratch hardness 
at lower loads (5, 10 and 15 N) because the 
role of the GNPs was diminished at smaller 
scratch depths. 

Figure 5. Scratch hardness of PA6 filled with 
various contents of GNPs 

The effect of GNP addition on the 
tribological behavior of PA6 was investigated. 
It is shown that at small amounts of GNP, wear 
was reduced (Fig. 7) with a slight decrease in 
the average friction coefficient (from 0.83 in 
the unfilled PA6 to 0.74 in the composite with 
4 wt.% of GNP-4). Moreover, a larger number 

of graphene sheets were obtained by adding 
more GNP into the PA6 matrix as illustrated in 
Fig. 8. A small increase in the basal spacing 
(the peak was shifted to the right) was also 
noted for the composites containing more 
GNP. These differences probably affected the 
tribological behavior.  
 
 

 
 

 
(a) 

 
 

 
(b) 

 

 
(c) 

Figure 6. Low and high magnification SEM 
micrographs of scratch scars generated on the 

(a) unfilled PA6, (b) 2 wt.% PA6/GNP-2 composite 
and (c) 4 wt.% PA6/GNP-4 composite at a load of 

20 N 
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It should be noted that the van der Waals 
forces in the composite with 4 wt.% of GNP-4 
would have been lower than in the other 
composites, which could lead to a much easier 
way for the GNP layers to slide over each other. 

 
(a) 

 
(b) 

Figure 7. (a) Wear rate and (b) friction coefficient 
of PA6 filled with various contents of GNPs 

 
Figure 8. Comparison of GNPs’ XRD Bragg peak at 

226.5 deg, confirming morphological differences 
of the composites containing 1, 2 and 4 wt. % of 

GNP 

The SEM images of wear tracks for the 
unfilled PA6 and the composite with 4 wt.% of 
GNP-4 shown in Fig. 9 (all at the same 
magnification) are in accordance with the 
above analysis. For the unfilled PA6, the worn 
surface is rough and exhibits some scratch 

grooves parallel to the sliding direction in the 
worn surface when sliding against the steel 
counterface. From the image of the composite 
with 4 wt. of GNP-4, it can be seen that 
nonuniform thin sheets are generated in the 
whole area investigated and thereby a rippled 
structure is formed, which is perpendicular to 
the sliding direction. 
 

 
(a) 

 

 
(b) 

Figure 9. Low and high magnification SEM 
micrographs of wear tracks generated on the (a) 

unfilled PA6, and (b) 4 wt.% PA6/GNP-4 composite 

Figure 10 shows OM images of the steel 
counter balls sliding against the unfilled PA6 
and the composite with 4 wt. % of GNP after a 
sliding distance of 50 m. The rod like wear 
particles from the PA6 to the counter surface 
are white and adhere to the counter steel 
surface due to serious oxidization (Fig 10 a). It 
is evident that the temperature at the sliding 
interface has reached its melting point of PA6 
during sliding, resulting in a poor wear 
property. On the other hand, some GNP 
particles reducing the friction by providing 
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interfacial sliding between the surface and 
steel counter ball were observed on steel ball 
surface sliding against the composite with 4 
wt. % of GNP (Fig. 10 b). Dike et al. [1] have 
reported similar observations with CNTs in a 
polypropylene (PP) matrix and proposed that 
these fillers diminish the adhesion between 
the matrix and the counter surface; the 
digging phenomenon is thus reduced, and this 
results in a relatively higher wear resistance. 

 
(a) 

 
(b) 

Figure 10. OM images of the steel balls sliding 
against the (a) unfilled PA and (b) composite with 4 

wt.% of GNP 
 
4. CONCLUSIONS 

 
The addition of GNP has been proven an 

effective way to improve the Young’s modulus, 
microhardness, scratch hardness and 
tribological performance of PA6-based 
polymer matrix without necessarily 
compromising tensile strength. 
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Abstract: In present study, the tribological behavior of hybrid composites with A356 aluminum alloy matrix 
reinforced with 10 wt.% of SiC and 5 wt.% of graphite was investigated using the Taguchi method. The 
composites were produced by the compocasting procedure. The tribological properties were studied using 
block-on-disk tribometer under lubricated sliding conditions at different normal loads (40N, 80N and 120N), 
sliding speeds (0.25 m/s, 0.5 m/s and 1 m/s) and sliding distances (150 m, 300 m and 1200 m). Analysis of 
the wear rate results was performed using the ANOVA technique. The lowest level of wear rate 
corresponded to the contact conditions with normal load of 40N, sliding speed of 1.0 m/s and sliding 
distance of 1200 m.  
 
Keywords: Aluminum hybrid composites, optimization, SiC, Graphite, wear, Taguchi method  

 
 
1. INTRODUCTION  
 

Composites with metal matrix (MMCS) are 
materials which possess excellent possibilities 
for development and contemporary material 
sciences. Lately, especially particle reinforced 
aluminum matrix composites, attract 
considerable amount of attention because 
they have the potentials of satisfying the 
recent demands of advanced engineering 
applications, such as for example demands of 
automobile and aerospace industries [1, 2]. 

Hybrid composites can have engineering 
combination of two or more forms of 
reinforcement like fibers, short fibers, 
particulates and whiskers. It can have different 
materials as reinforcement like silicon carbide 
- graphite (SiC - Gr), silicon carbide - alumina 

(SiC - Al2O3), boron carbide - graphite (B4C - Gr), 
graphite - alumina (Gr - Al2O3), and organic 
reinforcements are also used like fly ash etc [3, 
4]. 

Just by choosing the right combination of 
particles for material reinforcement, their 
performance depends on it because some of 
the parameters for processing are directly 
connected with reinforcement particles. 
However, the final properties of the hybrid 
reinforcement depend on individual properties 
of the selected reinforcement and the matrix 
alloy. A few of such parameters are 
reinforcement type, size, shape, modulus of 
elasticity, hardness, distribution in the matrix 
among others [1-4]. 

The fabrication cost of aluminum metal 
matrix composites is low so it is manufactured 
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on a large scale and is one of the most 
extensively used product worldwide. 
Aluminum metal matrix composites (AMMCs) 
have many advantages, including higher 
strength, abrasion and impact resistant, higher 
wear resistance, higher thermal conductivity 
and lower coefficient of friction and exactly for 
already mentioned advantages they became 
the substitute for conventional materials. The 
application area of AMMCs is very wide and it 
is usually used for production of engine 
pistons, cylinders barrel, connection rods, 
elements of vehicles braking systems, cardan 
shafts, gears, valves, turbines, belt pulleys, 
turbo-compressors housings of pumps and 
supporting parts and so on [5-8]. 

Numerous scientists and researchers have 
done extensive research on mechanical and 
tribological behaviours of composite materials 
for their characteristics. Researches of these 
behaviours are still in the process because of 
the increased use in aerospace, automotive, 
marine, electronic and manufacturing 
industries. 

Shubhranshu Bansal and J. S. Saini have 
conducted a research on mechanical and wear 
properties of composite materials. As matrix 
material they used Al359 reinforced by silicon-
carbide particles and silicon carbide/graphite 
manufactured in stir casting process. They 
concluded that the hardness of Al359-silicon 
carbide composite is better than that of Al359-
silicon carbide graphite composite. And in 
tribological testing they showed that the wear 
resistance of Al359 alloy is increased by 
reinforcement of material silicon-
carbide/graphite in high load conditions, 
sliding speed and sliding distance [9]. 

B. Pavithranetet al. have completed the 
studies of mechanical and tribological 
properties of hybrid composites with Al6061 
matrix. Experiments of wear were conducted 
on disc dry sliding test rig with sliding velocity 
of 2 m/s and 4m/s under load of 30N and 50N. 
Varying the reinforcement percentage of SiC 
(0% and 8%) and Gr (0%, 2% and 4%) they 
noticed that by increasing reinforcement 
percentage, wear rate decreases. They also 

concluded that by increasing sliding velocity, 
wear rate also increases, whereas the 
influence of load is minimal on the applied 
load range on wear rate [10]. 

Gajendra Dixit and Mohammad Mohsin 
Khan investigated the impact of the change 
graphite particle dimensions in partial 
lubricated sliding wear behavior of 10 wt.% SiC 
reinforced aluminum composites with the help 
of a pin on disc wear testing machine. 
Composited were prepared in liquid 
metallurgy route method whereas the tests on 
wear were done on pin-on-disc machine. They 
noticed that wear rate increased with load and 
speed. They concluded that samples’ testing in 
oil plus graphite lubricated conditions led to 
less wear rate than that in oil alone. Then, that 
by adding 5 wt.% graphite (7-10 μm) to the oil 
lubricant led to minimum wear rate, and 
composites reached the lowest wear rate 
value whereas matrix alloy reached the 
highest. In the work they showed that wear 
rate coefficient decreases especially on 
samples at low loads, and additionally it 
reduces wit addition of graphite to the 
lubricating oil [11]. 

T. Pratheep Reddy and N. Amara 
Nageswara Rao using Taguchi’s technique 
studied the effect of applied load, speed and 
track diameter on wear rate intensity. They 
studied the properties of wear and friction of 
hybrid metal matrix composite with Al6061 
alloy as base material and reinforcements of 
SiC and Gr. Using Taguchi’s technique they 
concluded that considered factors have an 
impact on wear rate intensity and friction 
coefficient and they calculated the optimal 
variant for reaching minimal wear intensity: 
load 50N, speed 1000 rpm and track diameter 
110 mm. Also, they concluded that composite 
wear resistance increases by addition of SiC 
and Gr particles and that the wear intensity is 
relatively lower for composites in relation to 
pure material matrix [12]. 

Taguchi optimization was used by many 
researchers in order to optimize tribological 
properties in aluminum hybrid composite. 
Design of experiments Taguchi method has in 
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recent years become popular tool for 
engineering optimization due to its simplicity 
and robustness. 

The aim of this work is to study tribological 
behavior of hybrid composites with A356 
matrix reinforced with 10 wt.% of silicon 
carbide and with 5 wt.% of graphite. The 
experiments were conducted in lubricated 
conditions so as to find out new information 
and to carry out optimization of hybrid 
composites. The analysis of impact of load, 
sliding speed and sliding distance was 
performed using the Taguchi method. 
 
2. EXPERIMENT 

 
2.1 Materials and method of fabrication  
 

In the present study, aluminum alloy A356 
used as matrix, 10 wt.% of silicon carbide SiC 
(39 μm) and 5 wt.% of graphite (35 μm) as 
reinforcement. The composites were prepared 
in the compocasting process. A356 is an 
aluminum alloy of the following chemical 
composition: Si (7.20 wt.%), Cu (0.02 wt.%), 
Mg (0.29 wt.%), Mn (0.01 wt.%), Fe (0,18 
wt.%), Zn (0.01 wt.%), Ni (0.02 wt.%), Ti (0.11 
wt.%) and the rest is Al [13]. 

 
2.2 Wear analysis 
 

The tests were performed in lubricated 
sliding conditions on the samples hybrid 
composites. Tribological tests are done on 
advanced and computer supported tribometer 
with block‐on‐disc contact pair in accordance 
with ASTM G77 standard. Samples are of 15.75 
mm x 10.16 mm x 6.35 mm in size, whereas 
the counter body discs of 35 mm in diameter 
were made of steel 90MnCrV8 with the 
hardness of 62-64 HRC [14, 15]. 

Examinations were conducted according to 
the designed experiment plan where the 
values of loads are 40 N, 80 N and 120 N, of 
sliding speed are 0.25 m/s, 0.5 m/s and 1 m/s, 
and of sliding distance are 150 m, 300m and 
1200m. The objective of the study is to achieve 
the minimum wear rate.  

 

3. DESIGN OF EXPERIMENTS 
 

The Design of the experiment (DOE) is used 
in Taguchi method to achieve the most 
significant data while conducting minimal 
number of experiments. Taguchi optimization 
is an experimental optimization technique that 
uses the standard orthogonal arrays for 
forming the matrix of experiments, which 
enables not only conducting minimal number 
of experiments but also reaching better value 
level of each parameter. Signal-to-noise (S/N) 
ratios are used in data analysis in Taguchi 
method. There are three basic categories to 
seek the best results of experiments; these are 
the nominal-the-better, the larger-the-better, 
and the smaller-the-better. The optimal 
setting is the parameter combination with the 
highest S/N ratio [16, 17, 18]. 

The S/N ratio for wear rate using smaller-
the-better characteristic given by Taguchi is as 
follows: 

 












 



n
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where y1, y2…..yn are the response of wear 
rate and n is the number of observations. 

In this study, the experimental design was 
according to an L27 orthogonal array (OA) 
based on the Taguchi method, while using the 
Taguchi OA would significantly reduce the 
number of experiments. The control factors 
were load (L), sliding speed (S), and sliding 
distance (D) (table 1). For each process 
variable, three levels were considered. 
Table 1. Control factors with their levels and SI 
units  

Control factors Units 
Level 

I II III 
Load (L) N 40 80 120 
Sliding speed (S) m/s 0.25 0.50 1.00 
Sliding distance (D) m 150 300 1200 
 

Experimental wear rate results, together 
with their transformations into S/N ratio, are 
shown in table 2. 

The signal to noise ratio for each parameter 
is presented in figure 1 (a). In figure 1 (b) is 
shows interaction plot for each factor for 
which parallel plot denotes no interaction 
while crossing indicates significant interaction.
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Table 2. L27 orthogonal array for experimentation 

 Load Sliding 
Speed 

Sliding 
distance 

Wear rate 
(mm3 x 10–3/m) 

S/N ratio 
(db) 

1 40 0.25 150 0.926 0.668 
2 40 0.25 300 0.813 1.798 
3 40 0.25 1200 0.273 11.277 
4 40 0.50 150 0.680 3.350 
5 40 0.50 300 0.713 2.938 
6 40 0.50 1200 0.239 12.432 
7 40 1.00 150 0.564 4.974 
8 40 1.00 300 0.551 5.177 
9 40 1.00 1200 0.202 13.893 

10 80 0.25 150 1.879 -5.479 
11 80 0.25 300 1.328 -2.464 
12 80 0.25 1200 0.458 6.783 
13 80 0.50 150 1.426 -3.082 
14 80 0.50 300 1.033 -0.282 
15 80 0.50 1200 0.372 8.589 
16 80 1.00 150 1.093 -0.772 
17 80 1.00 300 0.818 1.745 
18 80 1.00 1200 0.299 10.487 
19 120 0.25 150 3.158 -9.988 
20 120 0.25 300 2.322 -7.317 
21 120 0.25 1200 0.756 2.430 
22 120 0.50 150 1.941 -5.761 
23 120 0.50 300 1.588 -4.017 
24 120 0.50 1200 0.561 5.021 
25 120 1.00 150 1.207 -1.634 
26 120 1.00 300 1.059 -0.498 
27 120 1.00 1200 0.423 7.473 
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plot for S/N ratios 

According to signal to noise ratio for each 
parameter, factor levels can be determined for 
optimal wear rate base option. Factor optimal 

base option is L1S3G3, which means that the 
fist factor is on the first level, and the other 
two on the third. 

(a) 
 

(b) 
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4. RESULTS AND DISCUSSION 
 
4.1 Wear analysis 
 

Analysis of variance (ANOVA) is used for the 
analysis of experimental results and 
identification of factors which have significant 
impact on wear rate. The results of ANOVA 
analysis of considered factors and their 
interaction on wear rate ratio are given in 
table 3. The analysis was realized at 5 % 
significance level and a 95 % confidence level. 
The p values or probability values show the 
level of significance of each factor [19, 20]. In 
general the term having p-value less than 0.05 
considered to have significant effect. 

The percentage contribution by each of the 
process parameter in the total sum of the 
squared deviations was used to evaluate the 
importance of the process parameter change 
on the performance characteristic. From the 
sum of squares data contribution of each 
parameter was computed using equation (2). 

 100(%)factor on Contributi 
T

f

SS

SS
 (2) 

where SSf is the sum of squares of factor and 
SST is the total sum of squares of all the 
parameters. This research was useful in 
achieving optimal value of considered factors 
so that the minimal wear rate value could also 
be achieved. 

Analysis of Variance was carried out using 
Minitab 16. As it is given in table 3, the biggest 
impact on wear rate has the sliding distance 
with percentage contribution of 59.63%. 
Moreover, the impacts of the following factors 
can also be noticed: load (28.137%) and sliding 

speed (10.36%). To determine the model 
significance and individual parameter apart 
from probability (p-value), Fischer test (F-
value) can also be applied. According to F-
value the interaction between factors (load) x 
(sliding speed), (load) x (sliding distance) and 
(sliding speed) x (sliding distance) is also 
significant. The ranking of factors on the base 
of conducted analysis is given in table 4. The 
most influential factor is sliding distance, then 
follows load and finally sliding speed. 

Table 4. Response table for signal to noise ratios 

Level L S D 
1 6.279 -0.255 -1.969 
2 1.725 2.132 -0.324 
3 -1.588 4.538 8.709 

Delta 7.867 4.793 10.679 
Rank 2 3 1 

 

According to conducted ANOVA analysis 
and results’ analysis, the dependence among 
factors can be shown with respect to wear 
rate. Contour plots and 3-D surface plots were 
given so as to interpret results graphically. 

Based on figures 2, 3, 4 (a) and (b) it is 
possible to calculate the parameter levels by 
which minimal wear rate values are achieved. 
More precisely, minimal wear rate value is 
achieved at lower load values and at higher 
sliding distance values. Wear rate depending 
on the sliding distance and sliding speed 
demonstrates that by increasing sliding speed 
wear rate decreases. The dependence 
between sliding speed and load clearly shows 
that at higher sliding speed values and at the 
lowest load value minimal wear rate value of 
hybrid composite is achieved. 

 

Table 3. Analysis of Variance for S/N ratios 

Source DF Seq SS Adj SS Adj MS F P Pr 
L 2 280.779 280.779 140.390 1170.56 0.000 28.137 
S 2 103.381 103.381 51.691 430.99 0.000 10.36 
D 2 595.043 595.043 297.521 2480.71 0.000 59.63 
L*S 4 8.975 8.975 2.244 18.71 0.000 0.899 
L*D 4 5.592 5.592 1.398 11.66 0.002 0.561 
S*D 4 3.168 3.168 0.792 6.60 0.012 0.317 
Residual Error 8 0.959 0.959 0.120   0.096 
Total 26 997.897     100 
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Figure 2. Dependence between wear rate of the load and sliding distance:  
(a) contour plot, (b) surface plot. 
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Figure 3. Dependence between wear rate of the sliding distance and sliding speed: 

(a) contour plot, (b) surface plot. 
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Figure 4. Dependence between wear rate of the sliding speed and load: 

(a) contour plot, (b) surface plot. 

4.2 Linear regression 
 

The relationship between control factors 
and response for wear rate in term of S/N 
ratios was analyzed using Taguchi method. The 
95% confidence level was achieved by 
accounting the complete experimental design 
data. The regression equation developed for 
the wear rate is as follows: 

D 0.010S 6.165L 0.098-0.840 = SNRA1  .(3) 

Equation (3) can be used for prediction of 
response wear rate at given levels of 
parameters. Table 5 demonstrates the 
estimation of linear model coefficients for S/N 
ratios in term of statistical parameters, 
standard error, T-test and probability value. 
Data given in this table clarify that the model 
was significant at the 95% confidence level 
since some p-values were less than 0.05.  

(a) (b) 
 

(b) 
 

(a) 

(a) 
 

(b) 
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Ratio with negative sign in equation is next 
to load factor, which means that wear rate 
decreases by increasing sliding distance. 
However, wear rate increases when load and 
sliding speed increase. 

Table 5. The equation of regression coefficients 

Term Coef SE Coef T P 

Constant 0.840 0.688 1.222 0.234 

L -0.098 0.006 -16.110 0.000 

S 6.165 0.639 9.643 0.000 

D 0.010 0.000 23.548 0.000 

 
By substituting the predicted optimum 

factor levels in the regression equation the 
estimated optimum Wear rate = 0.173356 
mm3 x 10–3/m. Further validation experiments 
were conducted for the predicted optimum 
conditions and wear rate from the validation 
experiments was obtained as 0.202 mm3 x 10–

3/m. The percentage error was also calculated 
and found to be 14.18% confirming the 
success of statistical analysis. 

 
5 CONCLUSION 
 

In this research work, the effect of various 
factors levels and factors (load, sliding speed 
and sliding distance) on wear rate hybrid 
composite was studied using Taguchi 
orthogonal array. Conclusions drawn from this 
experimental work are as follows: 

• The hybrid composites have been 
successfully fabricated by compocasting 
process for the study of tribological properties. 

• Taguchi’s robust design method is 
suitable to analyse the wear rate as described 
in the present work. 

• According to ANOVA analyses, the 
percent contributions of the L, S, and D factors 
on the wear rate were found to be 28.137%, 
10.36% and 59.63%, respectively. Sliding 
distance (factor D) was found on the wear rate 
most effective parameter.  

• It is concluded that combinations for 
minimum wear rate is L1S3D3 i.e. 40N load,  
1 m/s sliding speed, and 1200 m sliding 

distance. Optimum wear rate is determined as 
0.202 mm3 x 10–3/m. 
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Abstract: Dehydroxylation of kaolinites during heating plays a key role in the structural integrity of kaolin 
based ceramics. The utilization of Kankara and Kibi kaolinite clay as raw materials in fabrication of porous 
ceramics has been tested by laboratory scale experiments and a correlation of its porosity and crushing 
strength drawn. This correlation has been buttressed by the metakaolinization effect during sintering. 
Porous ceramics with three different pore formers were fabricated by the sintering of kaolin clay and 
porogenic materials (sawdust, styrofoam and powdery high density polyethylene). The porosities of the 
ceramic bodies were experimentally determined, while the structure and chemistry of the materials were 
elucidated via ex-situ X-ray diffraction (XRD) and scanning electron microscopy (SEM). The respective 
compressive strength of the porous clay ceramics were found to exhibit a downward trend with increasing 
porosity. It was concluded that the elastic properties (mechanical strength) of the porous ceramic bodies 
reflect the changes in the structure of the body and the processes in it which are linked to escape of the 
physically bound water and dehydroxylation during firing and also the solidifying of the glassy phase during 
the cooling stage of firing.  
Keywords: Porosity, pore formers, kaolinite clay, mechanical property, dehydroxylation 

 
1. INTRODUCTION  
 

Recently, porous ceramics have recieved 
increasing attention for their successful 
industrial application as filters, catalyst 
supports, bioceramics, hot gas filters, 
desiccants, insulators, acoustic absorbers, 
sensors, and membrane reactors [1-5].Usually, 
these porous ceramics can be made by a 
conventional powder-processing route also 
referred to as solid state sintering with the 
incorporation of some pore-forming agents 
such as sawdust, starch, graphite, and organic 
particulates [6], or by injection molding [7], or 

by gelcasting [8]. The pore-forming in-situ 
technique exploiting the decomposition of 
starting materials is known to be a good way to 
prepare porous ceramics with well-distributed 
pores and its eco-friendliness is an interesting 
attribute [4-5, 9]. Porous ceramics are 
fabricated by mixing clay with a combustible or 
pore forming material (usually sawdust, flour 
and rice husk) with a binder (water). The 
resulting homogenous mixture is then pressed 
using a mechanical device, or in some cases by 
manual molding using pottery wheel, or as the 
name implies by hand into the desired shape 
provided the mixture has some plasticity [10]. 
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There are numerous kaolinite clay deposits in 
Nigeria and Ghana, and these deposits differ in 
a number of ways: e.g. the type and amount of 
impurities, colour, mineralogical content and 
nature, plasticity, and the characteristics of the 
fired product. As with clays of any origin, the 
above properties are expected to influence the 
ceramic and refractory properties of the clays. 
Kaolin deposits are wide spread throughout 
Nigeria. The three most extensively studied 
deposits are the Ozubulu deposits, Kankara 
deposits and Porter deposits in Plateau state 
[11]. The Kibi kaolin deposit in Ghana is also 
receiving attention [12]. 

Firing of silicate ceramics, which are made 
of clays with high contents of kaolinite, 
transforms a green body into a ceramic 
product [13, 14]. The green body showcases 
significant changes of its elastic properties 
resulting from dehydration at low 
temperatures, phase changes during 
dehydroxylation, high-temperature reactions  
and densification during sintering [15, 16]. All 
these changes significantly have an influence 
on the mechanical properties of the fired body 
as well as its other physical properties. 
Therefore, to save some ample time and 
energy, it is desirable to conduct the firing in 
the shortest time possible without necessarily 
damaging the fired ceramic body. 

The porous nature of kaolin based ceramics 
makes them susceptible to failure. This leads 
to breakage during processing, transportation 
and usage. There is, therefore, a need to relate 
the mechanical properties of the porous clay 
ceramics to their porosity. This is expected to 
give the correlation of these properties vis-à-
vis the industrial applicability.  Svinka et al. 
[17] studied the production of porous alumina 
ceramics by the slurry casting method and 
investigated pore formation by elimination of 
hydrogen as a result of a chemical reaction of 
aluminium powder with water. The purpose of 
their study was to determine various ways of 
producing high porosity alumina ceramics 
having high mechanical strength and other 
properties significant for refractory ceramics. 
Yakub et al [10] fabricated porous ceramics 
with three different porosities by the sintering 

of redart clay and woodchips (sawdust) with a 
view to developing a ceramic based water 
filter. The measured mechanical and physical 
properties were then incorporated into finite 
element models for the computation of stress 
distributions due to hydrostatic pressures 
exerted on the porous clay ceramics by the 
water in filter with different geometries and 
supporting configurations. The implications of 
the results were discussed for potential scale-
up and design of a mechanically robust porous 
ceramic for water filtration. 

In this paper, clay ceramics with three 
different pore formers were produced by the 
sintering of clay/sawdust, styrofoam and high 
density polyethylene mixture with varying 
ratios by weight. The porosity and cold 
crushing strength were investigated using 
experiments with a view to correlating the 
synergistic effects of these properties on the 
final ceramic products. It is also noteworthy 
that the use of powdery high density 
polyethylene as a pore former to the best of 
our knowledge has not been explored as a 
porogenic material in castable ceramics. 
 
2. EXPERIMENTAL 

 

2.1. Materials and processing 
 

The clay materials that were used in this 
study were obtained from Kankara and Kibi 
Kaolin deposits in Nigeria and Ghana 
respectively. The X-ray pattern of the two clays 
is given in Figure 2. The sawdust (woodchips) 
used was obtained from a local sawmill in 
Ghana. The styrofoam and powdery high 
density polyethylene powders were processed 
at the Materials Laboratory of the University 
of Ghana. Clay was mixed with the sawdust, 
styrofoam and powdery high density 
polyethylene in four different ratios (clay-to-
pore formers) by weight (Table 1). Prior to 
mixing, the pore formers were reduced into 
sizes using an analytical mill. The clay was 
blended with the pore formers according to 
batch formulations as presented in Table 1, 
using water as the binding agent. 
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Table 1.Composition of test Samples by weight (Total weight = 100g) 

Sample 
code 

Kaolin 
(g) 

Plasticizer (Kibi 
Kaolin) (g) 

Saw dust 
(g) 

Styrofoam 
(g) 

 High density polyethylene 
(HDPE) (g) 

0% CS 80 20 - -  - 
5%SD 75 20 5 -  - 

10%SD 70 20 10    
15%SD 65 20 15    
20%SD 60 20 20    
5%SYF 75 20 - 5  - 

10%SYF 70 20 - 10  - 
15%SYF 65 20 - 15  - 
20%SYF 60 20 - 20  - 
5%HDPE 75 20 - -  5 

10%HDPE 70 20 - -  10 
15%HDPE 65 20 - -  15 
20%HDPE 60 20 - -  20 
       

 
The resulting mixture (clay, pore formers 

and water) were formed by completely filling 
into a mold and pressed to the same level to 
ensure compactness and dimensional 
homogeneity. The as-prepared green body 
samples were removed from the mold and 
dried in laboratory air (temperature of 25 oC, 
humidity of 43%) for 3 days on boards after 
which they were further dried at 100 °C in an 
oven for one hour (to make the green body 
safer to handle) by removing moisture. After 
drying, the green bodies were subjected to 
thermal treatment by heating to the sintering 
temperature of 1150oC in the muffle furnace 
with holding time of 2 hours.  

Figure 1. Green bodies during drying at 
ambient temperature. 

The samples were heated at 5 0C/min till 
final sintering temperature. Figure 1 shows the 
green bodies during drying in laboratory air. 

2.2 Materials characterization. 
 

The porosities of the samples were calculated 
using Eq. (1) [18]: 

W-D
Apparent Porosity = ×100

W-S

 
 
                   

(1) 

Where: D = Weight of fired specimen, S 
=Weight of fired specimen suspended in 
water, and W = Weight of soaked specimen 
suspended in air 

X-ray diffraction (XRD) was performed on 
powders of kaolin clay and porous clay 
ceramics to determine their phase 
compositions. This was done on an empyrean 
diffractometer (Bruker AXS,D8 Advance) with 
theta/theta geometry, operating a Cu Kα 
radiation tube (λ = 1.5418 Å) at 40 kV and 30 
mA. The XRD patterns of all the randomly 
oriented powder specimens were recorded in 
the 10.0°- 90° 2θ range with a step size of 
0.017° and a counting time of 14 s per step. 
The surface morphology of the porous 
ceramics was carried out using an ultra-high 
vacuum and high resolution FEI，Xl-30 
scanning electron microscope. Samples were 
metalized with gold/platinum coating prior to 
the analysis. Images were acquired at 
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magnifications of 2000X.The thermal stability 
of the various phases in the samples was 
studied by DTA/TG under air flow of 
50mL/min. The samples were thermally 
analysed by placing ≈25mg of the specimens in 
an alumina (Al2O3) crucible (100mg capacity), 
subjected to a linear heating ramp between 
100°C and 700°C at a rate of 20°C/min in 
NETZSCH, STA 449C Jupiter TG/DTA 
instrument. The test measurements were 
made for the mass change (loss) of the sample 
as a function of the temperature and the 
phase changes by the adsorption or the 
emission of energy.  
 
2.3. Strength measurements 
 
Mechanical property tested for was cold 
compression strength. This was used to 
determine the compression strength at failure 
for each sample, an indication of its probable 
performance under load. The compressive 
strength testing was carried out on an 
hydraulic testing machine (Carver Press, USA) 
The strengths of the porous clay ceramics 
were obtained by compressive loading of 
samples prepared according to ASTM C133-97 
(ASTM C133-97, 2003). In total, five 
specimens were used for the CS 
measurement and plots were made based 
on the average values of the results. Cold 
crushing strength of control and porous 
samples were calculated from the equation: 

             
  ⁄                                (2)                                                                           

Where P =load at failure and B and W are the 
respective width and breadth of the 
specimens.                                                      
 

3. RESULTS AND DISCUSSION 
 
3.1 Materials characterization 
 

The X-ray diffraction analyses of the kaolin 
clays and porous ceramics are presented in 
Figs. 2 and 3.  Figure 2 shows the XRD pattern 
of the Kankara kaolin and Kibi Kaolin. It could 
be observed from the XRD patterns that the 
peaks at Bragg’s angles of 12.35, 19.89, 20.38, 

24.88, 34.94, 35.95, 36.06, 38.35, 45.24, 54.88 
and 62.37° responsible for the kaolinite 
mineral are prominent [19]. The main 
characteristic peaks of kaolinite (12.35 and 
24.88°) for the two patterns are intense. 

 
Figure 2: XRD pattern of Kankara and Kibi Kaolin 

 

 
Figure 3: XRD pattern of Kibi kaolinite heated from 
30–900 C (a: 30oC; b: 300oC; c: 400oC; d: 500oC e; 

600oC; f: 700oC; g: 800oC; h: 900oC 
 

 
Figure 4: XRD pattern of Kibi kaolinite heated from 
30–900 C (a: 30oC; b: 300oC; c: 400oC; d: 500oC e; 

600oC; f: 700oC; g: 800oC; h: 900oC 
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Kaolinite (A12O3.2SiO2.2H2O), the essential 
component of kaolin, loses the OH units in its 
crystal structure at approximately 450ºC, 
forming an almost amorphous material known 
as metakaolinite (Al2O3.2SiO2). Metakaolinite 
structure is quite unstable, and at about 
1000°C its phase is transformed to γ- 
alumina, cristoballite (SiO2) and primary 
mullite crystals        [22-23]. Figures 3-4 shows 
the calcination of Kankara and Kibi kaolin at 
different temperatures. This is to further 
buttress the effect of thermal treatment on 
the transformation of kaolinites. It can be 
noticed that at 500oC (d), the peaks 
responsible for the kaolinite mineral have 
deteriorated. This result suggests that some 
very weakly bound hydroxyl groups of the 
amorphous phase, as detected by XRD, are 
realeased within this temperature range. This 
finding is in agreement with other results 
presented elsewhere [24]. At 9000C (h), it is 
noticed that the low intensity peaks observed 
for Kankara clay are all of residual quartz 
remaining in the clays [25]. 

 

 
Figure 5: Thermal analyses (TG,DTG and DTA) of 

kaolin (Kankara (top) and Kibi (bottom) 
 

The TG curves (Fig 5) show the weight loss 
associated with thermal treatment of Kankara 
and Kibi kaolin up to 700°C. It can be observed 
that the remarkable loss occurred between 
450°C and 600°C and stabilized at about 700°C 
for both kaolinite clays. The endotherm as 
shown in Figure 5 which corresponds to the 
dehydroxylation temperature range may be 
attributed to loss of the hydroxyl units 
(removal of the chemically bound water) and 
complete removal of the structure water of 
the kaolinite structure forming an almost 
amorphous material which is identified as 
metakaolin[22,26,29-30]. This results 
corroborates findings from the XRD data in this 
study. The dehydroxylation temperature of the 
Kankara and Kibi Kaolin are 526.2o C and 
521.3o C at enthalpies of -39.07uV and                
-32.60uV respectively. 

The X-ray diffraction analyses of the porous 
ceramics are presented in Fig 6. The results 
show that the porous ceramics exhibit similar 
diffraction patterns. This is expected because 
the pore formers had decomposed during heat 
treatment and therefore plays no role in the 
pattern orientation as presented. The kaolin 
clay which is the base material for ceramic 
fabrication consists predominantly of illite and 
kaolinite mineral. Approximately above 500 0C, 
the kaolinite mineral undergoes an 
endothermic dehydroxylation process. This 
transforms it into a disordered alumino-
silicate, metakaolinite [20,21]. The kaolin clay, 
which was originally crystalline, is now 
transformed into metakaolin which is 
amorphous. The phases of the porous ceramic 
samples after combined mechanical (force 
exerted by hydraulic press) and thermal 
treatments shows the transformation phase to 
mullite which should occur at relatively lower 
temperature as used in this study (1150oC) 
than for the original kaolinites. Equations 3, 4 
and 5 explain this trend: 
 

 400 500

2 3 2 2 2 3 2 2.2 .2 .2C

Metakaolinite

Al O SiO H O Al O SiO H O   

                      
(3) 
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  950

2 3 2 3 4 12 2
(Al-Si Spinel)metakaolinite (amorphous)

2 .2 CAl O SiO Si Al O SiO  

                    
(4)

 

 
 >1050°C

3 4 12 2 3 2 2
(Al-Si Spinel) Mullite

3Si Al O 2 3Al O .2SiO +5SiO

                  
(5)

 

As the temperature increases, the kaolinite 
undergoes dehydroxylation and 
recrystallization. Recrystallization of the 
resulting metakaolinite to cristoballite (SiO2) 
and γ-Al2O3 or mullite results in an exothermic 
reaction between 950 and 1050°C [22].  

 
Figure 6: XRD pattern of Kankara clay (a) and 
porous ceramics with different pore formers 

(b;styrofoam; c: HDPE; d: sawdust). 

Figure 7 shows the sintered ceramics with 
the different pore formers. The control sample 
(d) is without any pore forming agent hence 
the structure noticed. 

 
(a) 

 
(b) 

(c) 
 

(d) 
Figure 7: Sintered bodies a) Sample with styrofoam 
b) Sample with PHDPE c) Sample with sawdust d) 

Sample without pore formers. 

Observing the other sintered bodies, open 
pores and closed pores are inherent. Figure 8 
shows the scanned images of the porous 
ceramics and the control sample used in this 
study. Micrographs of the surface of the three 
porous clay ceramic with highest pore former 
content (20%) are presented in Fig.8(a)–(c), 
while the micrograph of the control sample is 
given in Fig 8(d). One hypothesis is that the 
ceramic body with a higher pore former 
content burns off faster than a ceramic body 
with a lower pore former content. This is by 
virtue of larger pathways and available 
channels for removal of the combustion 
products (mainly carbon dioxide). As a result, 
the ceramic body with the higher pore former 
content has more time to sinter which may be 
due to the relatively early expulsion of the 
pore formers. 
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Figure 8: Scanning electron microscopy 

micrographs of (a) 80:20 sawdust as pore former 
(b) 80:20 styrofoam as pore former, (c) 80:20 

powdery high density polyethylene as pore former 
(d) 100% kaolin. 

 
3.2 Correlation of porosity and mechanical 
strength of samples. 
 
The porosities and compressive strengths of 
the porous samples were evaluated by the 
expressions described earlier (Equations 1&2). 
Five sets of samples were used for each batch 
formulation and the average porosities and 
compressive strengths recorded. Figures 9 and 
10 reveal the variation of percentage inclusion 
of pore formers to compressive strength and 

also a composite plot of the variation of 
compressive strength with porosity. It was 
important to establish this relationship so as to 
obtain a realistic correlation for the fabricated 
bodies based on apparent porosity and cold 
crushing strength properties, as these could be 
said to have a significant effect on the 
industrial applicability of porous ceramics.  The 
plots show that the strength decreases linearly 
as apparent porosity increases. The 
compressive strengths decreased linearly with 
increasing porosity (Fig. 10). The ceramic 
samples with HDPE as pore former by reason 
of its very high porosity have the least 
strength. This corroborates the linear 
correlation obtained. A better fit can be 
obtained considering a wider range of 
porosities, similar trends have been observed 
by other researchers [10, 31-33]. The 
implications of this study are noteworthy. 
First, the result shows that the mechanical 
properties of porous ceramics are not a simple 
function of its density, shrinkage, water 
absorption among other properties, but 
depends largely on porosity. Other possible 
factors that could affect the mechanical 
strength of porous ceramics include: surface 
and internal defects (such as cracks) during 
processing and transportation (mechanical 
vibration). One way of eliminating this hurdle 
is to fabricate porous ceramics from 
homogeneous mixtures of clay and pore 
formers.  
 

 
Figure 9: Variation of percentage pore formers 

against compressive strength 
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Figure 10: A composite plot of the variation of 

percentage pore former against average values of 
porosity and compressive strength. 

 
The samples after firing exhibited some 

thermal stability and compactness without 
indications of severe surface cracks or 
distortions. This is attributed to the lower 
melting temperatures of the pore formers. It is 
commonly believed that the relatively large 
volume change which accompanies the β → α 
transformation of the unsolved quartz grains 
(ΔV/V = –0.68 % for free quartz grain) is the 
basic source of micro-cracking. After removing 
the weakly bound physically absorbed water, 
the sample loses the rest of this water and a 
small amount of the volatile material. The 
values of the thermal expansion increase up to 
∼500 °C when dehydroxylation occurs, which 
leads to a contraction of the sample and 
dropping of its mass. Following the realease of 
the physically bound water, there is no further 
change in the structural configuration and 
composition. The temperature interval of 
dehydroxylation can be considered a critical 
stage of the firing process. It is known that an 
inadequate high rate of heating or cooling 
leads to cracking of the ceramic body. This was 
only observed on samples with HDPE as pore 
former which can also be attributed to the 
high porosity of the samples. It is noted that 
the new pore former used in this study 
produced ceramic bodies with porosity as high 
as 67%. Figure 11 shows the micro cracks 
observed on the sample which could be as a 
result of large volume change accompanying 

phase transformations and sensitivity to the 
dehydroxylation phase. 
 

 
Figure 11: Porous Ceramic with HDPE as pore 

former showing micro cracks. 

Mechanical properties like the compressive 
strength is much more sensitive to defects 
created by dehydroxylation. Its values run 
through a clear minimum at ∼450 °C as shown 
in Figures 3 and 4. Very similar results were 
published in [34]. An increase of compressive 
strength during the continuing 
dehydroxylation (above 450 °C) is a complex 
phenomenon hence may not be easy to 
explain. It is known that other constituents 
(quartz and feldspar) hardly lose their 
mechanical properties, and metakaolinite, by 
virtue of its high concentration of crystal 
defects, must be considered a mechanically 
weak material [35]. The structure of 
metakaolinite does not change until ∼950 °C, 
so the effect of the compressive strength 
increase should be attributed to improving the 
interface synergy between metakaolinite 
crystals. Solid phase sintering which has been 
employed in this study could be a possible 
relevant mechanism. The cooling stage of the 
sintered bodies may also be of significance as 
have been reported elsewhere [36]. The 
cooling interval can be divided in two parts viz: 
Above 570 °C, the volume of the quartz grain 
remains approximately constant, and the 
glassy cladding tends to contract its volume. 
The grain is now under the compressive stress 
and no circumferential cracks can arise. But in 
the streamlined temperature interval around 
the β → α transition of quartz, the quartz grain 
volume quickly contracts and the 
circumferential microcracks can then appear 
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around the grains. The microcracks are the 
outcome of the release of the mechanical 
stress caused by the difference in the thermal 
expansion between the quartz grains and the 
glass matrix [36-39]. All of these could 
influence the mechanical properties of porous 
ceramics. 
 
4. CONCLUSIONS 
 

The porosity of clay ceramics increases with 
increasing volume fraction of pore formers. 
The compressive strength decreases with 
increasing porosity. The mechanical strength 
of the sintered ceramic body reflects the 
changes in the structure of the body and the 
processes therein. They are linked to: escape 
of the physically bound water, 
dehydroxylation, the α → β quartz phase 
transition, high-temperature reactions and 
solid-phase sintering during the heating stage 
of firing. 

The main conclusions drawn from this study 
can be summarized as follows: 

1. The X-ray diffraction patterns of the 
kaolin-based porous samples sintered at 
1150oC indicated that they composed of 
transformed mullite phase which indicates 
some recrystallization effects. Other 
minor phases which are present in small 
quantities could not be detected by XRD 
analyses. 

2. The SEM micrographs show that the open 
pores were distributed on the surface 
because of larger pathways and available 
channels of eviction of the pore formers. 

3. The differential thermal analyses (DTA) 
and thermogravimetric (TGA) 
measurements of the kaolin used in this 
study showed broad endotherms at the 
dehydroxylation temperature of 526.2o C 
and 521.3o C at enthalpies of -39.07uV 
and -32.60uV respectively. 

4. Compressive strength decreases linearly 
as apparent porosity signifying its 
correlation. It has also been shown that 
metakaolinization plays a huge role as to 
the structural integrity of porous 
ceramics. 

5. It is noted that the new pore former used 
in this study produced ceramic bodies 
with porosity as high as 67% and hence 
the least compressive strength.  
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Abstract: Being a prime constituent in various sophisticated applications like aerospace design, Aluminum 
alloys has ranked the apex point of interest for researchers in the field of fatigue. Since wear and other 
surface decaying process can risk the lifespan of valuable properties, surface modification and other fatigue 
reducing works are being adopted for Aluminum alloys. In this research work, fretting fatigue effect on heat 
treated Al-Mg-Si alloy (Al 6061-T6) has been studied. Experimental observation has been authenticated by 
developing a FEM model using simulation software ANSYS 14.5. It has been observed that fretting reduces 
the lifetime of Aluminum abruptly than normal fatigue. 
 
Keywords: Fretting fatigue, FEM analysis, Fatigue life, ANSYS, S-N curve. 

 
 
1. INTRODUCTION  
 

Fretting, which is gradual wear of 
something by rubbing or gnawing, is a wear 
process that occurs at the contact area 
between two materials under load and subject 
to minute relative motion by vibration or some 
other forces (Hattori et al., 1988). Although 
several articles on fretting fatigue are 
available in the literature, research on bending 
fretting fatigue is limited. Fretting fatigue 
occurs when one body in contact with another 
tries to slide or roll over that body. Hattori et 
al. (1988) and King and Lindley (1980) proved 
that fatigue strength during fretting decreases 
to less than one-third of that without fretting. 
Bending fretting fatigue occurs when the 
relative movement is influenced by cyclic 
bending load. Common examples are found in 
contact pairs, bolts, railway axles, turbine 
dove-tail-like blades, nuclear reactors, 
pressure vessels, and overhead electrical 

conductors (Ebara and Fujimura, 2006; Hills 
and Nowell, 1994; Hoeppner et al., 2000; 
Mayama et al., 2008; Nowell et al., 2006). The 
initiation and propagation of fatigue cracks are 
severely characterized by the microstructure 
of materials. The dislocation seriously affects 
the plastic deformation, and the relationship 
between dislocated structures and plastic 
deformation is a fundamental subject of 
concern (Yaguchi et al., 2001). A small number 
of studies (Kubota et al., 2011; Yaguchi et al., 
2001) have demonstrated the relationship 
between plain fatigue and dislocated structure 
of materials. The study in Peng et al. (2011) 
focused on the role of ecological hydrogen on 
the fretting fatigue quality of austenitic 
stainless steel. The relationships between the 
reaching surfaces and little cracks within the 
materials have been investigated, including 
the role of hydrogen gas. A 316L austenitic 
stainless steel was taken as the specimen 
because it possesses the crystal structure of 
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face centered cubic (FCC) lattice, and its 
dislocation configurations are easy to locate 
(Zalnezhad et al., 2013; Zhu et al., 2016). An 
experimental evaluation was conducted to 
investigate the fretting fatigue life of 
multilayer Cr–CrN-covered AL7075-T6 alloy 
specimens with high adhesion strength of the 
substrate. In fact, the bond quality of coating 
stands out among the most basic issues in 
magnetron sputtering system (Luo, 2013; Peng 
et al., 2013). Previous research (Peng et al., 
2014) investigated the bending fretting fatigue 
of 7075 aluminum alloy. The work focused on 
behaviors of bending fretting fatigue, which 
are affected by the applied bending stress and 
the number of cycles on the same ratio. The 
objective was to identify the life reduction 
caused by the fretting induced by the pure 
bending load, and to determine the 
relationship between the bending fretting 
fatigue behavior and dislocation structures of 
microstructures. The behavior of soft bending 
fretting fatigue of medium carbon steel (LZ50 
steel), aluminum alloy (7075) (Peng et al., 
2014), and stainless steel (316L steel) 
(Zalnezhad et al., 2013) have been investigated 
(Majzoobi and Minaii, 2013). Recently, 
30CrNiMo8 and 17CrNiMo6 alloy steels were 
investigated under the same conditions. The 
impact of deep rolling on the bending fretting 
fatigue resistance of Al7075 is studied using 
the rotating bending fretting fatigue tests 
conducted on a Moore rotary bending 
mechanical assembly (Zalnezhad et al., 2014). 
A test assessment by a rotating bending 
mechanical assembly (Song et al., 2014) was 
conducted to investigate the fretting fatigue 
life of multilayer Cr–CrNcovered AL7075-T6 
composite specimens with higher adhesion 
quality to substrate, given that the covering 
grip quality is vital among the most basic 
issues in magnetron sputtering system (Peng 
et al., 2014). Fretting damage failure of a 
Chinese carbon railroad axle RD2 was 
investigated by using a small-scale axle-test 
apparatus and recreating tests at different 
rotator rates of 1800 and 2100 r/min (Gutkin 
and Alfredsson, 2008). Rotating bending was 
studied for crack growth in a press-fitted test 

rig (Savaria et al., 2016; Yang et al., 2014; Yuan 
et al., 2014). In recent years, a number of 
studies on bending fatigue (Dao and Vu, 
2016;Haidyrah et al., 2016; Hwang et al., 2016; 
Kamaya, 2016; Li et al., 2016; Ma et al., 2015) 
and fretting fatigue have been reported 
(Foletti et al., 2016; Huang et al., 2016a, 
2016b; Shi et al., 2016; Winkler et al., 2015), 
whereas comparatively less studies were 
performed on bending fretting fatigue (Ding et 
al., 2014; Johnson, 1995; Liu et al., 2013). It 
was found that the stress concentration for 
two close pitting holes is an exponential 
function of the separation between the two 
holes, under uniaxial loading (Jesús VILLALON 
LOPEZ, 2010). In order to investigate the 
fatigue limit micro-mechanism of a 
precipitation-hardened Al–Mg–Si alloy (6061-
T6) (Hiroshi Noguchi, 2014), the alloy was 
subjected to very-high-cycle fatigue (VHCF) of 
over 109 cycles by an ultrasonic fatigue 
method. In this report, tensile properties of AA 
6061 are determined as basic information for 
conducting fatigue test (R.C. Prasad , 2 0 0 
8 ).In this present work, effect of fretting 
fatigue is observed by applying fretting bolts 
using ring type fretting arrangement. 
 
2. METHODOLOGY  

 
2.1 Chemical and mechanical properties  

 
Table 1 and Table 2 present the Chemical and 
mechanical properties of the AL 6061-T6. 

Table 1: Chemical properties of Al 6061-T6 

Mg Al Si Cr  Mn Fe 

1.75 94.42 0.79 0.20  0.32 0.47 

 

Table 2: Mechanical properties of Al 6061-T6  

Density UTS YTS Young’s 

Modulus 

Poison’s 

ratio 

Elastic 

limit 

2.7 

g/cc 

310 

MPa 

276 

MPa 

68.9 

MPa 

0.33 96.5 

MPa 

15th International Conference on Tribology – Serbiatrib ‘17 123



 

There are some dimensions of the specimen is 
shown in Figure 1. 

a 

b 
Figure 1. Designed specimen (dimensions are in 

mm) (a), prepared Specimens (b) 
 
Experimental setup 
 
General rotating bending machine with jockey 
load is used here. Friction fatigue is applied 
with the use of screwed friction points that is 
perpendicularly movable only to the specimen 
as shown in Figure 1 while fretting fatigue is 
applied with the help of screwed ring that is 
capable of rotating with specimen. 

In Figure 2, power (on/off) is controlled by 
switch (1) which starts the motor (3) by 
supplying current to its coil. From rotation per 
minute of motor shaft, running cycles can be 
recorded which is shown in (2). Two bearing 
supports (4) are mounted to smoothen the 
rotation without tilting. Chuck and screw system 
(5) is used to grab the fixed portion of specimen. 
Friction arrangement (6) is provided with both 
side screwed bolt support which is allowed to 
move only to each other. Jockey load can be 
applied with the rotation of wheel (7). An 
automatic power cut-off switch is provided just 
below the jockey to discontinue power at 
fracture which is not shown in the Figure 2. 

 
Figure 2. Experimental setup for fatigue test 

When experimental setup with 
friction/fretting mechanism is ready (as shown 
in Figure 3.a) then, specimen tail is inserted 
into the setting hole attached with jockey load 
and head is inserted through chuck into hollow 
shaft attached with main motor. 
Wrench/spanner set is used to tighten the 
fixed portion. Cut-off switch sensor is held 
upward outside the tail setting set. Screwed 
wheel is rotated in jockey load to ensure the 
desired load applicable to the specimen.  
Frequency and rpm is set up with the help of 
inverter/VFD (here, constant frequency is 50 
Hz, rpm 2800). Switch is turned on to start the 
motor, at the same time, stopwatch is used to 
measure the total time. When the specimen 
fractures as shown in Figure 3.b), motor is 
automatically off with the help of cut-off 
sensor. Just that time of stoppage, stop watch 
is also stopped. Cycles can be counted by 
following formulas: 

N (cycle) = Time (minute) x RPM (2800). 

Stress, S = Force/Area. 

Obtained Stress and Cycles are plotted in S-N 
curve. Similar procedure is repeated for 
specimen with fretting load. 

 
a 

 
b 

Figure 3. Fretting arrangement (a) and fractured 
specimens in this experiment (b) 
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2.3 Numerical Simulation 
 
For FEM analysis, ANSYS 14.5 was used here. 
CONTA 174 and TARGE170 has been used as 
contact and target element. Refinement for 
meshing has been adopted for result 
convergence. Co-efficient of 0.2 has been 
taken between contacts. Fretting force of 1000 
N has been taken as constant loading on pads. 
Figure 4 shows the FEM analysis for life under 
applied loading. 

 
Figure 4. FEM analysis for life under applied 

loading 
 
3. RESULTS AND DISCUSSIONS  

 
Figure 5 and Figure 6 shown FEM result  with 
respect to S-N curve of Al 6061-T6. From S-N 
diagrams, it is obvious that, fretting reduces 
fatigue life considerably. For higher order 
loading it coincides with general fatigue life 
but as load level decreases for 1000 N fretting 
load life cycles decreases abruptly. In other 
words, it can be said that effect of notch and 
edge corner has much more impact on 
specimen than fretting load of even 1000 N at 
high bending loading. Fretting effect becomes 
obvious for low order loadings. 

Solving the above equation by taking log both 
sides yields the values of A and B from which 
we can get the value of endurance limit. We 
find from figure 6 that fatigue limit as well as 
endurance limit is 94 MPa at 107 cycles for 
normal fretting whereas for fretting fatigue, it 
becomes 77 MPa at 107 cycles. 

 
Figure 5. S-N curve obtained from experiment and 

FEM analysis 

 
Figure 6. S-N curve obtained from normal and 

fretting fatigue. 

From basquin equation, we know that 

S= ANB (1) 

Endurance limit has been reduced of about 
22% due to fretting of 1000 N while fatigue life 
time reduces 30-33% for low order loading. 
 
4. CONCLUSION 

 
On the basis of above discussed results, it can 
be said that fatigue associated with fretting 
affects the lifetime of Al 6061-T6 badly than 
the normal one. However, at the peak value 
bending loading with greater stress it is 
difficult to differentiate individual effect of 
sharp corner and fretting effect, respectively. 
Here, preference of fillet edged corner over 
sharp edged object subjected to cyclic loading 
comes afore. Fretting effect is pre dominant 
for lower valued bending stresses by reducing 
the fatigue limit. So, concentration should be 
equally paid to the cases of both fretting and 
edged corners of valuable structures. 
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Abstract: This paper presents some insights into the materials characterised by the high friction coefficient. 
Friction coefficient is one of the essential parameters for evaluation of the contact development, but it still 
needs further investigations, especially from nano and micro aspects. There are several approaches to the 
determination and quantification of the static and dynamic coefficients, whereas methodology involving 
energy dissipation has gained attention for the nano and micro contacts. High friction is applied in systems 
where good adhesion is needed, such as breaks or in the case of dry adhesives – fitting of the elements 
together. Material combinations are reviewed, that exhibit high friction coefficients during contact. Two 
types of materials are presented from friction aspects: Ti-based alloys for medical implants where high 
friction is a negative property and Al-based alloys for which this feature has been used in various friction 
welding applications. In the case of Ti-based alloys, many approaches have been tried to overcome high 
friction and associated high detrimental wear, but it is still the evident problem. For aluminium alloys, it is 
used for joining two parts in different systems, such as car body, ship elements, or various rail wagon 
related elements. 
 
Keywords: friction coefficient, adhesion, Ti alloys, Al alloys, contact. 

 
 
1. INTRODUCTION  
 

Friction coefficient was introduced a very 
long time ago, by Leonardo Da Vinci, who 
defined it as the ratio of frictional force and 
normal component [1]. Friction coefficient is 
very commonly taken as the parameter which 
is either a known value for the system under 
observation from the tables in the literature 
(as in the case of many modeling methods), or 
it is experimentally determined in scope of 
tribological testing [2-7]. However, 
fundamental understanding of the governing 
influences on the value variations is still rather 
ambiguous, what is even more odd, 
considering the fact that friction coefficient is 

one the essential parameters in numerous 
calculations and system definitions. On the 
other hand, if the two relative surfaces in 
contact are observed, it is quite obvious that 
many influential factors determine the contact 
behaviour and from this point of view, friction 
coefficient is no more a simple parameter 
because it reflects all of these influences. In 
most of the engineering cases, only macro 
behaviour of the contact zone is satisfying 
enough for the system description and 
maintenance. However, if the scale is lowered 
down to micro and especially to nano levels, 
many factors become interlinked and under 

128 15th International Conference on Tribology – Serbiatrib ‘17



 

debate, thus making a question of friction 
coefficient very complex one. 

In general, friction coefficient depends on 
the materials in contact, their geometry, 
surface roughness, environment and 
temperature. Static or dynamic friction 
coefficient can be studied as: static to reflect 
the start of the motion, and dynamic or kinetic 
one, related to the maintenance of the motion. 
Difference between static and dynamic friction 
coefficient was noticed by ancient Greeks. 
They recognized that it is easier for the object 
to continue its movement than to start it from 
the inaction. The classical law of friction was 
first defined by Leonardo Da Vinci, who is 
sometimes considered to be the pioneer of 
tribology, whose work was documented in 
notes but not published at that time (year of 
1493). These principals were discovered and 
first time published by Amontons in 1699 who 
defined friction force and dependence on 
applied load and independence of the contact 
area. In general, 1st and 2nd Amontons' laws of 
friction are still valid in cases of dry friction. In 
1750, Belidor and Euler introduced the 
difference between static and dynamic friction. 
The first comprehensive study of the friction 
was realised by Coulomb in 1785 who studied 
the various influences originating from the 
materials in contact, contact geometry, 
external loading, velocities, time in contact, 
temperature, humidity. Coulomb stated that 
kinetic friction is independent of the sliding 
velocity. It was not until 1950 that surface 
roughness was essentially recognised as the 
highly influential factor, when Bowden and 
Tabor showed that contact surfaces on micro 
level are very small and introduced the term 
'real contact surface', whereas the real contact 
surface is significantly smaller than previously 
considered the macro contacts.  

For a very long time, common 
understanding has been that the friction 
coefficient can only have a value between 0 
and 1 and also that static coefficient is higher 
than its dynamic value. Frictional energy, 
created during the motion of the two surfaces 
in relative contact, is partially transformed into 
heat, deformation and wear of the surfaces. At 

micro and nano scale, thermodynamics, as 
well as several other influences (chemistry, 
micro/nano roughness, etc.) start to govern 
the process. Work created due to friction can 
be transformed into deformations and heat 
can affect surface properties which can be 
used in polishing process. Work induced with 
friction can be used in material mixing and 
merging in frictional welding [11]. 

Definition of the factors that influence 
friction on micro and nano scale still 
represents a complex issue and several 
approaches has been proposed. There are 
many proposed friction models in the 
literature, that consider geometry (roughness), 
mechanical properties (stress, strain), fluid 
dynamics, electrostatic forces between surface 
atoms, chemical compatibility, shear strength 
of the adhesive junctions and other. 
Methodologies considering energy dissipation 
modes are considered to be the promising 
ones to provide general friction theory at 
micro/nano scale [8-10].  In different 
tribosystems, energy due to the work of 
friction is distributed in different ways, from 
the heat that simply increase internal energy 
of the materials in contact, or forming of new 
surfaces and wear debris by forming and 
breaking the micro-welded zones, and 
deformation of the contact films. The 
relationship between friction and wear is 
evident and yet there is no direct general 
theory to quantify it, except experimental 
dependences within separate tribo testing. 

Energy transformed as friction effect can be 
stored inside the tribosystem or distributed in 
several ways, as per eq. 1. 

Ef= Eout + Est                             (1) 

where: Ef - total energy resulting from friction; 
Eout – energy that left the system; Est – 
energy stored within the system. 

For example, energy created by mechanical 
sliding can be transformed into heat, 
vibrational energy (sound), material 
deformation, or wear. Therefore, energy can 
be stored within a material, in a form of 
microstructural defects. Accordingly, two 
materials with the same value of the friction 
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coefficient can experience different levels of 
wear because of different energy distribution 
between and inside materials. Relationship 
between friction and wear can change over 
time within one system and usually is changing, 
thus additionally introducing complexity in 
investigation of friction and wear.  

Recent investigations, both theoretical and 
experimental, indicate that from simple 
energy approach, friction is related to 1) 
adhesion of the micro-contacts leading to 
material damage after breaking of those bonds 
and 2) plastic deformation of surface 
asperities [10]. However, energy dissipation in 
atomic-scale friction is much more complex 
than this approach [8, 9]. 

Frictional energy dissipates during 
microscopic deformations of surface asperities 
and converts into heat. Down to micro and 
nano scale, frictional force depends of 
interactive physical and chemical properties, 
loads, relative velocity, and temperature within 
small contact zones of surface asperities. As the 
direct consequence, generated heat is not 
equally distributed between the two surfaces in 
contact. Heat distribution level depends of heat 
conductivity, heat capacity, relative velocity, 
interspace and many other factors. Localized 
plastic deformation can significantly change 
heat distribution, because part of the energy is 
retained within a material microstructures (e.g. 
uniaxial strain test always store some energy in 
the microstructure in a form of residual 
stresses) and it can be as much as 80 - 100% of 
the total energy input.  

Perceived knowledge on the friction 
coefficient has changed during last decades 
and values of the coefficient higher than 1 are 
proven from many experimental results. 
Consequently, materials that can exhibit these 
high friction coefficients has been studied and 
several practical applications have been 
recognised. 
 
2. REVIEW OF THE MATERIALS WITH HIGH 

FRICTION COEFFICIENT 

 
Static coefficient of friction is related to the 
initiation of motion, whereas dynamic friction 

coefficient pertains to the maintaining of the 
motion. Two opposite areas can be observed 
related to the friction coefficient exhibited in 
the process: low and high friction coefficient 
levels. Low friction coefficient is desired 
property in the cases when smooth rolling or 
sliding is requested during the contact 
between two different elements. Opposite to 
this approach, very high friction coefficients 
are studied for development of specific 
applications such as brake systems, or locking 
the elements together during assembly of 
some systems (zero slip), or cold welding, and 
others. High friction materials were mainly 
focused on brake materials earlier and did not 
have that much attention until last decades, 
and especially with advent of 
nanotechnologies they became interesting 
subject of research. Well known gecko feet 
effect [12] provoked very interesting 
investigations to mimic such materials and 
surface structures to enable high friction and 
low adhesion for many new nano/micro-
related applications. The extraordinary natural 
surface design of the gecko feet lies within the 
set of arrays with hundreds of flexible fibers 
thus providing very high adhesion and friction 
on the opposite surface, for all surfaces, from 
rough to smooth or hydrophobic and 
hydrophilic surfaces, by using only weak van 
der Waals forces. This principle has been 
studied for application in dry adhesives. 

It is usually considered that static 
coefficient of friction is always higher than the 
dynamic values. It is most often so, but there 
are numerous cases when dynamic values can 
be dramatically higher than static ones (even 
40-50% higher), because it strongly depends 
on the materials in contact, as well as the 
contact conditions (surface roughness, load or 
pressure, velocity, environment and especially 
the temperature).  

Table 1 presents several common 
combinations of materials in contact that 
result in high friction coefficients, with average 
values under ambient temperature. 
Comparison of changes in material 
combinations related to the friction 
coefficients is given in Table 2. It is obvious 

130 15th International Conference on Tribology – Serbiatrib ‘17



 

that materials in contact have major influence 
on the frictional values, but also the 
environment can result in significant changes. 
For example, car tires are significantly easier 
to start moving on the asphalt than on the 
grass (or in the case of the rubber - wet 
asphalt/concrete/road vs. rubber - dry 
asphalt/concrete/road), which is commonly 
known fact in life, really nicely represented by 

the frictional values in Table 2. It can also be 
seen that even changes within the material 
compositions or structures, can decrease by 
half the frictional values (e.g. copper – cast 
iron vs copper – mild steel). Also, environment 
can have major influence, like in the case of 
graphite –graphite contact (in vacuum 0.5-0.8 
down to 0.1 without the vacuum). 

 
Table 1. Material combinations that result in high friction coefficient [13] 

Material combinations 
Static coefficient of friction Dynamic coefficient of friction 

Dry contact, 
Clean surfaces Lubricated Dry contact, 

Clean surfaces 
Dry contact, 

Clean surfaces 
Aluminum Aluminum 1.05 - 1.35 0.3   

Aluminum Mild Steel 0.61    
Cast Iron Cast Iron 1.1  0.15 0.07 

Car tire Asphalt 0.72    
Copper Copper 1 0.08   
Copper Cast Iron 1.05  0.29  
Glass Glass 0.9 - 1.0 0.1 - 0.6 0.4 0.09 - 0.12 
Glass Nickel 0.78 0.56   

Graphite Graphite (in 
vacuum) 0.5 - 0.8    

Ice Steel 0.03    
Iron Iron 1.0 0.15 - 0.20   
Nickel Nickel 0.7 - 1.1 0.28 0.53 0.12 
Nickel Mild Steel   0.64 0.178 
Platinum Platinum 1.2 0.25   

Rubber Rubber 1.16    

Rubber Dry Asphalt 0.9  0.5 - 0.8  
Rubber Dry Concrete   0.6 - 0.85  
Silver Silver 1.4 0.55   

Skin Metals 0.8 - 1.0    
Steel Steel 0.5 - 0.8 0.16   
Tungsten 
Carbide Iron 0.8    

Tire, dry Road, dry 1    
Zinc Cast Iron 0.85  0.21  
Zinc Zinc 0.6 0.04   

 
Table 2. Comparison of changes in material combinations that result in significant changes in friction 
coefficient values 

Material combinations 
Static coefficient of friction Dynamic coefficient of friction 

Dry contact, 
Clean surfaces Lubricated Dry contact, 

Clean surfaces 
Dry contact, 

Clean surfaces 
Car tire Asphalt 0.72    
Car tire Grass 0.35    
Copper Cast Iron 1.05  0.29  
Copper Mild Steel 0.53  0.36 0.18 

Graphite 
Graphite (in 

vacuum) 
0.5 - 0.8    
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Graphite Graphite 0.1 0.1   
Rubber Dry Asphalt 0.9  0.5 - 0.8  
Rubber Wet Asphalt   0.25 - 0.75  
Rubber Dry Concrete   0.6 - 0.85  
Rubber Wet Concrete   0.45 - 0.75  

Tire, dry Road, dry 1    
Tire, wet Road, wet 0.2    

 

 

Figure 1. Sample 2: Diagrams of friction coefficient and optical micrograph showing wear track on Ti6Al4V 
sample: a), c) Ringer, v=4 mm/s; FN=100mN; b), d) Ringer, v=12 mm/s; b FN=100mN 

 

The influence of the temperature is also 
very significant. Moving surfaces in relative 
contact to each other always results in 
frictional heating, thus the contact zone 
temperature is always higher than ambient 
temperature, even in the cases when contact 
is maintained without externally elevated 
temperatures. On the other hand, the increase 
of the temperature within the contact zone is 
strongly influenced by the material types in 
contact, velocities and loading, as well as the 
environment. So called flash temperatures and 
especially at micro/nano scale represents 
complex problem, still with many debates 
related to its origin and its influence on the 
development of motion. 

Some materials are especially prone to 
detrimental effects of the frictional heating, 

inducing such high frictional coefficients thus 
resulting in micro galling and micro-welding. 
For example, some α-β microstructures of 
medical grade Ti alloys (e.g. Ti6Al4V) can 
exhibit dynamic friction coefficients 
significantly higher than 1, as given in Fig. 1, 
sample 2 selected from 4 types of Ti6Al4V in 
contact with alumina ball (ball-on-flat).  
This particular contact resulted in detrimental 
abrasive and adhesive wear with very high 
flash temperatures that can be concluded 
even without measuring the temperatures, 
due to the black burnt wear debris widely 
spread all around the contact zone (Fig. 1 c, d). 
This is commonly recognised problem with 
these Ti alloys and many new approaches have 
been studied to overcome it in order to use 
these alloys in medical implants.  
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Table 3. Chemical Composition of Al based element widely employed in friction stir welding process 
(wt. %) of 5083 – O Thin Plate [13] 

Si Fe Cu Mn Mg Cr Zn Ti V Al 
0.35 0.29 0.08 0.67 4.32 0.12 0.18 0.07 - Bal. 

(wt %) of aluminum alloy 2024 – T4 (wt %) [14] 
Si Fe Cu Mn Mg Zn Ti Others Al 

0.5 0.5 3.8 – 4.9 0.3 – 0.9 1.2 – 1.8 0.3 0.15 Ni: 0.1, Fe + Ni:0.5 Bal. 
(wt %) of AA1050 [15] 

Si Fe Cu Mn Mg Zn Ti Cr Al 
0.08 0.27 0.02 0.01 0.01 0.02 0.02 - Bal. 

(wt %) of AA 5754 [15] 
Si Fe Cu Mn Mg Zn Ti Cr Al 

0.4 0.4 0.1 0.5 2.6 -3.2 0.2 0.15 0.3 Bal. 
(wt %) of 7075 – T6 [16,28] 

Si Fe Cu Mn Mg Zn Ti Cr Al 
0.58 0.35 1.2 0.12 2.1 5.1 - - Bal. 

(wt %) of AA6061 - T6 [17,29] 
Si Fe Cu Mn Mg Zn Ti Cr Al 

0.4 - 
0.8 

0.7 
(max) 0.15 – 0.4 0.15 (max) 0.8 – 1.2 0.25 

(max) 
0.15 

(max) 0.04 – 0.35 95.85 – 
98.56 

Others ( 0.05 each – max) – total 0.15 
(wt %) of AA 7020 [18] 

Si Fe Cu Mn Mg Cr Zn Ti Others Al 
- 0.35 0.10 0.24 1.30 0.14 4.70 0.08 7.65 85.44 

(wt %) of A 6082 [19] 
Si Fe Cu Mn Mg Cr Zn Ti Others Al 

1.0 0.15 0.02 0.7 1.15 0.15 0.02 0.1 - Bal. 
(wt %) of 6061 Al [20] 

Si Fe Cu Mn Mg Cr Zn Ti Others Al 
0.6 0.7 0.2 0.15 0.9 0.1 0.25 - - Bal. 

(wt %) of AA 2024 – T351 [21] 
Si Fe Cu Mn Mg Cr Zn Ti Others Al 

0.06 0.15 1.3 0.02 2.4 0.19 5.8 0.07 - Bal. 
(wt %) of AA 5052 – [22] 

Si Fe Cu Mn Mg Cr Zn Ti Others Al 
0.25 0.4 0.1 0.15-0.35 2.2 – 2.8 0.1 - - - Bal. 

(wt %) of 2A70 [23] 
Si Fe Cu Mn Mg Cr Zn Ti Ni Al 

0.35 1.1 2.01 0.20 1.57 - 0.30 0.03 0.95 85.44 
(wt %) of 2219 T87 [24] 

Si Fe Cu Mn Mg Zr Zn Ti Ni Al 
0.08 0.18 6.38 0.32 - 0.18 - 0.06 0.03 Bal. 

(wt %) of AA5010 [25] 
Si Fe Cu Mn Mg Zr Zn Ti Ni Al 

0.62 0.33 0.28 0.06 0.9 - 0.02 0.02 - Bal. 
(wt %) of AA 2219 [26] 

Si Fe Cu Mn Mg Zr Zn Ti V Al 
0.49 0.23 6.48 0.32 - 0.2 0.04 0.06 0.08 92.1 

(wt %) of A6111 [27] 
Si Fe Cu Mn Mg Zr Zn Ti V Al 

1.041 0.036 0.803 0.066 0.592 - - - - Bal. 
(wt %) of A5023 [27] 

Si Fe Cu Mn Mg Zr Zn Ti V Al 
0.110 0.090 0.200 0.005 5.680 - - 0.090 - Bal. 
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Accordingly, Ti alloys are avoided to use in 
implant elements where there is any type of 
motion. 

One of the materials that exhibit very high 
friction coefficients when mated to itself is 
aluminium (Al), hence very suitable for 
frictional welding applications. It is commonly 
used for frictional welding in different 
combinations of devices, technologies and 
working regimes [11, 13-27]. Chemical 
compositions of Al-based alloys used for 
frictional welding are given in Table 3. 

General application is in sheet metal 
industry and light weight engineering 
applications, and especially in transportation 
industry (shipbuilding industry, rail and 
automotive industry). However, these 
technologies, as well as material properties 
are further studied for improvements, most 
often by using simulation and modeling 
approaches, such as stress – strain localization 
models, thermo-mechanical finite element (FE) 
modeling and analysis. Usual demands upon 
joints formed in such way are certain level of 
loading (including shear stress), usually also 
with reversals during the lifetime, during 
which it must not exhibit wear, creep or micro 
cracking and other forms of failure. 
  
3. CONCLUSION 
 

The role of the friction used in some 
practical applications where high friction 
coefficients of the materials are used, can be 
observed in several ways: to lock elements 
together during the assembly procedure; to 
provide very strong joining (solid state 
welding); or to provide better adhesion of 
elements also under conditions of dry contact. 
Several existing material combinations 
presented in this paper are those already 
commonly used but many more are yet to 
appear, especially if joining of two different 
materials are further considered. 
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Abstract: In this paper, high strength TMT steel re-bars (500W and 400D) of various diameter have been 

investigate at different water pressure. Mechanical properties (ultimate strength, yield strength, % of 

elongation, hardness) of both graded re-bars with rib and without rib are also investigated experimentally. 

Microstructure of different re-bars at different water pressure also observed to compare and identify the 

best one.The singnificant outcomes of the results indicate that increase in water pressure its consequently 

improved the mechanical properties of TMT steel re-bars both graded (500W and 400D) TMT bar with rib 

are better than without rib TMT bar.However the chemical composition and surface roughing are also 

showns some significant role to improveing the mechanical and tribological properties in industry.  
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1. INTRODUCTION  
 

Quenching of the TMT re-bars is main 
process in TMT manufacturing process. In this 
process the hot bar enters the quenching box 
from one end. In the box the bar is quenched 
into the water to make outer surface hard. The 
inner surface remains soft.The experiments 
were conducted and experimental data was 
recorded and analyzed by excel statistical 
method. The graph of main effect plot of 
factors was drawn, which was used to find the 
main effect on response. The parameters were 
controlled properly to minimize variation in 
yield strength and obtained the desired quality 
of bar. Here it is found that water pressure had 
the largest effect on the yield strength with 
ultimate strength, ratio (T/Y), % elongation. The 
water pressure was controlled at different re-

bars diameter such as 8 mm and 16 mm level 
for many experiments and yield strength for 
each experiment was noted. The mechanical 
properties experimental data analyses were 
done by various polt grap with copmary to re-
bars with rib and without rib. We found the 
optimum level of parameters setting of water 
pressure contorl to get optimum level of Yield 
strength, For this action plan was designed to 
control water pressure to a specific level as per 
the conclusion of this experimentation. Then 
the action plan had been implemented. The re-
bars were produced and checked for its quality; 
we found satisfactory quality re-bars diameter 
8 mm, having optimum Yield strengt, ultimate 
strength, ratio (T/Y), % elongation. The 
conclusion has been found that the cooling rate 
affects on yield strength, but cooling rate is 
controlled by water pressure which is operated 
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using control valve. Hence water pressure has 
been controlled in quenching process to get the 
desired quality with minimum variation from 
standard value. The re-bars of 8 mm and 16 
mm was produced by controlled rolling and 
quenching process. Speed of rolling was kept 
constant and PLC control water pressure valve 
was used instead of manual control valve for 
controlling the water pressure. 

 
2. INTRODUCTION  
2.1 Chemical composition 

 
The chemical compositions of the TMT high 

strength steel re- bars diameter are presented 
in Table 1.  

From this table, it is clear that the chemical 
compositions of the steel re-bars are slightly 
differed from each other. In order to know the 
combined effect of the alloying elements of 
the steel bars, their carbon equivalent (CE) 
values were also calculated using a widely 
used Eq. 1 in line with other investigators 
[29,30]. The CE values thus obtained are also 
presented in Table 1. 

                        (1) 

 
From Table 1, it is revealed that the 

percentage of Carbon (C) and Manganese (Mn) 
for TMT re-bars of 500W grade (Table 1). With 
the increase of C and Mn contents strength 
increases in steels [12]. But, for TMT high 
strength steel, strength is increased through 
work hardening and heat treatment 
techniques rather than increase of C. Here, C 

content is remained low to increase steel‘s 
weldablity. The phosphorus (P) and sulphur (S) 
contents are lower for all steels has higher 
copper (Cu) content than others which play 
role in increasing corrosion resistance [12, 13]. 

From Table 1, for 500W TMT re-bars the 
carbon contents of re-bars diameter 8 mm and 
16 mm and the carbon equivalents (CE) of the 
re-bars are 0.39% and 0.36% in order of re-
bars given in Table 1. 

From Table 2, it is revealed that the 
percentage of Carbon (C) and Manganese (Mn) 
for TMT re-bars of 400D grade (Table 2). With 
the increase of C and Mn contents strength 
increases in steels [12]. But, for TMT high 
strength steel, strength is increased through 
work hardening and heat treatment 
techniques rather than increase of C. Here, C 
content is remained low to increase steel‘s 
weldablity. The phosphorus (P) and sulphur (S) 
contents are lower for all steels has higher 
copper (Cu) content than others which play 
role in increasing corrosion resistance [12, 13]. 
From Table 2, for 400D TMT re-bars the 
carbon contents of re-bars diameter 8 mm and 
16 mm the carbon equivalents (CE) of the re-
bars are 0.42% and 0.45% in order of re-bars 
given in Table 2. 

 
2.2 Tensile properties 
 
Tensile strength of samples has been 
performed in the Universal Testing Machine. 
For each size of re-bars three specimens have 
been tested. Re-bars 12 inch in length was 
used as tensile test sample. 

 
Table 1. Chemical Compositions of 500W TMT Re-Bar 
Grade 
(TMT) 

Dia. 
(mm) 

C 
(%) 

Si (%) Mn (%) 
P 

 (%) 
S  

(%) 
Cr (%) Mo (%) Ni (%) Cu (%) 

V  
(%) 

CE 

500W 8 0.22 0.38 0.71 0.040 0.036 0.180 0.018 0.050 0.180 0.003 0.3939 
500W 16 0.22 0.25 0.70 0.018 0.012 0.100 0.009 0.040 0.050 0.007 0.3659 

Table 2 Chemical Compositions of 400D TMT Re-Bar 
Grade 
(TMT)  

Dia. 
(mm) C (%) Si (%) Mn (%) P (%) S (%) Cr (%) Mo (%) Ni (%) Cu (%) V (%) CE 

400D 8 0.25 0.28 0.78 0.034 0.024 0.110 0.016 0.050 0.140 0.008 0.4200 
400D 16 0.27 0.30 0.81 0.040 0.030 0.130 0.019 0.060 0.180 0.005 0.4500 
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The gauge length was taken 200 mm. The 
data produced by the machine is presented 
in tables below. 

Two kinds of surface condition for the 
tensile test of the re-bars diameter 8 mm and 
16 mm  have been experimented. Firstly, the 
as-received re-bars with ribs on surface are 
directly tested, the test result has been 
shown in the Table 3 

From the Table 3, it can be seen that the 
maximum strength has been achieved from 
the re-bars diameter 16 mm with the lowest 
percentage of elongation is 16%. Re-bars 
diameter 8 mm and 16 mm these re-bars are 
to have 500 Mpa yield strength from the 
company. But, experimentally, showed yield 
stress above 500 MPa. Re-bars diameter 16 
mm showed higher ductility than re-bars 
diameter 8 mm respectively. Although, re-
bars diameter has higher ductility, it shows in 
table 3. It is possible setting actual water 
pressure control also define diameter wise 
water pressure. 

Two kinds of surface condition for the 
tensile test of the re-bars diameter 8 mm and 

16 mm have been experimented. Firstly, the 
as-received re-bars with ribs on surface are 
directly tested. The test result has been 
shown in the Table 4. 

The ribs of some specimens of steel bars 
have been peeled off from the surface by 
machining keeping the case. Though, some 
portions of the case of the samples have 
been removed as a result of machining. The 
machined samples are re-bars diameter 8 
mm and 16mm and 12 inch long. These 
samples were tested in UTM again. The 
gauge length was taken 200 mm of the 
length. The tensile test result of steel re-bars 
without ribs has been shown in Table 5. 
Table 5 states that, the maximum ultimate 
strength has been achieved from the re-bars 
diameter 16 mm with the lower percentage 
of elongation which is 17%. Although, re-bars 
diameter 16 mm has higher ductility, it shows 
in Table 5. It is possible setting actual water 
pressure control also define diameter wise 
water pressure. 

Table 3. Tensile Properties of 500W TMT Re-Bar with Rib 

Grade 
(TMT) 

Nominal Dia. 
(mm) 

Yield 
Strength 

(Mpa) 

Ultimate 
Strength 

(Mpa) 
Ratio (T/Y) Elongation 

(%) 

Water 
Pressure 
(kg/cm2) 

500W 8 527 626 1.19 17.5 3.8 

500W 16 540 643 1.19 16 6 

Table 4. Tensile Properties of 400D TMT Re-Bars with Rib 

Grade 
(TMT) 

Nominal Dia. 
(mm) 

Yield 
Strength 

(Mpa) 

Ultimate 
Strength 

(Mpa) 
Ratio (T/Y) Elongation 

(%) 

Water 
Pressure 
(kg/cm2) 

400D 8 450 562 1.25 17 2.25 

400D 16 447 567 1.27 17 3.5 

Table 5. Tensile Properties of 500W TMT Re-Bars without Rib 

Grade 
(TMT) 

Nominal Dia. 
(mm) 

Yield 
Strength 

(Mpa) 

Ultimate 
Strength 

(Mpa) 
Ratio (T/Y) Elongation 

(%) 

Water 
Pressure 
(kg/cm2) 

500W 8 510 600 1.18 18 3.8 

500W 16 520 625 1.20 17 6 
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Table 6. Tensile Properties of 400D TMT Re-Bars without Rib 

Grade 
(TMT) 

Nominal Dia. 
(mm) 

Yield 
Strength 

(Mpa) 

Ultimate 
Strength 

(Mpa) 
Ratio (T/Y) 

Elongation 
(%) 

Water 
Pressure 
(kg/cm2) 

400D 8 435 555 1.28 17 2.25 

400D 16 435 550 1.26 18 3.5 

Table 7. Rockwell hardness of case and core with carbon equivalent and case depth of 500W TMT re-bars 
various diameters. 

Sl. No. Re-bar Diameter (mm) Case Depth (mm) Case Hardness, HRC Core Hardness, HRB CE (%) 
1 8 1.8 30 90 0.394 
2 16 1.9 32 90.8 0.366 

Table 8. Rockwell hardness of case and core with carbon equivalent and case depth of 400D TMT re-bars 
various diameters. 

Sl. No. Re-bar Diameter (mm) Case Depth(mm) Case Hardness, HRC Core Hardness, HRB CE (%) 
1 8 1.8 29 88 0.42 
2 16 1.9 29.5 88.5 0.45 

 
The ribs of some specimens of steel bars have 

been peeled off from the surface by machining 
keeping the case and core intact. Though, some 
portions of the case of the samples have been 
removed as a result of machining. The machined 
samples are re-bars diameter 8 mm and 16 mm 
and 12 inch long. These samples were tested in 
UTM again. The gauge length was taken 200 mm 
of the length. The tensile test result of steel re-
bars without ribs has been shown in 
Table 6. 

Table 6 states that, the maximum ultimate 
strength has been achieved from the re-bars 
diameter 8 mm with the lower percentage of 
elongation which is 17%. It shows in Table 6. It 
is possible setting actual water pressure 
control valve also define diameter wise water 
pressure. 

Rockwell hardness Test is performed for 
various diameter of TMT 500W & 400D re-bars. 
The Rockwell hardness test for hardened zone 
and softer zone has been performed 
separately. For hard Case Rockwell C scale is 
used and for soft core Rockwell B scale is used 
to measure hardness.  

Table 8 shows the average Rockwell 
hardness values for both hardened (Case) and 
softer zones (Core) with the depth of the 
hardened zone and Carbon Equivalent (CE).  

 
Figure 1. Rockwell hardness (HRC) of case along 

the periphery of 500W TMT steel re-bars. 

 
Figure 2. Rockwell hardness (HRC) of case along 

the periphery of 400D TMT steel re-bars 

15th International Conference on Tribology – Serbiatrib ‘17 139



 

From the table 2.7 and figure 1, it is said 
that, higher carbon equivalent gives higher 
hardness for the 500W TMT 16 mm diameter 
re-bars has the highest carbon equivalent 
having higher case hardness of 32 HRC and 
core hardness of 90.8 HRB. From the table 2.8 
and figure 2, it is said that, higher carbon 
equivalent gives higher hardness for the 400D 
TMT 16 mm diameter re-bars has the highest 
carbon equivalent having higher case hardness 
of 29.5 HRC and core hardness of 88.5 HRB. 
 
3. CONCLUSION 

 
The mechanical properties of 500W TMT 

and 400D TMT re-bars are varied differently. 
The yield strength and ultimate strength of 
500W and 400D TMT re-bars  with rib are 
slightly higher than that of without rebar. The 
case and core hardness 500W TMT is more as 
compared to 400D TMT. The properties of 
500W TMT is more preferable in comparison 
of 400D TMT re-bar. The change of chemical 
composition, thin film coating process and 
nano-particles reinforcement can be 
suggested to enrich the properties of both of 
the steel re-bars. The improvement of the 
mechanical and shock absorbing properties 
can be considered for crtical construction 
system in relation to sustainability. 
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Abstract: Prediction of tribological characteristics of hybrid composites with A356 matrix using artificial 
neural networks (ANN) was performed in this paper. During experiment next parameters were varied: 
sliding speed, load, sliding distance and wt.% of reinforcement. The obtained experimental results were 
used to form the artificial neural network in which were varied number of neurons in the hidden layer, 
number of layers, the activation function and the function of training. Training of the neural network was 
performed for the wear rate, and optimal regression coefficient was equal to 0.994, for the network  
4-15-10-1. Using neural networks to predict the wear rate greatly reduces the time and cost of experiment. 
 
Keywords: prediction, wear rate, artificial neural network, coefficient of friction. 

 
 
1. INTRODUCTION  
 

The increasing demands of today's industry 
that seeks to reduce the price and weight of 
the construction, as well as, to increase their 
working life, have contributed to the 
development of new materials. Under the 
concept of new materials, in this case, it refers 
to the composite materials obtained by 
combining two or more materials. One 
constituent of the composite represents its 
basis, while other constituent or more of them 
make reinforcements. The application of 
composite materials has increased in relation 
to the materials that constitute its basis for the 
purpose of improved characteristics [1-4]. 

In the engineering industry, the most 
attention is given to composites with a metal 
base. Aluminium, magnesium, iron, cobalt and 
others are mainly used as the basis for these 

composites, while the ceramics are most 
commonly used as the reinforcements, such as, 
for example, silicon carbide. 

Many researchers have studied the 
production of the composites in terms of 
variations in parameters during the process of 
obtaining and the combination of contents, 
types and size of the reinforcing particles. For 
the processing of the experimental data often 
are used Taguchi method, factor design, 
Taguchi Grey relation analysis, and in recent 
years the use of artificial neural networks is 
increased [5-10]. 

The artificial neural network is a non-linear 
statistical technique that is used for data 
processing when it is very difficult or impossible 
to apply a statistical method [11-16]. 

Babić and Mitrović studied the effect of 
adding the reinforcement Al2O3 in the base 
alloy ZA-27. The tests were performed on the 
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tribometer with block on disc contact 
geometry in conditions without lubrication. 
The study plan was implemented with the 
variation of the wt.% of reinforcement, as 
follows: 3%, 5% and 10%; normal load of  
10 mN, 50 mN, 100 mN and 120 mN; and the 
sliding speed: 10 mm/s, 20 mm/s and 30 mm/s. 
They concluded that that the composites with 
the addition of Al2O3 have a much lower 
coefficient of friction than the base alloy ZA-27 
in all test conditions. The composite with the 
highest wt.% of Al2O3 particles (10%) has the 
best friction characteristics [17]. 

Basavarajappa et al. studied the tribological 
wear behaviour of Al2219/SiCp-Gr composites 
in conditions without lubrication. The tests 
were performed on the tribometer with pin on 
disc contact geometry, for sliding speeds up to 
6 m/s and for the normal forces up to 60 N. 
According to the obtained results, it was 
concluded that the wear resistance of 
composites was increased with addition Gr 
and SiCp [18]. 

Stojanović performed the investigation of 
wear of the composite with А356 base and 
silicon carbide and graphite reinforcements, 
sliding speed, sliding distance, normal load and 
the percentage of reinforcement’s content 
varied during the testing. The tested materials 
were: A356 base material, as well as 
composite materials with 10 wt.% SiC and 1, 3 
and 5 wt.% Gr. The composite material with  
10 wt.% SiC, and 1 wt.% Gr had the lowest 
wear rate at all test conditions [2]. 

Saravanan et al. performed the prediction 
of the wear rate and the friction coefficient of 
composites with aluminium base and Rice 
Husk Ash (RHA) reinforcement by applying 
artificial neural network [19]. To form the 
network, they used the following parameters: 
the normal load, sliding speed, particle size of 
RHA reinforcement and the wt.% of RHA 
reinforcement. After training, they obtained 
the value of the regression coefficient of 0.99. 
Based on the conducted analysis, they 
concluded that the trained neural network can 
be used for predicting the wear rate and the 
friction coefficient with up to 95% accuracy 
[19]. 

Rashed et al. used a neural network to 
predict the of wear rate of A356/SiC 
composites. They used normal load, test 
temperature, SiC particle size and their wt.% in 
the composite as the input. The neural 
network has proven to be a very effective tool 
for predicting the tribological behaviour of 
composites [20]. 

 Maheswaran et al. studied the wear of 
hybrid composite Al6061-Al2О3-Gr, where the 
sliding speed, sliding distance, normal load and 
the percentage of the reinforcement varied. 
By comparing the experimental results and the 
one obtained by training the neural network, 
they showed that the neural network was a 
useful tool for predicting the wear of a hybrid 
composite in comparison to other 
experimental research [21]. Likewise, Varol et 
al. concluded that the neural network was a 
very powerful tool for predicting the physical 
and mechanical properties of composites 
based on the comparison of experimental 
results and the results obtained by training the 
neural network. They studied the 
characteristics of the composite Al2024–B4C, 
for different size and wt.% of the 
reinforcement which formed the input of the 
neural networks, while density, hardness and 
tensile strength were used as the output. After 
training the network, the regression 
coefficient was 0.99 [22]. 

Altinkok et al. predicted the mechanical 
characteristics of Al2O3/SiC composites by 
using artificial network. They used the neural 
network with back propagation for predicting 
density and tensile strength, and the results of 
the regression coefficient had a satisfactory 
accuracy [23]. Hayajneh et al. studied the 
addition of copper as an alloying element and 
as the reinforcement on tribological behaviour 
of Al–4Mg composite with the help of neural 
networks [24]. Different alloys Al-Cu were 
subjected to examination in the temperature 
conditions without lubrication for the normal 
load of 40 N. They came to the conclusion that 
the addition of SiC has a good effect on 
increase of the wear resistance of composites. 
The neural network was formed with the help 
of obtained results, and its total error value 
was 2.40 %, which was satisfactory and this 
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neural network can be effectively used to 
predict tribological behaviour of the composite 
Al-4Mg [24]. 

Durmus et al. used a neural network to 
predict the wear loss and surface roughness 
with the aluminium alloy AA 6351. They 
compared the results obtained by 
experimental tests with the results obtained 
by using neural networks, and they noticed 
there was a coincidence to a large extent [25]. 
Vettivel et al. concluded that, for prediction of 
the tribological behaviour of sintered Cu-W 
composites, the neural network was better for 
prediction than polynomial regression based 
on the percentage error [26]. As the 
parameters of the neural network, they used 
wt.% of tungsten, sintering temperature, load 
and sliding distance in order to predict the 
characteristics such as the hardness, specific 
wear rate and coefficient of friction. They 
obtained very good coincidence of the 
experimental results and the results obtained 
with the help of neural networks [26]. 

Based on the paper overviews, it can be 
concluded that the artificial neural network is 
used to predict the behaviour of tribological, 
frictional and mechanical characteristics of 
composites. In this paper, there is the 
prediction of the tribological characteristics of 
hybrid composites by using the artificial neural 
network based on the obtained experimental 
results. 
 
2. EXPERIMENTAL TESTING  
 

The material obtained from compo-casting 
method was tested in this paper. This 
procedure has often been used in obtaining 
composites and hybrid composites with 
aluminium base [2, 3, 27].  

Tribological characteristics of hybrid 
composites with aluminium base in conditions 
without lubrication were performed in the 
Tribology Center of the Faculty of Engineering 
in Kragujevac. The test was performed on the 
computer supported tribometer TR-95 with a 
block-on-disc contact geometry for the 
following parameter values: a normal load of 
10 N, 20 N and 30 N; sliding speed of 0.25 m/s, 
0.5 m/s and 1 m/s; and sliding distance of  

30 m, 60 m, 90 m, 150 m, 300 m, 600 m and 
900 m.  
 
2.1 Test results 
 

Tribological behaviour of hybrid composite 
with A356 matrix was followed through 
several phases. The tests were performed in 
conditions without lubrication on samples with 
the best structural, mechanical and anti-
corrosion characteristics. The wear rate was 
measured during the testing.  

The wear rate, as one of the major 
parameters for wear monitoring, was obtained 
based on the volume of the worn material, 
and as a function of sliding distance. Values of 
wear rate depending on the sliding speed, 
normal load and sliding distance for tested 
materials are given in Table 1. Due to the 
extensiveness of the obtained results, a partial 
number of experimental values of wear rate is 
shown in the Table 1. 

First, the testing of base material - 
aluminium alloy A356, was performed, and 
then 10 wt.% SiC was added in the base. The 
wear rate decreased by adding silicon carbide 
to the base material of the composite. A 
graphite was added to the previous composite 
in order to obtain a hybrid composite. The 
wear rate of the composite significantly 
reduced by adding only 1 wt.% Gr. With the 
increase of graphite to 3 wt.%, the wear rate 
increased in certain intervals, while in others it 
decreased. When the percentage of graphite 
increased to 5 wt.%, the wear rate increased. 

 
2.2 Artificial neural networks 

 
A neural network is a form of 

implementation of artificial intelligence system, 
which represents a system consisting of a 
number of interconnected nodes, which are 
called artificial neurons. The body of neurons 
is called node or unit, and each neuron has a 
local memory which memorizes the 
information that are processed. The data that 
are exchanged in this way are usually 
numerical [28].  

144 15th International Conference on Tribology – Serbiatrib ‘17



 

Table 1. Experimental results of wear rate 

Material Sliding speed, m/s Normal load, N Sliding 
distance, m 

Wear rate,  
mm3x10‐3/ m 

A356 0.25 10 

30 0.389 
60 0.358 
90 0.324 

150 0.306 
300 0.361 
600 0.577 
900 0.901 

А356/10SiC 0.25 10 

30 0.037 
60 0.095 
90 0.13 

150 0.115 
300 0.12 
600 0.367 
900 0.776 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

А356/10SiC/1Gr 0.5 20 

30 1.243 
60 1.434 
90 1.422 

150 1.307 
300 1.07 
600 0.909 
900 1.509 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

А356/10SiC/3Gr 1 30 

30 3.735 
60 4.447 
90 4.274 

150 3.662 
300 2.96 
600 2.952 
900 3.477 

А356/10SiC/5Gr 1 30 

30 4.622 
60 5.134 
90 4.757 

150 4.299 
300 3.702 
600 3.57 
900 3.877 

 
Artificial neural networks are simplified 

mathematical models of human brain function 
and they represent a new generation of 
information processing systems [29]. These 
mathematical models simulate some of the 
properties of biological nervous systems in 

order to solve different problems, where 
classical methods do not give satisfactory 
results. In biological systems, the learning is 
done through regulation of synaptic 
connections that connect the axons and 
dendrites of neurons. The learning of typical 

15th International Conference on Tribology – Serbiatrib ‘17 145



 

events through examples is achieved through 
training or discoveries to the accurate sets of 
data inputs - outputs which train the algorithm 
by repeating and adjusting the weight 
coefficients of connections (synapses) [25]. It 
is necessary to collect as many data as possible 
for network to behave precisely in later use.  

Neural networks are not programmed, they 
are trained, which means that it takes a long 
time for their training before they start to be 
used. The training of neural networks is done 
in a way that the weight coefficients are 
updated in order to get the output closer to 
the given value next time. During the training, 
the user assign the input and desired output 
values, and the programme attempts to obtain 
the corresponding output value [11, 28]. 

Matlab software [30] (Matlab R2016) was 
used for the neural network prediction of wear 
rate of tested materials. 

The parameters of tribological tests are 
used as the input data: material, sliding speed, 
load and sliding distance (Table 1), while the 
obtained wear rate is used as the output. 
When training the network, there was a 
variation of the following: number of neurons 
in the hidden layer (for two hidden layers 15-
10, 10-15, 8-10, 7-8, and for one hidden layer 
20, 15, 10, 8, 6, 5, 4) and the activation 
function (log sigmoid transfer function - 
LOGSIG, hyperbolic tangent sigmoid transfer 
function - TANSIG). The output network 
function is linear transfer function (PURELIN), 
while the training function is Levenberg-
Marquardt (TRAINLM). Table 2 presents the 
total regression coefficients (ALL) for different 
numbers of neurons and activation function. 

It is necessary for the total regression 
coefficient to be greater than or equal to 0.95 
in order for neural network to be acceptable. 
All obtained regression coefficient are 
acceptable, except for the coefficient obtained 
for LOGSIG activation function and 4 neurons 
in the hidden layer. The neural network with 
two hidden layers, 15 and 10 neurons in the 
hidden layers and the LOGSIG activation 
function has proven to be the best for 
predicting the wear rate. 

 

Table 2. Variated network parameters  

No. of 
hidden 
layers 

No. of neurons 
in hidden 

layers  

Wear rate for 
activation fuction: 

LOGSIG TANSIG 

1 4 0.93647 0.9795 

1 6 0.98282 0.98514 

1 8 0.98236 0.98334 

1 10 0.98552 0.98533 

1 15 0.98959 0.99376 
1 20 0.99283 0.99312 

2 7-8 0.99185 0.99381 

2 8-10 0.99389 0.98917 

2 10-15 0.99114 0.99004 

2 15-10 0.99401 0.98794 

The regression coefficient obtained by 
training this network is shown in Figure 1. 

Figure 1. Regression coefficient for predicting wear 
rate 

By training the artificial neural network, the 
obtained regression coefficient is 0.994, which 
indicates a very good coincidence with the 
experimental results. 

In addition to the regression coefficient, a 
diagram of validation performance is obtained, 
which is shown in Figure 2.  
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Figure 2. Validation performance 

Figure 2 shows that the best validation 
performance is for iteration 7 and it is 
0.020731; the training continued for 6 more 
iterations before the training stopped.  

The errors representing the difference 
between targets and outputs are obtained 
after training the neural network, and they are 
given in Figure 3.  

 
Figure 3. Error histogram 

Figure 3 shows that there is a slightest 
deviation between the predicted and 
experimental values and it is 0.006911.  

 
3. CONCLUSION  
 

Based on the performed experimental 
tribological tests, it can be concluded that the 
wear rate decreases by adding reinforcement 
such as silicon-carbide to the aluminium alloy. 
However, poor mechanical properties can 

cause excessive content of SiC in the 
aluminium alloy. In order to improve these 
characteristics, the graphite, which 
considerably affects the decrease of wear rate, 
is added to a previous composite. 

Based on the performed tribological tests, it 
can be concluded that a hybrid composite 
material with 10 wt.% SiC  and 1 wt.% of 
graphite, i.e. А356/10SiC/1Gr, has the best 
tribological characteristics, or the least wear 
rate, in all test conditions compared to other 
tested composites. 

An artificial neural network was used in 
order to reduce the number of experiments, 
and the predictions of the tribological 
behaviour of hybrid composites. The neural 
network was modelled in the Matlab software 
in the paper.  

According to the obtained results for the 
regression coefficient, the neural network with 
two hidden layers, TRAINLM training function 
and LOGSIG activation function was adopted. 
The regression coefficient for this network was 
0.994.  

Satisfactory values of wear rate were 
obtained in comparison to the experimentally 
obtained values. The regression coefficient 
obtained by training the neural network is 
quite high, so therefore the neural network 
can be used for predicting tribological 
parameters of hybrid composites.  

The obtained regression coefficient for 
predicting the tribological characteristics is 
similar to those that can be found in the 
available literature [17-24]. 

The results obtained by training the neural 
network for the wear rate show good 
coincidence with experimental results.  
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Abstract: The present paper presented the solid particle erosion nature of E-glass fiber reinforced plastic. 

The solid particle erosion rates of E-glass fiber reinforced plastic have been experimentally appraised at 

different experimental operating condition. The E-glass fiber reinforced plastic showed semi-ductile erosion 

behavior. Taguchi’s orthogonal arrays are applied to design of experiments and test the specimens on 

compressed air jet type erosion test arrangement. The experimental results of erosion rate are in significant 

agreement with the values from the theoretical model develop to determine the erosion rate. An optimal 

parameter combination is also determined, which leads to the minimization of erosion rate. An analysis of 

variance (ANOVA) is used in present experiment and to find out the measured data and S/N (signal to noise) 

ratios at different operating conditions. A scientific connection, steady with the trial perceptions is proposed 

as a predictive equation for estimation of erosion rate for E-glass fiber reinforced plastic. 

 

Keywords: Erosion, E-glass fiber, Taguchi design, ANOVA. 

 
 
1. INTRODUCTION 

 
Solid particle erosion is a dynamic process 
which is the dynamic loss of unique material 
from a solid surface due to mechanical 
interaction between that surface and solid 
particles. E-glass fiber reinforced polymer 
composites used worldwide. It has are 
extensively used in engineering applications 
because to their excellent mechanical and 
physical specific property. Composites are now 
used in helicopters, space air craft, satellites, 
ships, submarines, automobiles industry, 
sporting goods, civil construction, and high 
speed vehicles and aircraft operating in desert 
environments[1, 2]. Composites have risen as 

imperative materials due to their light weight, 
high strength and stiffness, good fatigue 
resistance and remarkable erosion resistance 
contrasted with most basic metallic alloys, for 
example, steel and aluminum. 

It has been accounted for in the literature that 
polymers and their related composites material 
are widely utilized as a part of erosive wear 
situations[3]. Numerous analysts have explored 
the solid particle erosion conduct of its 
composites. Polymers that have been 
contemplated incorporate polystyrene[4], 
polypropylene [5, 6], and polymeric composites 
[7-9]. Nonetheless, various analysts Barkoula 
and Karger-Kocsis [10], Tewari et al. [11]have 
assessed the resistance of different sorts of 

150 15th International Conference on Tribology – Serbiatrib ‘17



 

polymers and their composites to solid particle 
erosion. It is broadly perceived that polymer and 
their composites have poor erosion resistance. 
Their erosion rates (Er) are extensively higher 
than metals. Likewise, it is notable that the 
erosion rate of polymer composites is much 
higher than that of slick polymers as detailed by 
Häger et al [11]. The solid particle erosion 
conduct of polymer composites as a component 
of fiber substance has been examined to a 
restricted degree by specialists like Miyazaki and 
Takeda [7]. Tilly and Sage [12] have explored the 
impact angle, impingement angle, erodent size 
and weight of affected abrasives on different 
composite and plastic. 

In this manner, the goal of the present 
research work is to deliberately explore the 
erosive wear execution of E-glass fiber 
reinforced plastic with extraordinary reference 
to examine the ideal level of control 
components utilizing Taguchi plan. A 
hypothetical model for estimation of erosion 
wear rate under numerous effect conditions 
and connection of erosion rate with U. NO is 
produced. 
 
2. EXPERIMENTAL DETAILS  

 
2.1 Materials Properties and Preparation and 
Test rig 
 
The deliberate mechanical properties of tested 
E-glass fiber reinforced plastic are recorded in 
Table 1. Rectangle sort examples with a size of 
50mm-30 mm and 5 mm thickness in 
measurements were cut utilizing a precious 
stone cutter from infusion formed plaques. 
Before the erosive wear tests all examples were 
cleaned with acetone. Extraordinary care was 
given to guarantee clean surface previously, 
then after the fact wear tests. Sand and tidy 
particles were cleaned after erosion test with 
air blasting and after that balanced carefully. 

Present study sand blast erosion test rig has 
been deplored. One mechanism is utilized of 
keeping up the separation between nozzle and 
target material and other system is utilized for 
fluctuating the angle of the test samples.   

Table 1. Mechanical properties of E-glass fiber 
reinforced plastic. 

Material Physical and mechanical 
properties 

 
E-glass fiber 
reinforced 

plastic 

Density 
(kg/  

2500 

Tensile 
strength (MPa) 2000 

Tensile 
Modulus (GPa) 72.45 

Hardness (Hv) 32 
 
The utilized technique for measuring impact 
velocity of the erodent particles is the double 
disc method 
 

2.2 Signal-to noise (S/N) ratio 

 
Design of experiment is an important powerful 
analysis tool for examining and deciphering 
controlled tests to assess the ideal variables. 
The most essential stage in the outline of test 
lies in the choice of the control elements 
(variable) and settled parameters. The Control 
variables are impact velocity (A), angle of 
impingement (B), erodent size (C) and standoff 
separation (D). Other hand settled parameters 
are Nozzle breadth 5mm, Erodent encourage 
rate 4.56 gm/sec, particle micro-hardness42-
44Hv and erodent is dry silica sand and 
Irregular shape, Test temperature is 
surrounding temperature, Therefore, a large 
number of factors are included so that non-
significant variables can be identified at 
earliest opportunity.  In-depth literature 
survey on erosion behavior of E-glass fiber 
reinforced plastic material reveals that 
parameters viz., impact velocity, angle of 
impingement, erodent size and stand- off 
distance etc. The influences of four such 
parameters at four levels are contemplated 
utilizing L27 ( ) orthogonal array plan. 

The exploratory perceptions are changed into 
a signal-to noise (S/N) ratio. There are a few 
S/N proportions accessible relying upon the 
kind of qualities. The S/N proportion for least 
erosion rate going under littler is better 
characteristic. This can be figured as 
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logarithmic change of the misfortune work as 
demonstrated as follows.  

Smaller is the better characteristic: 

 (1) 

where ‘n’, the number of observations, and y, 
the observed  data. ‘‘Lower is better” 
characteristic, with the above S/N ratio 
change, is appropriate for minimizations of 
erosion rate. 
 
3. RESULTS AND DISCUSSION  

 
3.1 Influence of impact velocity 
 

The steady-state erosion rate (E) can be 
communicated as a simple power function of 
particle impact velocity (v), it can be expressed 
as follows: 

E = k                                   (2) 

where n the velocity exponent, the constant of 
proportionality (k),incorporates the effects of 
all of the various factors. The influence of 
impact velocity on erosion rate of polymer 
composites has been researched to a 
constrained degree.  The velocity exponent (n) 
is typically range between 2 and 3 for 
polymeric materials behaving in ductile nature 
and between 3 and 5 for polymer composites 
behaving in brittle nature[13]. Fig. 1shows the 
steady-state erosion rate dependence of E-
glass fiber reinforced plastic for different 
impact velocities at an impingement angle of 
90˚. The least-squares fit to the data points 
have been obtained by using the power law.  
Using the tested data, the determine velocity 
exponents are taken in the range of 4.19–4.3 
for E-glass fiber reinforced plastic at 50 m/sec 
impingement velocity. This implies that the 
finding of velocity exponents are nearer to the 
exponents range mentioned by the distinctive 
scientists for similarity of ductile nature of E-
glass fiber reinforced plastic. E-glass fiber 
reinforced show semi-ductile nature and the 
velocity exponents are in congruity with Pool 
et al. [13]. 

10.00 100.00

0.00

0.01

0.10

Fit Results

Fit 1:  Power, log(Y)=B*log(X)+A
Equation:
log(Y) = 4.19987 * log(X) + -19.6736
Alternate equation:
Y = pow(X,4.19987) * 2.85672E-009
Number of data points used = 5
Average log(X) = 3.67282
Average log(Y) = -4.24821
Regression sum of squares = 2.87458
Residual sum of squares = 0.140851
Coef of determination, R-squared = 0.95329
Residual mean square, sigma-hat-sq'd = 0.0469504

L
o
g

 E

Log V  
Figure 1. Curve fitting using Power law Equation 
for Experimental Data between Erosion rate and 

Impact Velocity [Test sample: E-Glass Fiber 
Reinforced Plastic, Impact angle 60 Degree] 

 
3.2 Dimensional Analysis 
 
Let: 

ER=F(V, f, P, D)                                                                                    (3) 

Where, ER-Erosion rate= MT-1, V-Impact 
velocity= LT-1, f- Sand flow rate= MT-1, P-
Particle size=L, D-Distance between nozzle and 
target material=L 

ER=kf[D/P]d 

or, ER=K[D/P]d 
(4) 

Where, “d” and “K” are arbitrary constants. 
The dimensional deposition parameter D/P is 
hereby called “Uttam Number” and 
abbreviated as U. No. 

Figure 16, shows the plot of erosion rate (ER) 
versus U. No. for glass fiber reinforced plastic 
under impact velocity 50 m/sec and impact 
angle 300.The curves of the figures show that 
erosion rate decreases linearly with the 
increase of U. No. and is represented by the 
following equations:  

 ER= 0.050-[0.48 (U. No.)]  For E-glass fiber 
reinforced plastic 

In Fig. 2square scatter points show the 
experimental results of erosion rate with U. 
No. Using these experimental values, linear 
regression and correlation are found using 
ORIGIN Software. Continuous lines showed in 
the figure indicate the regression lines. The 
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coefficient of correlation (r) is calculated to 
obtain -0.89743 for E-glass fiber reinforced 
plastic. As a subjective measure of relationship 
between experimental data with trend line, 
the mentioned coefficient of correlation 
signifies that there are strong negative 
relationships between erosion rate and 
UttamNumber. Therefore, it may be concluded 
that the experimental results are in good 
agreement with the theoretical calculations. 
 
3.3 Steady state erosion E-glass fiber 

reinforced plastic 

 

The overall mean for the S/N proportion of the 
erosion rate is determined to be – 67.1161 dB. 
Fig. 3 indicates graphically the impact of the 
four controls considers on erosion rate.  The 
investigation is made utilizing the famous soft-
ware particularly utilized for design of 
experiment applications known as MINITAB 
15. Prior to any endeavor is made to use this 
simple model as a predictor for the measures 
of performance, the conceivable 
collaborations between the control factors 
must be considered. 

Along this factorial design incorporates a 
simple means of testing for the presence of 
the interaction effects. Examination of the 
outcome leads to the conclusion that factor 
combination of A1, B3, C1 and D3 gives 
minimum erosion rate. The interaction 
diagrams are appeared in Fig. 4 (a-c). With 
respect to as minimization of erosion rate is 
concerned, factors A, B, C and D have huge 
significant effect. It is seen from Fig. 4 (b) that 
the interaction between A C shows most 
noticeable effect on erosion rate all tested 
conditions. But the factors A and B individually 
have greater dominating factor on output 
performance, and their combination of 
interaction with factor A and B is appeared in 
Fig. 4 (a) have less effect on erosion rate and 
the factors B and C individually have greater 
contribution on output performance, and their 
combination of interaction with factor B and C 
is shown in Fig. 4(c) have less effect on erosion 
rate and then can be neglected for further 

study.  Figure 4(d) shows the interaction plot 
between impingement angle and Impact 
velocity. The increase in impact velocity from 
30 to 50 m/s, the erosion rate increased from 
30 degree to 60 degree with maximum value 
between 60 degrees then started decreasing 
from 60 degree to 90 deg. From Fig. 4(e) it can 
be reasoned that with the increase in erodent 
size to the erosion rate increased from 30 
degree to 60 degree with maximum value 
between 45 degree and 60 degree 
impingement angles. Figs. 4(d-f) demonstrate 
the counter plot of erosion rate with various 
combinations of experimental conditions. 
These counter plots approve the patterns of 
the experimental results. 

 

Figure 2. Erosion rate as function of U.No. for E-
glass fiber reinforced plastic. 
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Figure 3. Effect of control factors on erosion rate 
of E-glass fiber reinforced plastic 
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Figure 4. Interaction graph between(a) A  B, (b)A 

for erosion rate of of E-glass fiber 
reinforced plastic and contour plot for(e) steady-

state erosion rate vs impact velocity,(d) 
Impingement angle and(f) Stand -off distance 

 
3.4 ANOVA and the effects of E-glass fiber 

reinforced plastic 

 

With a specific end goal to understand a 
concrete visualization of impact of different 
factors, it is attractive to create investigation 
of variance (ANOVA) table to discover out the 
order of significant factors. Table 
2demonstrates the results of the ANOVA with 
the erosion rate. This investigation was 
attempted for a level of confidence of 
noteworthiness of 5 %. The last column of the 
table indicates that the main effects are 
exceptionally noteworthy (all have very little 
p-values). From Table 2, we can watch that the 
velocity of impact (p = 0.000), angle of 
impingement (p = 0.004), erodent size (p = 
0.000) and, stand-off distance (p = 0.005) have 
extraordinary impact on erosion rate. The 
interaction between velocity of impact  
erodent size (p = 0.007) show significance of 
contribution on the erosion rate and the factor 
velocity of impact  angle of impingement (p = 
0.760), angle of 
impingement  
present less significance of contribution on 
erosion rate. 

 

 

 

b 

c 

d 

e 

f 
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Тable 2. ANOVA table for erosion rate of E-glass fiber reinforced plastic.  

Source DF Seq SS Adj SS         Adj MS         F P % 
A 2 1064.420 1064.420 532.210 160.59 0.000 53.58 
B 2 103.611 103.611 51.806 15.63 0.004 5.23 
C 2 546.631 546.631 273.316 82.47 0.000 27.52 
D 2 98.950 98.950 49.475 14.93 0.005 4.98 
A*B 4 6.127 6.127 1.543 0.47 0.760 0.30 
A*C 4 137.876 137.876 34.469 10.40 0.007 6.94 
B*C 4 9.070 9.070 2.268 0.68 0.628 0.46 
Error 6 19.884 19.884 3.314   1.00 
Total 26 1986.615     100 

 
3.5 Confirmation experiment of E-glass fiber 

reinforced plastic 

 

The last stride of the Taguchi method is the 
affirmation tests conducted for examining the 
quality attributes. The affirmation test is 
performed is performed by taking a 
discretionary arrangement of factor level 
combination and compare with experimental 
results. The assessed S/N ratio for erosion 
rates can be ascertained with the help of 
following predictive equations: 

 = + ( - ) + ( - ) + ( -  ) + ( -  
) +[(  -  ) - ( - ) - ( - ) ]    …(5) 

 

(5) 

Where  is the predicted average;  is overall 
experimental average; , and is the 
mean response for factors at designated 
levels. 
 By combining like-terms, the equation 
reduces to 

= + +  (6) 

A new combination of factor levels A2, B2, 
C1and D2 is utilized to predict deposition rate 
through prediction equation and it is found to 
be. = - 66.860 For every performance 
measure, an experiment was conducted for a 
different factors combination and the 
outcome with the result obtained from the 
predictive equation as shown in Table 3 
 
 
 

Table 3. Results of the confirmation experiments 
for erosion rate  

Optimal control 
parameters 

Prediction                Experimental 

Level A2, B2, C1. 
D2                    

 A2, B2, C1. D2 
 

S/N ratio for 
erosion rate (dB) 

-66.860                -66.332 

 
The subsequent model is by all accounts 
equipped of predicting erosion rate to a 
sensible precision. An error of 0.789 % for the 
S/N ratio of erosion rate is watched. 
Nonetheless, the error can be further reduced 
if the number of measurements is increased. 
This approves the advancement of the 
scientific model for anticipating the measures 
of execution in light of information of the info 
parameters. 
 
4. CONCLUSIONS 

 

The solid particle erosion studies of E-glass 
fiber reinforced plastic, following conclusions 
are drawn: 
1. The E-glass fiber reinforced plastic 
demonstrated maximum erosion at 60° 
impingement angle indicating semi-ductile 
nature. 
2. In E-glass fiber reinforced plastic the steady-
state erosion rate (E) is related to impact 
velocity (v) as E =k .The exponent ‘n’ is closer 
to the standard rage for ductile materials. 
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3. Solid particle erosion characteristics of the 
E-glass fiber reinforced plastic can be 
effectively analyzed utilizing Taguchi 
experimental design scheme. Taguchi method 
provides a simple, systematic and efficient 
methodology for the optimization of the 
control variables. 
4. The outcomes show that erodent size, 
impingement angle and impact velocity are 
the significant factors in a declining sequence 
affecting the erosion rate. 
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Abstract: A very attractive direction of composite studies is the one of fabric reinforced composites with 
thermoset matrix. In other studies we observed that it is possible to control the elastic parameters of epoxy 
resins by modifying them with some organic solvents. The studied materials are formed with a graduated 
matrix and reinforced with different types of fabrics. In this paper we are presenting a tribological analysis 
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tests for all types of composite were carried out using pin-on-disc tribometer TRM 1000 (Wazau®, Germany) 
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1. INTRODUCTION  

 
The composite materials are used in all 

domains, especially the fiber or fabric 
reinforced composites with polymeric matrices, 
due to their good mechanical properties, 
lightweight and low cost. Recent are studied 
the fabric reinforced thermoset matrix 
materials, which exhibit multifunctional 
properties in dependence of fiber, fabric, 
thermoset matrix properties and fiber-matrix 
interface quality. Beside of mechanical, 
electrical and thermal properties of fabric 
reinforced thermoset material, the tribological 
properties of those materials are very 
important. The properties of reinforced 
polymeric composites can be maneuvered by 
using of fillers or solvents in matrix structure. 
More researches showed that the modified 

epoxy matrices with fillers exhibited better 
wear resistance, in dependence of particle 
dimensions, as it was found that the smaller 
size of particle improve the tribological 
properties [1, 2].  

The tribological performance of fabric 
reinforced thermoset materials depends on 
fiber length, fiber volume fraction, fiber 
orientation [3], fiber type (carbon, glass, 
aramid, ), fabric weave type (plain, twill, satin, 
unidirectional, etc.), fabric specific density, 
properties of used fillers or solvents and their 
volume fractions in matrix componence and 
thermoset matrix (epoxy, polyester, vinyl ester, 
polyimide, etc.) properties. Regarding the type 
of thermoset matrix, for example, the glass 
fiber epoxy materials showed a higher wear 
resistance than glass fiber polyester materials 
[4]. Many researchers study the tribological 
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behavior of fiber reinforced polymeric 
composites, in whose structure they are using 
like reinforcements the waste and natural 
fibers due to their bio degradability, low 
density, high specific strength, low cost [5-8].  
But most often the tribo-materials are 
reinforced with carbon, graphite, glass and 
aramid fibers (shorts, longs, woven) [9]. The 
carbon fiber reinforcement reduces the 
friction coefficient, the wear volume lost, the 
wear track damage and the debris formation 
of the thermoset epoxy materials [10]. In ref. 
[11] was determined that the wear debris of 
carbon nanofibers had a lubricating effect and 
reduced significantly the wear rate of PEEK-
CNF material.  

The soft epoxy matrix reinforced with high 
strength carbon fibers offers a low wear 
resistance, which can be improved by using of 
hard coating [12]. Also, the tribological 
behavior of composites can be improved by 
surface treatment of carbon fibers, which 
makes stronger the interactions between fiber 
and matrix [13]. The wear rate varies in 
dependence of fiber orientation, so as in case 
of polymeric materials reinforced with 60 % 
carbon fibers the wear rate increases in order 
N (Normal) → AP (Antiparallel) → P (Parallel) 
indifferent of the normal load variation and 
sliding speed [14]. The fiber orientation at 
various angles influences insignificantly the 
tribological performance of GFRP [15], but the 
unidirectional glass fiber reinforced epoxy 
composites exhibit lower wear resistance than 
bi-directional reinforced composites [16]. 
Therefore, often, the fabric reinforcement is 
used, because it improves the abrasion 
resistance of polymers [17]. For improving the 
tribological properties of fabric reinforced 
epoxy composites, these composites can be 
made of multiple layers of different fabric 
types. So, it will be formed the hybrid 
materials which will combine the properties of 
all used fabrics like reinforcement, considering 
that wear resistance of carbon, glass and 
aramid fibers increases in order carbon →  
glass → aramid. In ref. [18], it was determined 
that the carbon/aramid mixed fabric 
reinforced epoxy composite showed a reduced 

friction coefficient by 35 % in comparison with 
glass fabric reinforced epoxy composite. 

For this research were studied the friction 
coefficient and wear values of hybrid 
reinforced composites with aramid, 
carbon/aramid and different carbon fabrics 
and modified epoxy matrix with 1-methil-2-
pyrrolidone organic solvent.  
 
2. MATERIALS 
 

For study the tribological performance of 
thermosetting composites, it was formed four 
hybrid fabric reinforced epoxy laminates by 
wet lay-up method. These composites are 
similar regarding the reinforcement 
configuration, but the difference between 
them being the epoxy matrix types.  So, as 
matrix were chosen four epoxy systems: 
EPIPHEN RE4020-DE4020, L-CL, HT2 and C. The 
laminates were reinforced with 15 layers of 
different types of simple plain fabrics, as it can 
be seen in table 1. The used plain fabrics were 
carbon fabrics with 160 g/m2 specific density 
denoted C 160, carbon fabric 240 g/m2 specific 
density denoted C 240, aramid fabric with 61 
g/m2 specific density denoted A 61, mixed 
carbon/aramid fabric with 68 g/m2 specific 
density denoted C/A 68 and carbon TEXtreme 
with 60 g/m2 specific density and 20 mm tape 
width denoted CT 60. The hybrid epoxy 
laminates had been denoted C, E, H and L. For 
improving the tribological properties of 
composites, the epoxy matrix was modified 
with 1-methil-2-pyrrolidone organic solvent, 
whose weight ratios had been increased with 
5 % at each three layers.  

Tribological characterization was performed 
using TRM 1000 tribometer (Wazau®, 
Germany) on tribological test module 
dedicated to pin-on-disc tests that allows 
setting and viewing of control and measured 
parameters: test rotational speed,  loading 
force and  friction  coefficients. The pin is 
made of the composite material to be 
analyzed and is secured in the support of the 
machine, positioned perpendicularly and 
parallel to the disc. 
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The length was set at 1000 meters and 
speed test between 0.6 [m/s] and 1 [m/s]. 
Testing regimes have been established as 
follows: 

R1: speed testing of 0.6 [m / s], load of 15N, 
distance 1000 meters. 

R2: speed testing of 0.75 [m / s], load of 
20N, distance of 1000 meters. 

R3: speed testing of 0.6 [m / s], load of 25N, 
distance of 1000 meters.  
 
Table 1. Structure of materials 

Layers 
Layers 

orientation 
Fabric 
types 

Weight 
ratios of 
solvent 

01-03 0° C 240 0 % 
04-06 45° C/A 68 5 % 
07-09 0° C 160 10 % 
10-12 45° A 61 15 % 
13-15 0° CT 60 20 % 

 
So as, the epoxy matrix of composites 

exhibits various properties from bottom 
external layers modified with 0 % weight ratio 
of solvent till upper external layers modified 
with 20 % weight ratio of solvent, for each 
three layers.  

According technical specifications of epoxy 
systems, the laminates were thermally cured 
after formation. Then were extracted the 
samples according to standard for 
determination of tribological properties by 
cutting on water jet machine. 
 
3. RESULTS AND DISCUSSION 

 
The friction coefficient was investigated by 

parallel and perpendicular modes, which are 
defined by the position of reinforcement layer 
relative to sliding speed. The perpendicular 
modes were performed on rigid surfaces and 
on elastic surfaces.  

How it can be seen in figs. 1-3, the friction 
coefficient of investigated composites with H 
epoxy matrix by parallel mode and 
perpendicular mode on rigid surface exhibited 
higher values compared with other materials. 
While by perpendicular mode on elastic 
surface the composites with L epoxy matrix 

exhibited the highest values of friction 
coefficient. This variation of friction coefficient 
values it is due to matrix and matrix-fiber 
interface properties. 

 
Figure 1. Friction coefficients of hybrid composites 

investigated by parallel mode and R1 testing 
regime 

 
Figure 2. Friction coefficients of hybrid composites 

investigated by perpendicular mode on elastic 
surface and R1 testing regime 

 
Figure 3. Friction coefficients of hybrid composites 

investigated by perpendicular mode on rigid 
surface and R1 testing regime 
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Table 2. Wear rate of hybrid composites 
investigated by parallel mode 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 C E H L 
R1 1.26 1 0.66 0.66 
R2 0.85 1.6 1.5 0.5 
R3 1.08 0.8 1.2 0.4 

 

 
Analyzing the wear rate of hybrid 

composites showed in table 2, it can be 
noticed that the composite with L epoxy 
matrix type exhibited the lowest values. 

For R2 regime, where the force is 
intermediate, the values of friction coefficient 
it was not exhibited the significant variations, 
the behavior of materials being almost linear 
during the tests. The same behavior of hybrid 
materials it can be observed and for R3 regime 
for perpendicular modes. 

 
Figure 4. Friction coefficients of hybrid composites 

investigated by parallel mode and R2 testing 
regime 

 
Figure 5. Friction coefficients of hybrid composites 

investigated by perpendicular mode on elastic 
surface and R2 testing regime 

 
Figure 6. Friction coefficients of hybrid composites 

investigated by perpendicular mode on rigid 
surface and R2 testing regime 

The increasing of friction coefficients it can 
be remarked by parallel mode for hybrid 
composite with L epoxy matrix. 

Regarding the wear rate, the behavior of 
composites it is unstable. According to the 
values of wear rate of composites from tables 
3 and 4, the perpendicular modes on rigid or 
elastic surfaces, it does not lead to significant 
variations of wear rates. 

 

Table 3. Wear rate of hybrid composites 
investigated by perpendicular mode on elastic 
surface 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 C E H L 
R1 1.67 2 1.32 2.3 
R2 1.5 1.65 1.75 1.37 
R3 0.8 1.2 1.6 1.75 

 

 
Figure 7. Friction coefficients of hybrid composites 

investigated by parallel mode and R3 testing 
regime 
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Figure 8. Friction coefficients of hybrid composites 

investigated by perpendicular mode on elastic 
surface and R3 testing regime 

 
Figure 9. Friction coefficients of hybrid composites 

investigated by perpendicular mode on rigid 
surface and R3 testing regime 

Table 4. Wear rate of hybrid composites 
investigated by perpendicular mode on rigid 
surface 

Wear rate x 10-5   [g/N*m] 
Regime Values 

 C E H L 
R1 1.74 2 1.27 2.33 
R2 1.25 1.16 2.16 1.04 
R3 1.06 1.33 1.67 1.2 

 

 
4. CONCLUSION 

 
Based on obtained tribological results, it 

can be formulated the following conclusions: 
 The friction coefficient of investigated 

composite materials with L and H epoxy matrix 
types showed the highest values for both 
modes and all regimes of tribological 
experiments, excepting the friction 
coefficients of hybrid composites investigated 

by perpendicular mode on elastic surface and 
R3 regime, where the composite with C epoxy 
matrix type exhibited the highest value. 

 The wear rate of composite materials it 
is not very significant.  
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Abstract: The use of  fly ash as the reinforcement in the production of  metal matrix composites is increasing 
throughout the world. The main objective of the current investigation is to manufacture aluminum-boron 
carbide-fly ash  composites  with improved tribological and mechanical properties and to study  the effect of 
load, sliding velocity,temperature on friction coefficient.The high temperature wear test was performed by 
the pin heating method. Analysis of variance technique was used to explore the effect of wear parameters 
on the friction coefficient. The results of the investigation reveal that the load had the highest significance, 
followed by temperature  and sliding velocity. The  coefficient of friction increased with an increase in input 
parameters. The pin surface was studied with a high-resolution scanning electron microscope.The developed 
composites can be used in the production of  automobile and aircraft parts requiring high wear, friction and 
thermal resistance. 
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1. INTRODUCTION 

 
The main responses of tribology are friction 

and wear. The tribological characterstics of  a 
material depend on surface roughness, 
material properties, tribochemical changes 
and material transfer mechanisms [1].   

Lightweight  materials which are suitable 
for nuclear,automotive and aerospace 
applications.  The phenomenon of wear plays 
a vital role in the various mechanical parts 
such as gears, brakes and clutches.  The 
important applications of aluminium  cast  
metal matrix composites are engine blocks, 
brake rotors and connecting rods [2]. 

Boron Carbide is a potential reinforcement 
material compared to silicon carbide and 
Aluminium oxide because of its low density, 
high hardness and good thermal stability [3]. 

Aluminium boron carbide composites have 
good wear resistance and high strength. 
Aluminum boron carbide composites were used 
in the production of neutron absorber and 
armor plate materials.These composites have 
good fatigue strength and wear resistance [4]. 
The addition of boron carbide in Al/B4C composites 
increases the wear resistance [5].  

   The important applications of aluminium 
flyash composites are brake rotors and pistons. 
ALFA composites with low fly ash percentage 
are used in the various automotive parts like 
manifolds, brackets and housings,household 
extruded parts and yard tool covers [6]. The 
addition of fly ash as reinforcement material 
increases yield strength, compression strength 
and hardness [7]. 

The tribological properties of hybrid 
composites are less when compared with 
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aluminium cast alloys. The addition of fly ash 
particles increases the wear resistance and 
frictional resistance, which is due to the 
presence of alumina silicate [8].The wear of  
resistance  of  aluminium flyash particles with 
course grain size was superior when compared 
with fine grain size [9]. AMMC’s with higher 
reinforcement particle has greater wear 
resistance [10]. The addition of strontium to 
aluminium boron carbide composites, wear 
resistance was considerably increased [11].  

The specific wear rate is expressed as  
volume loss per sliding distance and load. The 
friction is caused by contact between sliding 
surfaces of the material involved and heat is 
generated [12].  

 The coefficient of friction defined the ratio 
of frictional forces between sliding pairs and 
the force pressing them together. The effect of 
applied load has a significant effect on the wear 
rate of the composites[13]. Yalcin and Akbulut 
[14] found that friction coefficient value 
reduced with an increase in reinforcement 
content and applied load. Rodríguez et al [15] 
conducted the study with aluminium lithium  
alloy reinforced with silicon carbide and found 
that the coefficient of friction of Al/SiC 
composites were  higher than the cast 
aluminium alloy.The sliding pairs and process 
parameters  has considerable effect on friction 
coefficient. The friction coefficient and wear 
rate depend on the surface roughness,relative 
motion,stick slip,lubrication and vibration.The 
coefficient of friction decrease with the 
increase of sliding speed and load [16].The 
wear rate increases with an increase in sliding  
speed and load. Lower friction values were  
observed with higher sliding speeds [17]. The 
main objective of current research is to develop 
a composite with increased specific strength, 
yield strength, wear resistance, fatigue strength 
and  thermal shock resistance suitable for high 
temperature resistant parts to be used to be 
used in automobile  and aircraft industries. 

 
2. MATERIAL AND METHODS 

 
Aluminium A356 alloy is mixed with  boron 

carbide powder (4%) by the stir casting 

method. Boron carbide powder (63 microns) 
was as reinforcement material. Fixed weight 
percentage (4%) of fly ash particles (10-100 
microns) was used as the secondory 
reinforcement material Magnesium powder 
was added to increase strength and reduce 
casting fluidity and surface tension in 
aluminum. Strontium based  master alloy 
(Al10Sr) was added  to enhance mechanical 
properties and grain refinement. 

 
2.1 Stir Casting  

 
The reinforcement particles is heated to 

750° C for three hours and added in the melt. 
Aluminium cast metal was charged into the 
stir-casting furnace and the temperature was 
augmented to 850°C. The temperature 
decreased progressively until it reaches to 
semisolid state.Hexachloroethane tablets were 
added to melt to eliminate the trapped air and  
porosity. Potassium flurotitatnate powder, 
aluminium-strontium master alloy and 
magnesium were added in  required 
proportions. The melt was agitated 
uninterruptedly for 15 minutes. The pouring 
temperature was maintained at 720°C. 

 
2.2 Wear  Test 

 
Wear tests of Al-B4C composites were 

performed by pin-on-disc equipment.  
Schematic diagram is shown in Figure 1.The pin 
is inserted in the collet which is surrounded by 
heater coil. The pin is held pressed against EN 
32 steel disc. The wear tests were conducted at 
different loads (10N, 20N and 30N),sliding 
velocity(1, 2 and 3 m/s) and temperatures 60°, 
120° and 180°). Track diameter of disc of  110 
mm was used for the entire test. 

 
Figure 1. Schematic diagram  of POD setup 
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3. PLAN OF EXPERIMENTS 
 
The plan of experiments was designed 

considering taguchi principles and DOE. The 
parameters considered were load(L), sliding 
velocity (V) and temperature (T).The  
experimental conditions levels and  
parameters are publicised in Table 1. 

Table 1. Levels and Parameters  

Level L V T 
1 10 1 60 
2 20 2 120 
3 30 3 180 

 
The orthogonal array used for the study is  

L9. The data analysis was carried through 
MINITAB 16 software. The experimental data 
were converted to signal to noise ratio.  
 
4. RESULTS AND DISCUSSION 
 

The details of the results of the various 
tribological and metallurgical examinations are 
described in this section. The readings of the 
wear test were recorded and results of wear 
analysis calculation are tabulated (Table 2). 
The effect of the load, speed and temperature 
on the frictional coefficient was analyzed by 
MINITAB 16 software. 

Table 2. Experimental results   

Level 
L V T COF SN ratio 

1 10 1 60 0.302 10.3999 
2 10 2 120 0.250 12.0412 
3 10 3 180 0.414 7.6600 
4 20 1 120 0.370 8.6360 
5 20 2 180 0.394 8.0901 
6 20 3 60 0.362 8.8258 
7 30 1 180 0.445 7.0328 
8 30 2 60 0.395 8.0681 
9 30 3 120 0.410 7.7443 

 
The parameter with the highest S/N ratio 

gives minimum friction coefficient. The 
optimal friction coefficient was observed at 
10N load with sliding velocity, 2 m/s 
temperature, 120°C.Load and sliding velocity 

are more significant when compared to 
temperature. From the main effects plot for 
means, wear rate increases with load. When 
sliding velocity is increased the contact 
between the disc and the pin decreases. 
Hence the friction coefficient is decreased. 
Response table for Signal to Noise ratio is 
shown in Table 3 and means is shown in Table 
4. The main effects plot for S/N ratio is shown 
in Figure .2. The main effect of plots for means 
is shown in Figure.3. 

Table 2. Response  table for  S/N ratio  

 

    Level 
L V T 

1 10.034 8.690 9.098 
2 8.517 9.400 9.474 
3 7.615 8.077 7.594 

Delta 2.419 1.323 1.880 
Rank 1 3 2 

Table 3.Response  table for  means 

Level L V T 
1 0.3220 0.3723 0.3530 
2 0.3753 0.3463 0.3433 
3 0.4167 0.3953 0.4177 

Delta 0.0947 0.0490 0.0743 
Rank 1 3 2 

 
From the response table for S/N ratios it is 

inferred that the load has the significant 
effect, followed by temperature and sliding 
velocity. The S/N ratio analysis predicts the 
optimal value of friction coefficient occurs 
when the load is at level 1(10N), sliding 
velocity at level 2 (2 m/s) and temperature  at 
level 2 (120°C). Wear rate advances with 
applied load. Wear rate increase with the rise 
in temperature due to softening of the 
material [18]. Abrasive wear  increases with an 
increase in temperature. Hardness, flow stress  
and yield strength decrease when 
temperature increases [19]. 
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ANOVA analysis was performed with a 95 % 
confidence level and 5% significance level. 
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Figure 3.Main effect of plots for means 

The applied load has the greater statistical 
influence (45.91%) and followed by 
temperature (33.29%) and sliding velocity 
(12.25%). The values of regression coefficient 
(R2) for friction coefficient is 91.46%. 

A regression equation was generated by the 
correlation of  process parameters like load, 
sliding velocity and temperature Regression 
equation establishes the equation between 
the parameters like load,sliding velocity and 
temperature. 

COF =  0.189 + 0.0473333× L + 0.0115× V + 
0.0323333×T                                                             (1) 

From the above relation, it was observed 
that the coefficient associated with load, 
sliding velocity and temperature was positive. 
This clearly reveals that as load, sliding velocity 
and temperature increases, the friction 
coefficient  the hybrid composite also 
increases. The friction coefficient decreases 
with the increase in the content of the boron 
carbide particles. The boron carbide particles 

form a protective layer between the surface of 
pin and counterface material [20]. The wear 
rate and friction coefficient rate are higher  for 
aluminium alloy at all levels of temperature. 

The wear rate of  aluminium composites is 
less compared with base alloy.The wear rate 
and friction coefficient increases with an 
increase in the temperature. The contact area 
between pin and steel increases with the 
increase in temperature [20]. 

SEM investigation of the worn pin surface 
for  load,10N, sliding velocity,2m/s and 
temperature,120°C is shown by Figure.4. Fine 
and shallow grooves formed at low applied 
load and speed due to abrasive wear. The 
particles  of the steel disc penetrate into the 
pin and hence wear on the pin is accelerated.  
Hard reinforcement particles remove material 
from the wear surface when the load increases, 
which is attributed by delamination.  

Delamination wear is more at higher 
temperature.  The phenomenon of adhesive 
wear is predominant at maximum load,30 N.  
Wear tracks tend to disappear at this juncture. 
boron carbide particles tend to gather at the 
boundaries of α-aluminium dendrites in the 
casting [21]. 

SEM image of the worn out pin surface at 
L=20N, S=3 m/s, T=60°C  is shown in Figure.7. 
The grooves widen with increased load. The 
mechanism of wear rate is greatly affected by 
the two sliding surface interaction. The 
frictional heat between the sliding pairs is 
increased by the load and duration of the test  
[22].  

 
Figure 4. SEM image (10N,2 m/s,120°C) 
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Wear behavior of the composites is 
increased linearly with increasing the 
operating temperature at high load. This effect 
is due to the formation of the oxide film and 
glazing layer on sliding components. 

 
Figure 5. SEM image (20N.2m/s,180°C). 

These layers prevent the direct metal-to-
metal contact of sliding surfaces during sliding 
motion. 

 
Figure 6. SEM iamge (30N,2m/s,60°C). 

 
Figure 7. SEM image (L=20N S=3 m/s T=60° C). 

Table 7. Confirmation tests 

Parameter  Optimal  Pred. Expt. Error 
Coeffficient 
of friction 

10N,2 
m/s,120°C 0.368 0.386 4.66% 

The confirmation tests (Table.7) were 
conducted with optimum parameters  arrived 
by taguchi analysis [24]. The error found to be 
less than 5%. 
 
5. CONCLUSION 

 
The optimal conditions for minimum COF is 

dermined by signal to noise analysis. It is 
inferred that the optimal conditions for 
minimum friction coeffient is given 
L=10N,V=2m/s and T=120°C).  

From the ANOVA analysis,the applied load 
has the greater statistical influence (45.91%) 
and followed by temperature (33.29%) and 
sliding velocity (12.25%). The values of 
regression coefficient (R2) for friction 
coefficient is 91.46%. 

The friction coefficient increases with an 
increase in applied load, sliding velocity and 
temperature. Delamination wear is more at 
higher temperature.  The phenomenon of 
adhesive wear is predominant at maximum 
load,30 N. Wear rate increases with load and 
temperature. 

Regression analysis shows an extensive 
association between load,sliding velocity, 
temperature and friction coefficient.The 
confirmation experiment revealed that the 
error between the experimental values and 
optimal predicted values were less than 5% and 
hence the experimental results are validated. 

The developed composites can be used in 
the fabrication of automobile and aircraft 
parts requiring high temperature and wear 
resistance. The tribological properties of 
Aluminium boron carbide flyash composites an 
be enhanced by selecting course grain fly ash 
particle with the addition of intermetallic 
alloys and titanium  based master 
alloys.Graphite and Molybdenum disulphide 
can added toreduce the friction coefficient. 
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Abstract: Manufacturing and testing of novel composite materials are one of the topics that had caught 
attention of many researchers. There are a vast number of possibilities for improving many characteristics 
of the base (matrix) material significantly with addition of relatively small amounts of different material to 
the matrix. This paper should give an overview on tribological properties of microcomposites with ZA-27 
alloy as a matrix material. Following characteristics were taken into consideration in the process of making 
this overview: type, amount and size of reinforcement; manufacturing process; apparatus used for testing; 
and test parameters and conditions. 
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1. INTRODUCTION 
 

Zinc-aluminium (ZA) alloys are materials 
well known for their good physical and 
mechanical properties, high corrosion 
resistance in atmospheric conditions, excellent 
casting properties, easy machining, and good 
tribological properties [1-7]. They have 
become a good, cost effective substitute for 
conventional materials such as bronzes, 
aluminium alloys and cast irons [1,5-11]. 

One of the most frequently used member 
of ZA alloy family is ZA-27 casting alloy with 
25 – 28 wt. % Al, 2 – 2.5 wt. % Cu, and 0.01 –
 0.02 wt. % Mg. It has been often used in 
applications intended for high load and low to 
moderate speed applications, especially for 
sliding bearings [4-8,10,11]. Due to its overall 
good properties, ZA-27 alloy has been 

interesting in past decades by many 
researchers. In order to obtain better 
mechanical and tribological properties, ZA-27 
alloy was used for development of metal 
matrix composites (MMC). Improvement of 
these properties of ZA-27 composites was 
made by adding suitable amounts of 
improvers and reinforcements. In the case 
when two or more reinforcements are added 
to the matrix material a hybrid composite is 
produced. 

This paper gives the overview of tribological 
properties of ZA-27 microcomposites with 
respect to the equipment used for testing, 
amount, type and size of reinforcements, 
manufacturing process, and test parameters 
(load, sliding speed and sliding distance) and 
conditions (dry or lubricated). Erosion test 
investigations, in situ manufactured ZA-27 

15th International Conference on Tribology – Serbiatrib ‘17 169



 

microcomposites, and high temperature 
tribological investigations were not taken in 
consideration in this overview. 
 
2. MANUFACTURING PROCESS 
 

Production of metal matrix composites with 
casting techniques presents quite a challenge 
from the aspect of reinforcement material 
distribution in the matrix and thus obtaining 
desired properties. Difficulties emerge from 
the fact that reinforcement distribution in the 
melt is hard to control due to many factors, 
such as: properties of the reinforcement, 
viscosity of the slurry, wettability, 
effectiveness of agglomerates breaking with 
mixing, entrapped gas, etc. [12]. 

Most common production processes of ZA-
27 microcomposites can be broadly divided in 
two groups: 

 liquid state processes, which include 
different casting processes such as stir 
casting, centrifugal casting and 
ultrasound enhanced casting; 

 semisolid process, i.e. compocasting. 
Within these two groups, stir casting and 

compocasting processes are the most often 
used, i.e. in approximately 90 % of the reviewed 
papers [13-31]. Stir casting represents a process 
very similar to the conventional casting. The 
difference is that the stirring of the melt is 
introduced in order to obtain better 
distribution of the reinforcement in the matrix. 
Reinforcement in this process is infiltrated into 
the overheated melt of the matrix. 
Compocasting method is similar to the stir 
casting and the main difference is that the 
matrix is not in liquid state, but in semisolid [32]. 

On the other hand, there are much less 
publications for other mentioned processes. 
Centrifugal casting [21] was done on the 
machine consisting of a rotation system and a 
mould fixed on the centrifugal casting 
equipment; unidirectional solidification is 
enforced by the unidirectional heat transfer 
through the mould. Exposing melt to the 
ultrasound [24], and the cavitation effect that 
it induces is used to refine the grain size of the 
matrix during solidification. High intensity of 

ultrasound also introduces agitation of the 
melt which can, in combination with cavitation 
effect, give a better distribution of 
reinforcement. 

Reinforcements in the form of particles 
have been used in almost all the cases with ZA-
27 microcomposites. This can be explained by 
cost effectiveness of particles when compared 
to other types of reinforcements. The most 
frequently used reinforcements were hard 
particles, such as Al2O3, SiC and minerals, 
followed by graphite (Gr), fly ash, etc. There 
are also cases when two reinforcements were 
used to obtain hybrid microcomposites; 
besides SiC and Gr, there are also hybrid 
microcomposites with various of different 
weight percents combinations of Al2O3 and fly 
ash on one side and Al2O3 and Gr on the other. 

Amount of reinforcement varied and it was 
usually up to 10 wt. %. Differences in particle 
sizes are also significant. Minimum and 
maximum particle size along with minimum 
and maximum weight percent of each 
reinforcement is given in Table 1. 

Table 1. Reinforcement amount and size ranges in 
ZA-27 microcomposites 

Reinforcement Amount [wt. %], 
min – max 

Size [μm], 
min – max 

SiC 1 – 15 5 – 80 
Al2O3 3 – 25 10 – 250 
Graphite 1 – 5 25 – 150 
Other 1 – 20 4 – 70 
 
3. TRIBOLOGICAL PROPERTIES OF ZA-27 

MICROCOMPOSITES 
 

Great number of factors influencing the 
tribological properties of microcomposites 
makes the comparison between different 
studies and examinations difficult, and in some 
cases even impossible. Only the studies with 
ZA-27 alloy matrix are reviewed and presented 
in Table 2, through the influencing factors such 
as: manufacturing processes, type, amount 
and size of reinforcement, test apparatus (type 
of contact) and testing parameters (load, 
sliding speed and sliding distance), and test 
conditions (unlubricated or lubricated). 
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Table 2. Tribological properties of ZA-27 microcomposites with influencing factors 

Manufacturing 
processes Compocasting 

Reference Ranganath et al. [15] Babic et al. [16] Babic et al. [18] Sharma et al. [19] 
Apparatus Pin-on-disc Block-on-disc Block-on-disc Pin-on-disc 
Reinforcement Garnet Al2O3 Graphite (Gr) Zircon (ZrSiO4) 
Amount of 
reinforcement 2, 4 and 6 wt. % 3, 5 and 10 wt. % 2 wt. % 1, 3 and 5 wt. % 

Size of 
reinforcement 30 – 50 μm 220 μm 30 μm 30 – 50 μm 

Counter-body 
material Steel EN24 Steel 30CrNiMo8 

(55 HRC) 
Steel 30CrNiMo8 

(55 HRC) 
Steel EN24 
(57 HRC) 

Sliding speed 7.35 – 31.5 m/s 0.26, 0.5 and 1 m/s 0.26, 0.5 and 1 m/s 1.86 m/s 

Load 20, 30, 40 and 50 N 20, 50 and 80 N 10 – 50 N (dry); 
20 – 80 N (lubricated) 

20, 40, 60, 80, 
100 and 120 N 

Sliding 
distance 2 km 1 km 0.5 km (dry); 

1 km (lubricated) 0.5 – 2.5 km 

Test conditions Dry sliding Lubricated sliding 
(ISO VG 46) 

Dry and lubricated 
sliding (ISO VG 46) Dry sliding 

Coefficient of 
friction / 0.04 – 0.13 0.2 – 0.48 (dry); 

0.018 – 0.05 (lubricated) / 

Wear 1 – 47 × 10–3 
mm3/m 

0.01 – 0.74 × 10–3 
mm3/m 

0.2 – 6.8 × 10–3 mm3/m 
(dry); 0.2 – 11 × 10–5 
mm3/m (lubricated) 

1.8 – 16.2 × 10–3 
mm3/m 

 

Manufacturing 
processes Compocasting 

Reference Almomani et al. [20] Mitrović et al. [25] Sharma et al. [26] Mitrović et al. [29] 
Apparatus Pin-on-disc Block-on-disc Pin-on-disc Ball-on-block 

Reinforcement Fly ash; Al2O3; 
fly ash + Al2O3 SiC + graphite (Gr) Short glass fibres Al2O3 

Amount of 
reinforcement 

2, 4 and 6 wt. %; 
2, 4 and 6 wt. %; 

every combination of 
previous wt. % 

5 wt. % SiC + 
1 wt. % Gr 1, 3 and 5 wt. % 3, 5 and 10 wt. % 

Size of 
reinforcement 

44 μm (fly ash); 
10 μm (Al2O3) / 4 – 6 × 400 – 600 μm 250 μm 

Counter-body 
material 

Stainless steel 
(644 HV) 

Steel 90MnV8 
(62 HRC) 

Steel EN24 
(57 HRC) Steel ball 

Sliding speed 0.314 m/s 0.25, 0.5 and 1 m/s 1.86 m/s 10, 20 and 30 mm/s 

Load 70 N 10, 20 and 30 N 20, 40, 60, 80, 100, 
120 and 140 N 10, 50 and 100 mN 

Sliding 
distance 95 – 565 m 30, 60, 90, 150 and 

300 m 
0.5, 1, 1.5, 2 and 

2.5 km Reciprocating motion 

Test conditions Dry sliding Dry sliding Dry sliding Dry sliding 
Coefficient of 
friction / / / 0.075 – 0.48 

Wear 0.2 – 6.8 × 10–3 
mm3/m 

0.59 – 4.34 × 10–3 
mm3/m 

1.6 – 15.6 × 10–3 
mm3/m 

 
/ 
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Table 2. Continued 

Manufacturing 
processes Compocasting Ultrasound enhanced 

casting Centrifugal casting 

Reference Mitrović et al. [30] Mitrović et al. [31] Tjong and Chen [21] Jyothi et al. [24] 
Apparatus Block-on-disc Pin-on-disc Block-on-disc Pin-on-disc 
Reinforcement Al2O3 Fly ash SiC Al2O3 
Amount of 
reinforcement 3.5 and 10 wt. % 1, 2 and 3 wt. % 5, 10 and 15 wt. % 5, 10, 15, 20 and 

25 wt. % 
Size of 
reinforcement 12 and 250 μm 3 – 5 μm 5, 20 and 80 μm 20, 40, 60, 80 and 

100 μm 
Counter-body 
material 

Steel 30CrNiMo8 
(55 HRC) Steel Steel GR15 

(60 HRC) Steel 

Sliding speed 0.26, 0.5 and 1 m/s 1.56 m/s 0.47 m/s 100 – 500 rpm 

Load 20, 50 and 80 N  20, 40, 60, 80, 100 
and 120 N 294, 588 and 882 N 10, 20, 30, 40 and 

50 N 

Sliding 
distance 

156, 300 and 600 m 
(dry); 936, 1800 and 
3600 m (lubricated) 

0.5, 1, 1.5, 2 and 
2.5 km 846 m 1 km 

Test conditions Dry and lubricated 
sliding Dry sliding Lubricated sliding 

(SAE 20) Dry sliding 

Coefficient of 
friction / / 0.05 – 0.085 / 

Wear 0.36 – 3.62 mm 
(wear scar width) 

3 – 18 × 10–3 
mm3/m 

 
1.18 – 56.7 mm3/m 

 

0.23 – 0.57 × 10–3 
mm3/m 

 

Manufacturing 
processes Stir casting 

Reference Auras and Schvezov [23] Joshi et al. [13] Prasanna Kumar et al. [14] Sharma et al. [17] 
Apparatus Pin-on-disc Pin-on-disc Pin-on-disc Real bearings 
Reinforcement SiC Al2O3 + graphite (Gr) Garnet Graphite (Gr) 
Amount of 
reinforcement 8 and 16 wt. % 3, 6 and 9 wt. % Al2O3 

each with 3 wt. % Gr 5, 10, 15 and 20 wt. % 1, 3 and 5 wt. % 

Size of 
reinforcement 4.2 – 6.3 μm / 50 – 70 μm 80 – 120 μm 

Counter-body 
material 

Steel 
(27 HRC) Steel Steel EN24 

(57 HRC) 
Steel EN24 

(58 – 60 HRC) 
Sliding speed 2 m/s 1, 2, 3, 4 and 5 m/s 1.25 – 3.65 m/s 0.019 m/s 

Load 30, 50 and 80 N  10, 20, 30, 40 and 
50 N 

50, 100, 150 and 
200 N 

98, 196, 294, 392 and 
490 N 

Sliding 
distance 7.2 km 200, 400, 800 and 

1000 m 1.19 – 2.8 km 7.2 km 

Test conditions Dry and lubricated 
sliding Dry sliding Dry sliding Dry, semidry and 

lubricated sliding (SAE 10)  

Coefficient of 
friction / / 0.25 – 0.7 

0.13 – 0.45 (dry); 
0.035 – 0.175 (semidry); 
0.022 – 0.085 (lubrica.) 

Wear 
2 – 82 × 10–3 mm3/m 

(dry); 0.15 – 3.6 × 10–5 
mm3/m (lubricated) 

10 – 340 mg 0.3 – 26 mg / 
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Pin-on-disc tribometer was used more than 
all other testing apparatus, so the type of 
contact in most of the studies was conformal 
(surface) contact, which indicates the possible 
applications of these microcomposites (Fig. 1). 
It is followed by block-on-disc with non-
conformal (line) contact. Since the contact 
area in line contact is much smaller than in the 
case of pin-on-disc, there is always a potential 
danger of conducting tests on a region without 
reinforcement (depending on the distribution 
of reinforcement on the surface). 

 
Figure 1. Share of contact types in tribological tests 

of ZA-27 microcomposites 

As for test conditions, unlubricated (dry) 
sliding conditions are present in 70 % of the 
studies; the rest was in lubricated sliding 
conditions. Some of the authors conducted 
tests in both dry and lubricated conditions in 
order to obtain better insight in tribological 
behaviour of their microcomposites. Since the 
environment (temperature, humidity, 
surrounding medium) was usually not stated, 
it is taken under the assumption that tests 
were conducted at room temperature in air, 
with standard humidity. 
 
3.1 Coefficient of friction 
 

The coefficient of friction was not studied in 
all of the reviewed papers. There are only 
several papers with investigations of 
coefficient of friction, which is insufficient to 
understand the tribological behaviour of ZA-27 
microcomposites properly. Nevertheless, some 
regularities could be observed. 

Results of dry sliding friction were easier to 
compare since the influence of normal load 

and sliding speed is less pronounced. 
Coefficient of friction varies from 0.13 to 0.7, 
with an exception of 0.075 which was the 
lowest coefficient of friction value recorded in 
the paper of Mitrović et al. [29] on 
nanotribometer. With the increase of normal 
load the coefficient of friction increased in all 
cases [14,17,18,29]. Influence of sliding speed 
on coefficient of friction can be seen only in 
one paper [18], where the increase of speed 
lowered the coefficient of friction. Generally, 
lower friction was observed in 
microcomposites when compared to the 
coefficient of friction of the matrix itself, which 
indicates the positive effect of reinforcement 
addition on friction in dry sliding conditions. In 
case when the graphite was added to the 
microcomposites [17,18], it smeared on the 
surface and enabled the decreased probability 
of direct metal-to-metal contact and thus 
reducing the coefficient of friction. Effect of 
coefficient of friction decrease with addition of 
hard particles such as garnet [14] and alumina 
[29] was not elaborated by the authors. 

There are also several results of friction 
investigations in lubricated sliding condition. 
Variation of coefficient of friction values is 
between 0.018 and 0.13. Here, the normal 
load and siding speed variations have 
significant influence on the coefficient of 
friction value. The increase of normal load also 
increases the coefficient of friction [16-18]. 
Tjong and Chen [21] had varied three different 
loads but only presented the results of 
coefficient of friction under the highest load. 
Higher speeds gave lower friction in all cases. 
Reinforcement addition had favourable effect 
on friction [17,18], as well as the adverse 
effect [16]. This can be explained with 
difference in reinforcement type, i.e. graphite 
particles provided solid lubrication by forming 
the graphite-rich film on the surface [17,18] 
which lowered the coefficient of friction. 
Increased level of coefficient of friction of 
microcomposites over that of the matrix alloy 
in study conducted by Babic et al. [16] was 
attributed to two-body and three-body 
abrasive action caused by Al2O3 particles of 
reinforcement. 
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3.2 Wear 
 

Different authors have led investigations 
under different test parameters which makes 
comparison of their results very difficult. In 
addition, wear values were not always 
presented in the same way. Increase of load 
raised the wear value in almost all of the 
analyzed studies (in dry and lubricated sliding 
conditions) [13-16,18,19,21,22,25-28,30,31], 
with exception in the work of Auras et al. [23], 
who reported ambivalent behaviour of 
microcomposites with increasing of the load 
under lubricated sliding condition. There was 
no clear rule for the influence of the sliding 
speed on wear of microcomposites. Higher 
sliding speed in dry sliding conditions in some 
cases raised wear [14,15,18,25,28,30,31], but 
also in some other cases lowered it [22,27]. As 
for lubricated sliding, higher sliding speed 
sometimes increases wear [16], but also 
sometimes decreases it [18,30]. 

Increase of the reinforcement amount was 
beneficial to wear resistance of the ZA-27 
microcomposites in all studies [13-16,18-28,30]. 
Table 3 shows the increase of wear resistance 
for each study and type of reinforcement. 
Highest amount of reinforcement in each 
investigation was the one with the best 
contribution to wear resistance of the matrix, 
so the wear resistance increase values in Table 
3 were calculated for maximum amount of 
reinforcement with consideration of variations 
of test parameters in each investigation (that is if 
variations exist). For instance, if the investigation 
was done under two different sliding speeds 
and two different loads, maximum and 
minimum increase of wear resistance was 
picked out of four that were calculated for 
maximum amount of reinforcement under: 

 lowest sliding speed with minimum and 
maximum load (two percentages); and 

 highest sliding speed with minimum and 
maximum load (two percentages). 

Addition of hard particles such as oxides, 
carbides and minerals improve wear resistance 
significantly. Hard phases provide protection of 
the ZA-27 alloy matrix of direct contact which 
leads to less wear in composite as compared to 

the matrix alloy, but can cause higher wear of 
counterpart [16]. Graphite reinforcement, as a 
solid lubricant, can get smeared onto the 
sliding surfaces in both dry and lubricated 
conditions, thereby preventing a metal-to-
metal contact and decreasing the wear [22]. 

Table 3. Influence of reinforcement type and 
amount on wear resistance 

Reinfor-
cement Ref. 

Maximum 
reinforcement 
amount [wt. %] 

Increase of wear 
resistance [times], 

min / max 

Al2O3 

[16] 10 3 / 16 
[20] 6 4.6 

[30] 10 1.12 / 2.54 (dry); 
1.6 / 2.6 (lubricated) 

SiC 

[21] 15 8 / 24 

[23] 16 1.76 / 3 (dry); 
* (lubricated) 

[27] 5 1.24 / 1.36 

Gr 
[22] 5 1.38 / 1.56 

[18] 2 1.26 / 3 (dry); 
1.14 / 5 (lubricated) 

SiC + Gr 
[28] 9 SiC + 3 Gr 2.18 / 2.78 
[25] 5 SiC + 1 Gr 1.17 / 1.33 

Al2O3 + 
Gr [13] 9 Al2O3 + 3 Gr 3.0 / 16.5 

Fly ash + 
Al2O3 [20] 6 fly ash + 

6 Al2O3 
11.5 

Garnet 
[14] 20 2.00 / 2.33 
[15] 6 1.78 / 7.67 

Zircon [19] 5 1.67 / 5.37 
Short GF [26] 5 1.70 / 6.28 

Fly ash 
[20] 6 2.3 
[31] 3 1.75 / 5.70 

*up to no wear; Gr – graphite; GF – glass fibre 
 
4. CONCLUSIONS 
 

Through the comparison of tribological 
properties of ZA-27 microcomposites, 
obtained in different investigations and 
manufacturing and testing conditions, some 
conclusions can be made, such as: 

 Stir casting and compocasting are the 
most popular processes for production 
of these microcomposites. 
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 Ceramic particles such as Al2O3 and SiC 
are the most frequently used 
reinforcements, followed by graphite 
and other reinforcements like garnet, 
zircon, fly ash and short glass fibres. 
Reinforcement amount was usually up to 
10 wt. %. 

 Coefficient of friction values are in the 
range of 0.018 – 0.13 for lubricated 
conditions, and 0.13 – 0.7 in case of 
unlubricated (dry) sliding conditions. 
Increase of sliding speed and normal 
load increases the coefficient of friction 
in both dry and lubricated conditions. 

 Microcomposites exhibited lower wear 
than ZA-27 alloy and with increase of 
reinforcement amount wear value 
decreases in all cases. Increase of load 
raised the wear value in almost all 
analyzed studies (in dry and lubricated 
sliding conditions), while there was no 
general rule for the influence of sliding 
speed on wear value. 

 Intended application for ZA-27 
microcomposites is mainly for 
tribological pairs with conformal contact, 
since most of the studies simulated this 
type of contact. 
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Abstract: Friction and wear of the antifrictional complex coatings on the molybdenum base were under 
investigation. Coatings were obtained using complex vacuum-plasma technologies under reactive coatings 
deposition utilizing vacuum arc deposition of Mo-N coating and RF-magnetron deposition of MoS2. Total 
coating thickness is 10 mkm. 

It was shown by means wear track profilography and acoustic emission investigation that such coatings 
are very effective working in pairs with hard coatings Ti-Al-N. During run-in period of exploitation such 
coatings shows low friction coefficient close to MoS2, but they have much more resistance to wear in many 
times greater than MoS2, and significantly more stable friction coefficients. 

 

Keywords: vacuum-plasma technologies, tribology, reactive coatings deposition 
 

 
1. INTRODUCTION. 

 
Scientific technological Corporation “FED” 

conduct extensive work in the area of 
development and practical utilization of novel 
nanomaterials and technologies of obtaining 
such materials (multicomponent, mono and 
multilayer, nanostructured, gradient) of 
different functional application (antifrictional, 
hardening and others) for improvement 
performance of materials, units and samples 
of aircraft aggregates, as well as in the field of 
development of technological processes for 
the application of such coatings and 
equipment for their implementation. 

The basis of technology is the processes of 
atomic-ion surface modification and the 
formation of nanolayer coatings from various 
elements and chemical compounds under the 
influence of a nonequilibrium low-
temperature plasma. 

The peculiarity of the developed coating 
processes lies in their complexity: different 
coating methods (plasma CVD, vacuum-plasma 
PVD (vacuum arc, magnetron), ion saturation 
and ion surface treatment) are combined in a 
single technological cycle. 

For the application of functional multilayer 
composite coatings, experimental and 
technological equipment was developed and 
developed - the automated system Avinit [1], 
which allows the implementation of complex 
coating methods. 

Avinit coatings are deposited on high-grade 
precision surfaces roughness (up to V = 11-12) 
without reducing the surface cleanliness class. 
Precipitation is carried out at low 
temperatures that do not exceed the 
tempering temperatures of the base material, 
which ensures the preservation of mechanical 
characteristics and the absence of warpage of 
the articles to be coated. 
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Correct choice of individual layers 
materials, deposition methods and 
optimization of technological parameters 
create prerequisites for the synthesis of 
materials with a complex of unique properties, 
including with exceptionally high hardness, 
strength, chemical stability, low coefficient of 
friction and increased wear resistance. 

When developing new design solutions, the 
development of advanced technologies and 
materials with enhanced technical 
characteristics are of primary importance. One 
of the important areas of work in this regard is 
to increase the reliability and service life of 
friction units. 

In connection with the sharp difference in 
the requirements for the properties of friction 
components in the volume and in the thin 
near-surface layer that determines the 
parameters of friction and wear, it is 
increasingly important to use new 
technologies for the application of protective, 
wear-resistant, antifriction and run-in coatings 
that enhance the possibilities of forming 
working layers. 

MoS2 (molybdenum disulphide) is the most 
widely used solid lubricant. Molybdenum 
disulphide has an extremely low coefficient of 
friction, lower than that of Teflon and 
graphite. The achievable friction coefficient is 
less than 0.05, varying depending on humidity 
and friction conditions. 

Various low-temperature processes of 
deposition of MoS2 coatings by magnetron 
sputtering are worked out. 

The thickness of the coatings can vary, 
usually ranging from 1 to 10 microns. Coatings 
can be extremely thin and ultra-thin (0.1 
micron or less), which is extremely important 
when coating the precision components. 

The most significant drawback of such 
coatings is their very low wear resistance. 

To increase their practical use, it is highly 
desirable that coatings, while maintaining a 
low friction coefficient at the level of pure 
molybdenum disulphide, have a significantly 
higher wear resistance. 

It was shown in [2-4] that tribosystems 
based on superhard coatings (based on MoN 

TiAlN) have low friction coefficients at a level 
of less than 0.07-0.09. After testing such 
friction pairs for wear no signs of increased 
wear, the working planes of samples covered 
with ▼ 10 Avinit C320 (310) and ▼ 10 Avinit 
C220 were not detected. 

Such tribosystems have already found 
practical applications [5, 6]. 

Further improvements are associated with 
the creation of tribocouple designs with even 
lower coefficients of friction and increased 
wear resistance. 

The technological capabilities of the Avinit 
installation allow us to proceed with the 
development of antifriction coatings based on 
the strengthened molybdenum disulphide of 
the following type: 

- strengthened nanostructured coatings; 
- strengthened nanolayer coatings; 
- strengthened composite coatings (based 

on molybdenum disulphide == molybdenum 
nitride on surfaces with low roughness 
followed by mechanical run-in during 
operation). 

 
In this paper, the results of studies of 

reinforced composite coatings of Avinit on the 
basis of molybdenum and a study of their 
tribological characteristics are presented. 

 
2. RESEARCH METODOLOGY. 

 
For the coatings deposition, the Avinit M 

and Avinit C units of the Avinit installation 
were used. The coatings were applied on the 
samples used in the tests on the friction 
machine, according to a specified program, in 
which the time, sequence and operating 
conditions of the evaporators, the reaction gas 
supply system were set. 

Metallographic studies of samples with 
coatings (microsections, hardness of coating, 
determination of surface geometry after 
coating) were carried out using 
metallographic, chemical, X-ray and micro-X-
ray spectroscopy, microhardness and 
roughness measurements of friction surfaces. 
The surface roughness of the samples before 
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and after the coating was measured on a 
profilometer - profilograph. 

Metallophysical studies of the obtained 
coatings were performed with a scanning 
electron microscope JSM T-300. 

Tribological studies on friction and wear 
were carried out using an improved serial 
friction machine 2070 SMT-1 in the "ring-ring" 
scheme. 

Before the tests, the samples were 
washed with gasoline, dried at a temperature 
of 70°C. Before and after the tests, the 
samples were weighed on analytical scales 
VLR-200 with an accuracy of 10-5 g to assess 
the wear resistance of coatings. 

Friction mode - boundary lubrication 
conditions (working fluid consumption - 2 
liters / hour). 

Working fluid - aircraft fuel TS-1 with a 
class of purity 6 ... 8. 

Friction conditions: 
- speed of rotation of a driving shaft 500 min-1; 
- a stepwise increase in the load until the 

scoring is formed or to the maximum possible 
value; 

- dwell time at each load stage 15 ... 20 min. 
Working fluid for lubrication was supplied 

through the internal openings of the samples. 
In the course of experiments, we 

recorded: 
- the friction moment (recalculated in the 

coefficient of friction), the magnitude of which 
was judged on the mechanical losses in 
tribosystems; 

- The temperature of the elements was 
continuously recorded in real-time tests in 
close proximity (1 mm) from the friction zone, 
using a sliding thermocouple. 

To determine the scuffing of the surface 
layers of materials of friction pairs, the load 
was carried from Pmin to the critical value Pcr at 
which the scuffing takes place. 

In addition, we measured the rate of wear 
by the acoustic emission method. The wear 
rate was recorded for a time of 20 msec in 
relative wear units. 

To reproduce the test results for wear, the 
surface of the end surfaces was controlled by 

the contact area: not less than 90% of the 
working surface of each sample. 

 
3. EXPERIMENTAL PART. 

 
3.1. The essence of the design. 

 
The tribocouple (the main sample A and 

the counterpart sample B) is similar to that 
tested in [2-5] - a sample A with a coating of 
▼10 Avinit C320 (310) (based on TiAlN) 1.5-2 
μm thick and sample B with a сoating ▼10 
Avinit C220 (based on MoN) with a thickness 
of 1.5-2 μm. 

However, the counter sample B has a 
working surface grindedwith a roughness class 
▼ 7 ... 8, on which is deposited an 
unseparated MoN coating with a thickness of ≈ 
10 μm with a roughness class of ▼ 7 ... 8. Then 
MoN coating is applied to the MoS2 coating 
with a thickness of ≈ 5 ... 10 μm RF magnetron 
sputtering. Finally, the working surface has a 
roughness across the topography: - Ra 1.9 (▼ 
6b). It is assumed that the MoS2 coating fills 
the submicroscopic irregularities of the MoN 
rough microrelief. During operation, as the 
MoS2 coating wears out on the working 
surface, an dispersed structure is formed on 
the basis of MoN- MoS2 remaining in the 
unevenness of the microrelief, providing 
higher antifriction values in the operating 
loading range 

1. Preparation of samples A (steel 30X3VA, 
30 ... 35 HRC) under Ti-Al-N deposition. 

The working surface is machined to: - non-
flatness ≤ 0.002 mm, roughness -Ra 0.104 (▼ 
10). Samples A are nitrided Avinit N [7] h = 0.2 
... 0.3 mm, H> 700 HV. After nitriding, the 
working surface has a roughness: - Ra 0,397 
(▼ 8). To reduce roughness, the working 
surface of samples A is lapped manually on a 
cast iron plate without the use of abrasive. 
Lapping time - 2 ... 3 min. Before obtaining on 
the entire working surface a new lapping relief 
with a roughness: Ra 0.020 (▼ 12). The 
surface of samples A is coated with Ti-Al-N 
(Avinit C310). Finally, the working surface has 
a roughness: - Ra 0.060 (▼ 10в ... 11б). 
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2. Preparation of samples B (30X3VA, 28 ... 
33 HRC) under (MoN + MoS2) 

The working surface of the samples is 
grinded with a cleanliness class of ▼ 7 ... 8. On 
the working surface, an unseparated MoN 
coating with a thickness of ≈ 10 μm is deposited. 
MoN coating is coated with MoS2 coating with a 
thickness of ≈ 5 ... 10 μm RF magnetron 
sputtering. Finally, the working surface has a 
roughness across the topography: - Ra 1.9 (▼ 
6b). 

Stage 1. Conducting tests to determine the 
coefficient of friction and wear resistance of the 
tribosystems Avinit C310 (TiAlN) - MoN = 10 μm 
+ MoS2 = 5 ... 10 μm (operating time 0 ... 8 
hours). 

Tribopair No. 1 for testing in phase 1 
- Sample A - Avinit C310 coating (TiAlN); 
- sample B - coating MoN = 10 μm + MoS2 

= 5 ... 10 μm 
Changes in the friction coefficient and 

temperature in the contact zone along the test 
time are shown in Fig. 1. 
 
 
 
 
 

 
 
 
 
 

Fig. 1. 

The level of acoustic emission by time of 
testing is shown in Fig.2 
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Fig. 2. 

The best level of antifriction the 
tribosystem shows in the load range from 
1000 to 1200 N, which is apparently explained 
by the operation of the MoS2 coating, which 
fills submicroscopic irregularities in the 
microrelief providing high antifriction rates in 
the operating loading range. Tribosystem has a 
high level of bullying (more than 2000 N). 

The change in the level of acoustic 
emission (based on the results of three 
experiments) indicates an almost complete 
run-in of the tribosystem in the range of loads 
1200 ... 1600 N. 

Above the loads of 1000 - 1200 N, the 
level of tribotechnical characteristics and 
acoustic emission is unsatisfactory. The level 
of the acoustic emission signal increased 
sharply and persisted for 5 minutes. At a load 
of more than 1000 N there is a transition from 
normal wear to microcutting. 

At the end of the tests for bullying, on the 
working surface of sample A local crescent 
wear of the Ti-Al-N coating was revealed up to 
the main material, adjacent to the inner 
cylinder of the sample. Scraps of coating on 
the boundaries of the worn zone are not 
available. The weight wear of sample A was 1 
mg, the weight wear of sample B was 0.0000 
mg. 

The working surface of sample B is in a 
satisfactory state 

This behavior of the tribosystem is not 
typical for fatigue wear (by the nature of 
acoustic emission and the change in the 
friction moment). A possible cause is the 
presence of "grinding" of the surface of 
sample A by the surface of sample B. 

At the same time, the profilogram of the 
sample surface shows that during the test, 
some running-in of the sharp cutting edges of 
the MoN coating occurred. 

Since the working surface of sample A was 
worn out and the surface of specimen B was in 
satisfactory condition with improved 
profilographic characteristics and allowed to 
be used for subsequent tribological tests, it 
was decided in the second stage to test the 
tribocouple with a new sample A and sample B 
tested in the first stage. 
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Stage 2. Conducting tests to determine 
the coefficient of friction and wear resistance 
of the tribosystems Avinit C310 (TiAlN) - MoN 
= 10 μm + MoS2 = 5 ... 10 μm (operating time 
8 ... 16 hours). 

Tribopair No. 2 for testing in phase 2 
- Sample A - Avinit C310 (TiAlN) coating, 

manufactured for both Stage 1; 
- Sample B - Sample B after the first stage. 
The coefficient of friction and 

temperature in the contact zone in time for 
wear resistance tests are shown in Fig. 3. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. 

The level of acoustic emission by the time 
of the test is shown in Fig. 4. 

The change in acoustic emission signals is 
not typical for fatigue wear (continuous 
emission), and the level of acoustic emissions 
signals practically does not change during the 
test, being approximately 10 rel. Units. It can 
be assumed that there is a mutual process of 
"grinding" of the working surfaces of samples 
A and B during the testing. 

 
Fig. 4. 

The analysis of the profilograms shows 
that the surface roughness of sample A 
remains practically unchanged (the surface 
roughness of sample A after the tests is Ra 
0.046); the surface roughness of specimen B is 
substantially improved (the surface roughness 
of sample B after the tests is Ra 0.705). 

At the same time, the wear rate is 
significantly lower than that of pair No. 1, both 
in terms of acoustic emission indexes and in 
terms of weight wear. The weight wear of 
sample A is 0.0001 g; Sample B 0.0002 gr. 

According to the level of tribotechnical 
characteristics and acoustic emission, Tribopar 
No. 2 has fairly good indicators. 

Taking into account the good condition of 
the tribo-pair No. 2 after the tests, which 
allows its use for subsequent tribological tests, 
it was decided to continue the trial of tribo-
pair No. 2 at the third stage. 

Stage 3. Conducting tests to determine 
the coefficient of friction and wear resistance 
of the tribosystems Avinit C310 (TiAlN) - MoN 
= 10 μm + MoS2 = 5 ... 10 μm (operating time 
16 ... 24 hours). 

Tribopair No. 3 for testing in Phase 3 
- continuation of tribopair test No. 2. 

The initial state of the working surface 
profile of sample A coating of Avinit C310 
(TiAlN) is  shown in Fig. 5 (roughness Ra 
0.04)

 
Fig. 5 

The initial state of the working surface profile 
of sample B is MoN = 10 μm + MoS2 = 5 ... 10 
μm (operating time 8 ... 16 hours) is shown in 
Fig. 6. 
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Fig. 6. 

The coefficient of friction and temperature 
in the contact zone in time are shown in Fig. 7. 

 
Fig. 7. 

The level of acoustic emission by the time 
of the test is shown in Fig. 8/ 

 
Fig. 8. 

It is noted that the area of the working 
surface of sample B, which has a sheen (run-in 
visually), increased in comparison with the 
state after the first 16 hours of wear testing. 
The surface roughness of sample A after the 
tests R a 0.025. The roughness of the surface 
of sample B after the wear tests is Ra 0.108. 
Weight wear of sample A - 0.0001 gr, sample B 
- 0.0001 gr. 

The tribosystem has an abnormally low 
rate of wear rate. 

On the level of tribotechnical 
characteristics and AE, tribopar No. 3 has high 
indexes, better than pairs No. 1 and No. 2. 

The condition of the profile of the working 
surface of sample A is the coating of Avinit 
C310 (TiAlN) shown in Fig. 9 (roughness Ra 
0.02). 

 
Fig. 9. 

 
Fig. 10. 

The state of the profile of the working 
surface of the sample is shown in Fig.10. The 
coating MoN = 10 μm + MoS2 = 5 ... 10 μm 
(operating time 16 ... 24 hours). 

 
4. CONCLUSIONS 

 

Tribological tests using the method of 
acoustic emission and profilographic 
measurements have shown that the improved 
antifriction hardened composite coatings of 
Avinit MoN-MoS2 have high tribological 
characteristics when operating in pairs with 
superhard coatings based on Ti-Al-N. During 
the run-in during operation, keeping low 
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values of friction coefficients close to MoS2, 
they have a much higher resistance to wear, 
many times higher than the resistance of 
MoS2, and much more stable friction 
coefficients, which is explained by the MoS2 
coating that fills submicroscopic irregularities 
of the microrelief providing High rates of 
antifriction in the operating load range. 
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Abstract: The tungsten carbide based WC-Co/NiCrBSi (50/50) and molybdenum based Mo/NiCrBSi (75/25) 
coatings were investigated under boundary lubricated sliding conditions, and their tribological properties 
were analysed and compared. These two coatings are in service for a long time, but there are very few 
papers dealing with their tribological properties, especially in lubricated sliding conditions. The NiCrBSi self-
fluxing alloy is one of the popularly used materials for thermal sprayed coating, with relatively high 
hardness, reasonable wear resistance and high temperature corrosion. Tungsten carbide (WC) is one of the 
most widely used commercial hard coating materials, and is added to the NiCrBSi coating to improve its 
hardness and wear resistance. Molybdenum (Mo) is added to the NiCrBSi coating to reduce its coefficient of 
friction, i.e. to improve its dry sliding wear resistance. The results showed that WC-Co/NiCrBSi coating was 
more wear resistant, but caused higher wear of the counter-body material. Coefficients of friction were 
similar for both coatings. 
 
Keywords: coatings, tungsten carbide, molybdenum, atmospheric plasma spraying, boundary lubrication, 
friction, wear. 

 
 
1. INTRODUCTION 
 

Thermal spraying is widely used coating 
deposition method because it presents 
process flexibility and coating quality in 
combination. It represents a group of 
techniques for the coating deposition in which 
both, thermal and mechanical energy is 
applied for deposition of the material. There 
are several different processes for thermal 
spray coating deposition, and the main 
classification, into two categories, can be 
performed according to the thermal energy 

source used for melting of the feedstock 
material: flame (combustion) and electrical 
(electrical discharge) energy. The most widely 
used processes for thermal spray coating 
deposition are: flame spraying, electric arc 
wire spraying, atmospheric plasma spraying 
and high velocity oxygen fuel spraying [1]. 

One of the popularly used materials for hard 
thermal sprayed coating is a NiCrBSi self-fluxing 
alloy. This coating have several interesting 
properties, e.g. relatively high hardness, 
reasonable wear resistance and high 
temperature corrosion [2]. However, numerous 
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studies have been undertaken with the aim of 
improving the wear resistance of this coating, 
and these studies have pointed in the direction 
of adding ‘‘hard’’ particles like (WC, NbC, Cr3C2, 
TiC, SiC, VC, WC-Ni) to the base formed by the 
secondary material [3]. Among commercial 
hard coating materials, tungsten carbide (WC) 
is the most widely used for wear resistance 
coating for its high hardness. Cobalt (Co) binder 
prealloyed tungsten carbide powder was 
generally used to complementing its limited 
toughness [4], so the WC-Co powder particle 
consists of the hard tungsten carbide grain 
imbedded in tough cobalt matrix. The NiCrBSi 
self-fluxing coating performs well as a wear 
resistant coating under low stress. However, at 
higher stress in unlubricated sliding condition it 
begins to deform, which may cause seizure as 
the stress increases. Molybdenum (Mo) is 
added to the coating to reduce the coefficient 
of friction, thus, improving its dry sliding wear 
resistance [5]. In addition, Mo can form 
metallurgical bonding with many metals and 
decrease cracking sensitivity of coating in 
thermal spray processes [6]. 

The first powder used in this research (WC-
Co/NiCrBSi) was a blend of powders composed 
of 50 wt. % hard phase constituent WC-Co and 
50 wt. % self-fluxing alloy NiCrBSi. According to 
the powder manufacturer, deposited coating 
has high erosive and abrasive wear resistance. 
The WC-Co/NiCrBSi coatings are very dense, 
hard and smooth, with good adherence 
between coating and substrate. The second 
powder used in this research (Mo/NiCrBSi) was 
a blend of powders composed of 75 wt. % Mo 
and 25 wt. % self-fluxing alloy NiCrBSi. 
According to the powder manufacturer, 
deposited coating has high wear resistance, 
low coefficient of friction and good scuffing 
resistance. It is compatible with the most of 
the materials, especially with iron base alloys. 
The Mo/NiCrBSi coatings are homogenous with 

less than 3 % of porosity and with good 
adherence between coating and substrate. 
Both coating can be used unfused, resulting in 
no metallurgical bond to the substrate. 

These two coatings are in service for a long 
time, but there are very few papers dealing 
with WC-Co/NiCrBSi [4,7-9] and Mo/NiCrBSi 
[5,6,10-13] tribological properties, especially in 
lubricated sliding conditions [14]. The aim of 
this paper is to investigate and compare the 
tribological properties of these two coatings 
under lubricated sliding conditions. 
 
2. EXPERIMENTAL DETAILS 
 
2.1 Materials 
 

Two spray powders were used in the 
experiment, i.e. tungsten carbide based 
powder (Metco 34F) and molybdenum based 
powder (Metco 505). The chemical 
compositions of the powders are shown in 
Table 1. 

The Metco 34F powder is composed of a 
fine tungsten carbide-cobalt powder blended 
with a fine nickel-chrome self-fluxing alloy 
powder. It contains 50 wt. % of tungsten 
carbide-cobalt and 50 wt. % of nickel-chrome 
self-fluxing alloy. Particle granulation of this 
spray powder blend was –53/+15 µm. The 
Metco 505 powder is a blend of molybdenum 
and nickel-chrome self-fluxing alloy. The share 
of the individual powder in the blend was 75 
wt. % of molybdenum and 25 wt. % of nickel-
chrome self-fluxing alloy. This spray powder 
blend shows spherical morphology with 
particle granulation –90/+15 µm. The 
substrate material was a stainless steel (EN 
X15Cr13). This substrate material was used 
without any heat treatment. For the 
convenience, coatings attained using Metco 
34F and Metco 505 powders are hereafter 
referred to as 34F and 505, respectively. 

Table 1. Chemical composition (wt. %) of used powders 

Powder* WC12Co Mo Ni Cr B Si Fe C 
Metco 34F 50 – 33 9 2.0 2.0 3.5 0.5 
Metco 505 – 75 17.75 4.25 0.8 1.0 1.0 0.2 

*Commercial brand names of Metco Inc. 
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Atmospheric plasma spraying (APS), with 
Plasmadyne SG-100 plasma spray gun, was 
utilized in the experiment, for both coatings 
deposition. In both cases specimen holder was 
rotated at constant speed of 500 mm/s, while 
the traverse speed of a spraying gun was 
maintained constant at 4 mm/s. Fusing of both 
coatings after the deposition was not 
performed, i.e. coatings were tested in unfused 
conditions. Before the spraying process, the 
surface of the substrates was activated and 
preheated. Activation (roughening) was done 
with white fused alumina (Al2O3) using particle 
sizes of 700 – 1500 μm. Before the deposition, 
the substrates were preheated to 200 °C. The 
coating thickness for all specimens (after 
deposition and machining) was approximately 
300 μm. The detailed spray parameters are 
summarised in Table 2 [15]. 

Table 2. APS spray parameters values used for 
coating deposition 

Spray parameter 
Coating 

34F 505 
Primary plasma gas (Ar), l/min 47 47 
Secondary plasma gas (H2), l/min 12 10 
Electric current, A 500 500 
Electric potential difference, V 64 64 
Powder carrier gas (Ar), l/min 4 5 
Powder feed rate, kg/h 1.8 2.4 
Spray distance, mm 125 130 
 
2.2 Microstructure analysis and hardness 

testing 
 

The microstructure of the coatings was 
analyzed with scanning electron microscope 
(SEM), equipped with energy dispersive 
spectrometer (EDS), where the coatings were 
sectioned perpendicular to the coated surface. 
Metallographic samples were prepared in a 
standard way, applying grinding and polishing, 
with no etching. 

Measurements of the surface microhardness 
(HV 0.3 and HV 1) were performed on surface 
of the samples (not on cross-section) using 
Vickers microhardness tester under the loads 
of 300 g and 1 kg, and dwell time of 5 s. 
Microhardness HV 0.3 is the standard 

parameter for thermal sprayed coatings, while 
the microhardness HV 1 is measured to 
diminish the influence of different hardness of 
coatings phases/layers (WC-Co and NiCrBSi, i.e. 
Mo and NiCrBSi). At least five measurements 
were made for each sample in order to 
eliminate possible segregation effects and to 
obtain a representative value of the coating 
microhardness. 
 
2.3 Tribological testing 
 

Tribological testing were carried out on block-
on-disc tribometer, under lubricated sliding 
conditions, in ambient air, at room temperature 
(about 25 °C), in accordance with ASTM G 77 
standard [16]. A schematic diagram of the 
tribometer is presented in Figure 1. Rectangular 
blocks (6 × 16 × 12 mm) of the tested coatings 
were used as wear test specimens. The disc of 
45 mm diameter and 10 mm thickness was 
made of steel C60E (428.6 HV 1). The length of 
the line contact between the block and the disc 
was 6 mm. Lubrication was provided by the 
rotation of the disc which was sunk into the oil 
container (Fig. 1). The lubricant was mineral 
engine oil (SAE 15W-40, ACEA E3). Surface 
roughness of blocks and discs was approximately 
Ra = 0.3 and 0.5 μm, respectively. 

 
Figure 1. Schematic diagram of block-on-disk 

testing 

Before and after testing, blocks and discs 
were degreased and cleaned with benzene. 
Wear scars on blocks were measured according 
to [16] with accuracy of 0.05 mm, after each 
test, to calculate the volume loss. Discs were 
weighed with accuracy of 0.1 mg, before and 
after each test, to calculate the mass loss. Mass 
loss is then converted to volume loss using the 
known value of disc density (7.85 g/cm3). 
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Values of the oil temperature, coefficient of 
friction, normal and friction force were 
continuously monitored during testing and 
through data acquisition system stored in the 
PC. After testing, worn surfaces of blocks were 
examined using the SEM/EDS analysis. 

The tests were carried out under the 
following conditions: sliding speed of 0.5 m/s, 
sliding distance of 3000 m and normal load of 
400 N. In order to achieve a higher confidence 
level in evaluating test results, at least three 
replicate tests were conducted for each coating. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Microstructure and microhardness 
 

The microstructures of the investigated 
coatings (Fig. 2) were typical for thermal spray 
coatings and consist of elongated splats of 
molten powder, which form a curved lamellar 
structure, and oxide layers and inclusions in 
between [1]. Microstructure of the coating 34F 
(Fig. 2a) consists of WC-Co and NiCrBSi layers, 
which is confirmed with the EDS analysis (Figs. 
3a and 3b). Presence of micropores was also 
noticed (denoted with arrows in Fig. 2a). In the 
microstructure of coating 505 (Fig. 2b), two 
distinct layers could be also clearly noticed. 
There are the Mo layers which form a base of 
the coating, and the NiCrBSi layers which are 
evenly distributed between the Mo layers. This 
is also confirmed with the EDS analysis (Fig. 3c 

and 3d). Micropores, as well as, interlamellar 
pores were noticed in coating 505 (denoted 
with arrows in Fig. 2b). Detail microstructural 
analysis of the obtained coatings is presented 
elsewhere [15,17,18]. 

 
 

 
Figure 2. Microstructures (SEM) of the obtained 

coatings, no etching: (a) coating 34F and (b) 
coating 505 

  
 

  
Figure 3. Results of EDS analysis of: (a) and (b) coating 34F (WC-Co/NiCrBSi) and (c) and (d) coating 505 

(Mo/NiCrBSi), see Figure 2 

(a) 
 

(b) 
 

(a) 
 

(b) 
 

(c) 
 

(d) 
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The results of hardness measurements are 
shown in Figure 4. As expected, hardness values 
measured with higher load (HV 1) were slightly 
lower. The variation in hardness for both 
coatings was satisfactory (about 5 %). 
Microhardness values of coating 34F (WC-
Co/NiCrBSi) was higher than values of coating 
505 (Mo/NiCrBSi) due to the presence of hard 
WC phase. Obtained values are in correlation 
with cross-section values of the microhardness, 
taking into account that the hardness of NiCrBSi 
layers is significantly lower than the hardness of 
WC-Co layers [17], i.e. significantly higher than 
the hardness of Mo layers [18]. No matter what, 
hardness of discs (428.6 HV 1) was lower than 
both coatings and than all coatings layers. 
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Figure 4. Microhardness of tested coatings 

 
3.2 Tribological properties 
 

Obtained average steady-state values of the 
coefficient of friction are presented in Figure 5. 
The results indicate good repeatability of the 
test, i.e. standard deviations were less than 
8 %. The lubricant temperature was also 
continuously monitored during the tests. Since 
it was not controlled, it was rising during the 
tests and reaches the near steady-state values 
at the end of the tests. These near steady-
state values are used to calculate the 
temperature rise during each test, having in 
mind that the lubricant temperature at the 
beginning of the tests was close to room 
temperature (about 25 °C). The average values 
of these temperature rises are also presented 
in Figure 5. 
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Figure 5. Steady-state values of the coefficient of 

friction and lubricant temperature rise during 
testing 

Values of both coefficients of friction 
correspond to the approximate experimental 
values for contact pairs under boundary 
lubrication conditions, which are from 0.05 to 
0.15 [19,20]. According to the elastho-
hydrodinamic theory for line contact, calculated 
lubricant minimal film thickness were very low 
(approximately 0.3 μm) for both contact pairs. 
This also suggest that the sliding was performed 
in the boundary lubrication regime, since the 
approximate values of the surface roughness of 
blocks and discs was approximately Ra = 0.3 
and 0.5 μm, respectively. Since most of the 
energy lost due to the friction is released as 
heat, higher coefficient of friction will induce 
higher temperature. This explains the 
correlation between these two values obtained 
in this study for different contact pairs (Fig. 5). 

Coefficient of friction and oil temperature 
change during the test were similar in all tests 
and for both contact pairs. Between two 
contact pairs, coating 505 (Mo/NiCrBSi) gives 
slightly lower coefficient of friction. It is, most 
probably, due to the presence of Mo in this 
coating, which should decrease the dry sliding 
friction [5]. Relatively high value of the 
coefficient of friction that gives coating 34F 
(WC-Co/NiCrBSi) could be due to the presence 
of protruded hard WC phase and unfavourable 
proportion of the components in powder blend. 
Kekes et al. [9] investigated, under dry sliding 
conditions, WC-Co-Cr/NiCrBSi coatings with 
different fractions (from 0 to 100 wt. %) of WC-

190 15th International Conference on Tribology – Serbiatrib ‘17



 

Co component, and showed that 50 wt. % of 
WC-Co-Cr give the highest coefficient of friction. 

Values of the wear rate of both of contact 
pair elements (block and disc) are presented in 
Figure 6. The wear rate of counter-body (disc) 
is very meaningful when the total clearance 
between tribological elements is of importance, 
and that is why it was also calculated. Taking 
into account significant differences in structure 
homogeneity of the coatings (Fig. 2), the 
repeatability of the wear rates of blocks, in 
terms of standard deviations, is satisfactory 
(within 10 %). Since the wear values were not 
measured continuously, i.e. during the test, the 
results in Figure 6 show total wear rates, which 
are usually higher than steady-state values. 
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Figure 6. Total wear rates of tested contact pairs, 

i.e. blocks (coatings) and discs 

Taking into account normal load of 400 N, 
wear factor values could be calculated [21] as: 
7.6 × 10–9 mm3/Nm (coating 34F), 9.7 × 10–9 
mm3/Nm (coating 505), 2.9 × 10–7 mm3/Nm 
(disc in contact with coating 34F) and 1.5 × 10–

7 mm3/Nm (disc in contact with coating 505). 
These wear factor values (both for coatings, as 
well as, for steel discs) correspond to the 
literature data for metallic materials in sliding 
contact, under boundary lubricated condition, 
which are from 10–9 to 10–6 mm3/Nm) [22]. It 
is interesting to notice that coating 34F wear 
less, but caused higher wear of the counter-
body (disc) material. 

Obtained wear values of investigated 
coatings (Fig. 6) are in correlation with their 
hardness values (Fig. 4), i.e. coating 34F (WC-

Co/NiCrBSi) was harder and showed higher 
wear resistance, and vice versa. In the case of 
coating 34F, hard WC particles protruded from 
the matrix protected the matrix from wear. 
Something similar was observed, although in 
slurry erosive wear testing, by Lu et al. [8]. The 
protruded WC particles also caused higher wear 
of steel disc when it was in contact with coating 
34F (Fig. 6). On the other hand, coating 505 
(Mo/NiCrBSi) showed higher wear value due to 
the fact that this blend mixture of Mo and 
NiCrBSi powders do not show the best wear 
resistance under dry sliding conditions. 
Niranatlumpong and Koiprasert [5] investigated, 
under dry sliding conditions, Mo/NiCrBSi 
coatings with different fractions (from 0 to 100 
wt. %) of Mo powder in the blend, and showed 
that 75 wt. % of Mo had the highest wear. 

Disc wear rates were much higher than 
blocks wear rates in both cases (more than 37 
and more than 15 times, for contact with 
coating 34F and with coating 505, respectively). 
This is partially due to the lower hardness of 
the discs and partially due to the high initial 
roughness of the discs. Taking into account the 
diameter of the discs (45 mm) and length of 
the line contact between the block and the 
disc (6 mm), wear rate of 1 × 10–4 mm3/m 
corresponds to the volume of the hollow 
cylinder of approximate thickness of 0.4 μm. 
This thickness corresponds very well to the 
initial roughness of the discs (Ra = 0.5 μm). 

Wear mechanism analysis showed that the 
dominant wear mechanism was light two-body 
abrasion (Fig. 7). There is no evidence of the 
adhesive wear or plastic flow of the coatings 
material on the surface. Only shallow abrasive 
scratches can be noted in the sliding directions 
(denoted with black arrows in Fig. 7). Discs 
roughness was relatively high, but the hardness 
was much lower, so the main wear of the 
coatings was in the running-in period. Diagonal 
abrasive traces are consequences of machining 
(initial coating roughness). These machining 
traces are still visible on both coatings worn 
surfaces, suggesting low intensity of wear. 
Nevertheless, machining traces on coating 34F 
worn surfaces are more visible, confirming the 
lower wear of this coating. 
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Figure 7. Worn surfaces (SEM): (a) coating 34F and (b) coating 505; counter-body sliding directions are 

denoted with black arrows 

(a) 
 

(b) 
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Worn surface of coating 34F was covered 
with small white particles (Figs. 7a and 8a). 
These particles are the result of larger WC 
particles fragmentation, which is confirmed 
with the EDS analysis (Spectrum 1 on Fig. 8a). 
The results of EDS analysis are shown in Table 
3. These small and hard WC particles probably 
contributed, through the tree-body abrasion, 
to the higher wear of steel disc, when it was in 
contact with coating 34F (Fig. 6). Direction of 

WC fragmentation is the same as the direction 
of machining, so it is reasonable to conclude 
that the fragmentation mainly occurred before 
wear testing, i.e. during machining. These 
small WC particles were impressed into the 
softer NiCrBSi layers, which can be seen on 
SEM surface topography image (Fig. 8b). 
Presence of protruded larger WC particles, 
which protected the matrix, could be noticed 
on the same image. 

  
Figure 8. Worn surface (SEM) of coating 34F: (a) backscatter electron detector image and (b) surface 

topography image 

  
Figure 9. Worn surface (SEM) of coating 505: (a) backscatter electron detector image and (b) surface 

topography image 

(b) 
 

(a) 
 

(b) 
 

(a) 
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Table 3. Results of EDS analysis on the worn surfaces of coatings (chemical composition are in wt. %) 

Spectrum W Co Mo Ni Cr B Si Fe C 
Spectrum 1 78.8 1.7 – – – – – – 19.5 
Spectrum 2 – – 68.8 – – – – – 31.2 
Spectrum 3 – – 5.2 53.8 12.3 – 3.4 2.3 23.0 

 
Analysis of the coating 505 worn surface 

showed presence of interlamellar pores and 
cracks (Fig. 7b). The cracks occurred mainly in 
the Mo-rich areas (Spectrum 2 on Fig. 7b), but 
also in harder Ni-rich areas (Spectrum 3 on Fig. 
9a). In the case of coating 505, worn surface 
topography did not show any protruded 
particles (Fig. 9b). This means that the whole 
surface was in contact, having as a 
consequence higher wear of this coating. 
 
4. CONCLUSIONS 
 

In this study, the tribological properties of 
WC-Co/NiCrBSi and Mo/NiCrBSi plasma spray 
coatings under sliding lubrication conditions 
were investigated and compared. Both 
coatings showed microstructures typical for 
thermal spray coatings, which consist of 
elongated splats of molten powder, which 
form a curved lamellar structure, and oxide 
layers and inclusions in between. 

Coefficient of friction values suggest that 
the sliding was performed in the boundary 
lubrication regime. Between two contact pairs, 
Mo/NiCrBSi coating gives slightly lower 
coefficient of friction, most probably due to 
the presence of Mo in this coating, and 
consequently slightly lower rise of lubricant 
temperature during testing. 

The wear values showed that WC-
Co/NiCrBSi coating was more wear resistant 
than Mo/NiCrBSi coating, but caused higher 
wear of the counter-body material. Higher 
wear resistance of WC-Co/NiCrBSi is due to the 
higher hardness of this coating, as well as due 
to the presence of protruded hard WC 
particles, which protected the softer matrix. 
The dominant wear mechanism for both 
coatings was light two-body abrasion. 
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Abstract: Non-modified and Zr modified titania sprayed coatings have been deposited on aluminium 
substrate. The coatings were characterized by AFM, XRD and XPS analyses. The tribological properties of the 
coatings were studied. All the films possess nanosized anatase crystallographic phase. The non-modifed TiO2 
film has average crystallites size 43 nm, while the modifed films have crystallite size in the range 22-24 nm. 
The XPS analysis proved the presence of Ti4+, Zr4+ and O2- ions. The zirconium additive greatly decreases the 
surface roughness and inhibits the grain growth. The Zr modification of TiO2 coatings (up to 10 %) increases 
significantly the wear resistance due to the smaller crystallites size and smooth surface. It has been shown 
using AFM analyses that after wear tests the coatings preserve their adhesion to the substrate. 
 
Keywords: wear resistance, spray pyrolysis, tribology, thin films,surface topography 

 
 
1. INTRODUCTION  

 
Titanium dioxide is a multifunctional 

material with promising sensor, catalytic, 
photocatalytic, biomedical etc. properties. An 
increasing interest in TiO2 coatings due to their 
good wear and corrosion resistance, low 
friction, biocompatibility etc. is observed 
during the last years [1]. Some titania coatings 
with significant wear resistance were prepared 
by physical methods [2]. These methods 
require expensive and complicated apparatus 
and technique or applying high temperatures, 
which could destroy the original nanostructure 
[3]. The chemical techniques are preferable 
and cheap alternative for deposition of titania 

coatings. Nevertheless the studies on the 
tribological properties of chemically deposited 
TiO2 coatings are very scarce [1, 4]. To the best 
of our knowledge there are only few studies 
on the tribological properties of TiO2 coatings 
deposited by conventional spray method [5]. 
Recently the interest is growing up with a view 
to control the physical and chemical properties 
of TiO2 by doping with metals. The choice of 
the dopant could play a crucial role in the 
crystalline structure and phase transformation 
temperature of TiO2. 

According to some authors [6] the presence 
of some dopants could improve also the 
mechanical stability of thin films. Some studies 
revealed the influence of Ag, Au and Si as 

196 15th International Conference on Tribology – Serbiatrib ‘17



 

dopants on the wear resistance of TiO2 films 
[7-9]. Interest in Zr doped TiO2 arises from the 
fact that Zr has the same valence structure and 
state as that of Ti [10]. Zr atoms occupy sub-
stitutional sites in the TiO2 lattice with an 
increase in the bond length to form Ti1-xZrxO2 

solid solutions, stabilize the anatase phase and 
inhibit the growth of the crystallites [10,11]. 
The molecular mixing of these components is 
vital in regard to transforming the properties 
of the mixed oxides. 

Piwonski et al. [12] have proved enhanced 
wear stability of titania sol-gel coating with 
embedded zirconia nanoparticles in 
comparison to pure titania coatings.  

To the best of our knowledge the effect of 
Zr dopant on the surface roughness, 
crystallites size and wear resistance of TiO2 
sprayed films has not been studied yet. The 
aim of this work was to investigate the effect 
of dopant type and concentration on the 
phase composition, surface morphology and 
wear resistance of TiO2 sprayed films. 
 
2. EXPERIMENTAL 
 

Titanium chloride, dissolved in isopropanol, 
was used as titanium precursor solution. For 
the preparation of Zr modified TiO2 coatings, 
ZrOCl2.8H2O was dissolved in isopropanol and 
it was mixed with the corresponding quantity 
of titanium chloride solution. The 
concentrations of additive in the so obtained 
mixed solutions were varied within in the 
range between 0 and 30 at % with respect to 
the Ti content. The so obtained precursor 
solutions was sprayed onto aluminium foil 
sheets substrate, heated at 280-300oC. The 
deposits were finally treated at 400oC for 1 
hour. The samples were labeled as TZ followed 
by number, which denotes the concentration 
of Zr in atomic percents. 

The phase composition of the samples was 
studied by X-ray diffraction (XRD) with CuKα-
radiation (Philips PW 1050). The crystallite size 
was estimated based on XRD patterns. The 
film compositions and electronic structure 
were investigated by X-ray photoelectron 
spectroscopy (XPS). The measurements were 

carried out on AXIS Supra electron- 
spectrometer (Kratos Analytical Ltd.) using 
monochromatic AlKα radiation with a photon 
energy of 1486.6 eV and charge neutralization 
system. The binding energies (BE) were 
determined with an accuracy of ±0.1 eV. The 
chemical composition in the depth of the films 
were determined monitoring the areas and 
binding energies of C1s, O1s, Ti2p and Zr3d 
photoelectron peaks. Using the commercially 
provided data-processing software of Kratos 
Analytical Ltd. the concentrations of the 
different chemical elements (in atomic %) 
were calculated by normalizing the areas of 
the photoelectron peaks to their relative 
sensitivity factors. The surface topography was 
studied by means of Atomic Force microscope 
(AFM) (NanoScopeV system, Bruker Inc.) 
operating in tapping mode in air at room 
temperature. The silicon cantilevers (Tap 300 
Al-G, Budget Sensors, Innovative solutions Ltd, 
Bulgaria) were used with 30 nm thick 
aluminium reflex coating. The cantilever spring 
constant, reported by the producer, was 
within the range of 1.5–15 N/m, the resonance 
frequency was 150 ± 75 kHz and the tip radius 
was less than 10 nm. The scan rate was set at 
1 Hz and the images were captured in the 
height mode with 512 512 pixels in a JPEG 
format. Subsequently, all the images were 
flattened by means of the Nanoscope software. 

The obtained samples were subjected to 
wear resistance tests. The experimental runs of 
abrasive wearing resistance of the coatings 
were realized by means of the test rig TABER 
ABRASER according to the kinematical scheme 
„disk-on-disk” [13]. The device used for this 
test is shown in Figure 1. Specimen (1) is 
mounted on a horizontal bearing plate (2), 
which is driven by an electric motor at a 
constant angular velocity (5) of 60 [rpm]. 
Abrasive roller (antibody) made of plastic 
abrasive material CS 10, is mounted on a 
horizontal axis in the device. The procedure of 
the experimental study on abrasive wearing off 
is realized in the following sequence of 
operational steps: 
- Cleaning of lubricants and drying of the 
identical specimens. The specimens represent 
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disks of diameter 100 mm having 3 mm 
thickness of the deposited coatings; 
- Measuring of roughness of the contact 
surfaces of the specimens before and after the 
wear test 
- Measuring of specimens mass mo before and 
its mass mi after a given friction path L  by 
electronic balance WPS 180/C/2 of accuracy 
0.1 mg. Before every measurement the 
specimens are cleaned with appropriate 
solution against static electricity;  
- The specimen 1 is fixed on the carrying 
horizontal disk 3; then the normal load Р is set. 
The friction path length L  is determined by the 
number of cycles counted by revolution 
counter 8. 

Abrasive wearing off for all coatings is 
obtained under fixed identical operating 
conditions – nominal contact pressure given 
with the normal load Р, average sliding speed 
V and parameters of the abrasive surface. The 
following parameters of mass wearing off are 
studied: 

- Absolute mass m worn off; 
- Average rate of mass dm/dt, [mg/min] 

wearing off; 
- Absolute intensity of mass wearing off 

i , /mg m :  /i m S  (1) 

- The friction distance S is calculated using 
the corresponding number of cycles N and the 
distance R between the axis of rotation and 
the mass center of the nominal contact site by 
the formulae: 

2S RN    (2) 

- Absolute wear resistance by mass I , 
 /m mg :  1/ /I i S m   (3) 

 
3. RESULTS AND DISCUSSION 
 

The X-ray diffraction analyses of all the 
samples revealed pure anatase 
crystallographic phase, presented by (101) 
peak with nanosized crystallites in all samples 
(Figure 1). Тhe degree of crystallization of 
anatase phase decreases with the increasing of 
concentration of the ZrO2. 
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Figure 1. XRD patterns of non modified TiO2 film 

and Zr modified TiO2 film 

The modifying of TiO2 by ZrO2  also leads to 
a decrease in the size of the crystallites in the 
nanometer range. The non-modifed TiO2 film 
has average crystallites size 43 nm, while the 
modifed films have crystallite size within the 
range 22-24 nm. Similar inhibition of grain 
growth was obtained with Zr4+ doped TiO2 
nanoparticles by Wang et al [10]. It has to be 
noted that the anatase phase and the size of 
the crystallites were preserved after 400 cycles 
of friction. 

The surface composition and chemical state 
of the TiO2 layers were investigated by XPS. 
The TiO2 layers doped with different quantity 
of zirconia show similar features. The Ti2p3/2 
peaks have a maximum at 458.6 eV, typical for 
the Ti4+ oxidation state (Fig.2). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Ti2p and Zr3d core level spectra of Zr 

modified TiO2 films 
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The content of titanium dioxide on the 
surface is 25 at. %. The O1s spectra are wide 
and asymmetric. The mean peak at 529.8 eV is 
assigned to lattice oxygen in TiO2 and a 
shoulder at ~531.8 eV is attributed to 
adsorbed hydroxyl species. On the surface 
zirconia with binding energy of Zr3d5/2 peak at 
182 eV is observed. 

 

 
 

Figure 3. AFM images of Zr modified TiO2 coatings 
in 2D format 

 

 
 

Figure 4. AFM images of Zr modified TiO2 coatings 
in 3D format 

 
Typical topographical images of the surface 

of non-modified TiO2 coatings before and after 
400 abrasive cycles in 2D and 3D format are 

shown in Figures 3 and 4, respectively. The 
performed analysis of the degree of roughness 
shows a profound difference in the surface 
structure of the non-modified and modified 
with 10% Zr samples. Pure TiO2 films exhibit 
rough surface with many aggregates. The 
titania coating, modified with 10% Zr 
possesses very fine grained smoother surface. 
The mean roughness Ra of TZ0 coatings is 
about 187 nm, while that for TZ10 has value of 
25 nm (Table 1).  

Table 1. Roughness Ra of the titania coatings 
in nm before and after tribological test 

Code Image 
before  

section 
before  

Image 
after 

section 
after  

TZ0 187 179 132 113 
TZ10 25 25 18 9 
TZ30 165 167 75 75 

The films roughness increases significantly 
with the increasing of ZrO2 in TiO2 above 10%.  
The comparison of the AFM images of non-
modified and modified TiO2 coatings clearly 
demonstrates that after 400 abrasive cycles 
the films surface becomes smoother and the 
corresponding values of the surface roughness 
become lower. 

All the Zr modified TiO2 coatings exhibit 
higher wear resistance of the aluminium 
substrate compared with those of coated with 
non-modified titania film. 

 

Figure 5. Wear of Zr modified TiO2 films after 100 
(series 1), 200(series 2), 300 (series 3) and 400 

(series 4) abrasive cycles 
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As the zircoium content increases the 
wearing velocity and wear degree decrease 
(Figure 5 and 6), while the wear resistance 
increases (Figure 7).  
 

 
Figure 6. Wearing velocity of Zr modified TiO2 films 

after  200 (series 2), and 400 (series 4) abrasive 
cycles 

The films obtained from solution with 10% 
Zr manifest the highest wear resistance.  
 

 
Figure 7. Wear resistance of Zr modified TiO2 films 

after 100 (series 1), 200(series 2), 300 (series 3) 
and 400 (series 4) abrasive cycles 

All the doped samples have smaller 
crystallites size /about 20-25 nm/ than that of 
the non-modified film. This is in accordance 
with the results, obtained for TiO2 sol gel 
coatings [9]. The authors stated that the finer 
grain size would greatly improve resistance of 
films to micro-fracturing. Another reason for 
the higher wear resistance of modified films is 

probably the smoother and compact surface 
than that of the non-modifed. Ji et al. [13] 
have proved that the wear resistance of ceria 
doped TiO2 films is greatly improved with the 
decreasing of the films roughness. Nickel 
doped titania films possess higher wear 
resistance due to their smoother surface and 
smaller grains size [14]. The combination of 
suitable surface topography and size of the 
crystallites probably determines the wear 
protection properties of the Zr modified TiO2 
coatings. 

 
4. CONCLUSIONS 

 
Non-modified and Zr modified titania 

sprayed  coatings have been deposited on 
aluminium substrate. The XRD study revealed 
nanosized anatase crystallographic phase, 
which shows tendency of decrease in the 
degree of crystallinity and grains growth of 
titania with the increasing of the zirconium 
content. The modification of TiO2 coatings 
with ZrO2 (up to 10 %) increases significantly 
the wear resistance in comparison with the 
reference sample. The best protection is 
manifested by TiO2 samples, modified with 
10% ZrO2 due to the smaller crystallites size 
and smoother surface. It was shown using 
AFM analyses that after wear tests the 
particles of modified coatings preserve their 
adhesion to the substrate.  
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Abstract: Cr-Co-Mo alloys are widely used in biomedical applications due to good combination of their high 
strength, wear and corrosion resistance in human body. However, short service life, relatively low bioactivity, 
infection and inflammation risks are some of the major problems for these alloys. In that respect, the study 
aims to investigate the microstructural and mechanical properties of the multilayered coating on Co-Cr-Mo 
alloy with well-known bio-active TiO2 at the outermost surface. Additionally, iron oxide and copper are 
added to the deposited powder mixture to utilize the bio-active property of iron oxide and antimicrobial 
effect of copper.  
In the present study, coatings were deposited via cold spray (CS) method with the feedstock containing 
titanium, copper and iron oxide (magnetite form) powders. After that, coated samples were thermally 
oxidized at 600oC for 60 h in order to obtain wear resistant, bioactive and anti-bacterial oxide layer on the 
outermost surface. Microstructural characterization of the coating are conducted by X-ray diffraction 
method (XRD) and microscopic examinations. Additionally, mechanical properties include tribological 
performance and hardness measurements investigated in comparison with Co-Cr-Mo alloy. Experimental 
results show that, CS’ed coatings were successfully deposited without any discontinuity at substrate/coating 
interface with well distribution of copper. Furthermore, after thermal oxidation sustainable oxide layer was 
formed on surface. Moreover, wear tests  indicate that, multilayer coating have better wear resistance in 
dry, serum and simulated body fluid media with the higher hardness at the surface compared to the Cr-Co-
Mo alloy. 
 
Keywords: Cold spray, thermal oxidation, titanium, bio-material, wear 
 
 
1. INTRODUCTION 
 

Co-Cr alloys are one of the most frequently 
used metallic material in biomedical implants 
owing to high strength and good tribological 
performance [1-4]. However, limited service 
life is the main problem for this alloy group 
due to localized corrosion and dissolution of 
their surfaces. Furthermore, when the 
biological properties are of concern, Co-Cr 

alloys are bio inert materials and have very 
low osteointegration ability. For these reasons, 
formation of stable and bioactive ceramic 
coatings on Co-Cr alloys by utilizing different 
surface modification techniques is one of the 
current topics [5-8].In this study, titanium 
based powder mixture was deposited onto the 
Co-Cr alloy by cold spraying (CS) process and 
then thermal oxidation process was applied to 
form homogenous oxide layer on the 
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outermost surface in the form of titanium 
dioxide which is known as highly bio-active 
material [9-11]. Additionally, copper and iron 
oxide (in magnetite form) used as an additive 
in titanium matrix to gain the anti-bacterial 
property and bio-activity, respectively. Copper 
and its’ ionic compounds are well known with 
the antibacterial property with superior 
biological activity [12,13]. Otherwise, iron 
oxide which has high stability in human body 
and frequently used in bio medical 
applications including, targeted drug delivery, 
magnetic separation of biological materials, 
contrast agent in magnetic resonance imaging 
(MRI) and molecular/cellular tracking [14,16]. 
Fabricated titanium based multi-layered 
coating on Co-Cr alloy characterized with X-
Ray diffraction analyses, microstructural 
examinations from the cross section and 
surface. In addition, mechanical properties of 
coating including hardness measurements and 
tribological test compared with Co-Cr 
substrate.  
 
2. EXPERIMENTAL 

 
In the present study, feedstock containing 5 

wt.% copper (Alfa-Aesar, spherical, <475 mesh, 
purity of %99), 3 wt.% iron oxide in magnetite 
form and 92 wt.% Titanium powder (Alfa-Aesar, 
spherical, <325 mesh, purity of %99) were 
prepared and deposited on F75 grade Co-Cr-Mo 
alloy by CS process. For the production of the 
coatings, RUSONIC Model K-201 CS equipment 
was utilized. 6 bar (600 kPa) inlet pressure of air 
was used as a process gas and traverse speed 
was fixed at 5 mm/s for all the cases. Stand–off 
distance, beam distance and powder feeding 
rate were set as 10mm, 2mm and 2 (equipment 
setting scale of 8), respectively. After the 
deposition, surface of the coatings was ground, 
polished and exposed to thermal oxidation 
during 60 hours at a temperature of 600ºC 
under air condition. Oxidation process were 
performed in muffle furnace (Nabertherm) and 
heating rate of 5 ºC/min. and cooling rate of 1 
ºC/min. were adjusted.  

Microstructural characterization of the 
coatings was executed by X-Ray diffraction 

(XRD) analyses and microscopic examinations. 
XRD analyses were performed with Cu Kα 
radiation between the angles of 10◦-90◦ on 
GBC MMA XRD equipment to identify the 
different phases in the coatings. Microscopic 
characteristics were determined by scanning 
electron microscope (SEM, Hitachi TM-1000) 
and image analyser (Clemex Vision PE 6.0.027) 
was utilized to measure the thickness coating 
and oxide layer. Additionally, elemental 
distribution of the different phases, shown in 
the SEM images of the coatings, was analysed 
by the EDS attachment of the SEM. 

Hardness of the coating from the polished 
cross-sections and hardness of the oxide layer 
from the surface determined by Wilson 
microhardness tester with a Vickers indenter 
under a load of 25 g. Tribological performance 
of the coating and substrate were specified in 
dry, serum (0.9 wt.% NaCl, solution and 
simulated body fluid (SBF) media under 1 N for 
all cases by using of TribotechTM reciprocating 
wear tester. For the dry and Serum 
environments temperature fixed at room 
temperature. In contrary, testing in SBF 
environment temperature fixed at 36.5 oC to 
simulate human body conditions. During wear 
test, Al2O3 ball with a diameter of 6 mm was 
used as a counter body. Moreover, sliding 
velocity, sliding stroke and total sliding length 
were fixed as 10mm/s, 5mm and 25m, 
respectively. Coefficient of frictions were 
recorded by wear tester throughout the testing 
period. 2-D profiles of the wear tracks were 
obtained by Veeco Dektak 6M surface 
profilometer. Additionally, wear scars of 
coating and substrate were investigated by SEM. 
 
3. RESULTS and DISCUSSION 

 
XRD patterns of the coatings before and 

after thermal oxidation were given in Figure 1. 
Before thermal oxidation only α-titanium and 
copper peaks were detected while no 
presence of iron oxide peaks due to deposited 
amount less than 3 wt.%. This result directly 
match with contains of the feedstock and 
showed that, during cold spraying process no 
chemical reaction have taken place between 
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deposited materials. Otherwise after thermal 
oxidation, only peaks of titanium and titanium 
dioxide in the form of rutile was appeared in 
the XRD patterns. Additionally, it is clearly 
seen that, α-titanium preserved the existence 
in the oxidised coatings’ spectrum due the 
penetration of X-rays beneath the oxide layer 
during analyses. Moreover, shifting of α-
titanium peaks to the left around 0.70 after 
oxidation was detected and this condition 
showed that titanium phase beneath the oxide 
layer is in the form of solid solution due to the 
oxygen penetration and diffusion of copper. 

 
Figure-1. XRD patterns of the coating before and 

after thermal oxidation 

Microstructure of cold sprayed and 
thermally oxidized coatings’ was determined 
from the cross-sectional investigations and 
spliced SEM images at same magnification were 
given in Figure 2a. After thermal oxidation, 
coating has multi-layered structure which 
consist of homogenous oxide layer at the 
outermost surface with a thickness of 
approximately 3µm and intermediate region 
respectively. When interfaces between coating 
and substrate examined, no discontinuity could 
be detected. Also different phases in the 
coating structure can be easily distinguished 
with the differences in colours from the SEM 
images. In that respect; dark regions refer iron 
oxide, light grey regions refer titanium, whitish 
regions refer copper and relatively dark grey 
regions around copper and titanium particles 
refer solid solution compounds. Additionally, 
increment in porosity concentration of the 
coating from 5.7 ± 0.6 vol.% to 35±4.2 vol.% is 

another result which could see from the SEM 
examinations and measurements conducted by 
the image analyses software. This phenomenon 
could be explained with the Kirkendall effect of 
diffusion mechanism which is thought between 
titanium, copper and oxygen.  

 
Figure-2. SEM images of coating from crossection 

(a) and EDX analysis conducted on surface (b) 

Moreover, EDX analysis conducted from the 
surface of thermally oxidized coating to 
determine elemental distribution on surface of 
oxide layer. Depicted results in Figure 2b 
shows that, copper and iron oxide additives 
have homogenous distribution also on the 
surface of coating. 

Hardness of the coating was determined 
before and after thermal oxidation from the 
crossection and found as 48±14 and 326±74 
HV0.025 respectively. This dramatic increment 
in hardness while increasing of porosity can be 
mainly related with the diffusion of the oxygen 
and copper into the titanium and formed the 
solute solution in the coating according to 
phase diagram of titanium-oxygen and 
titanium-copper[17-18]. Besides the hardness 
measurement from the crossection, hardness 
of the oxide surface were determined under 
same testing load and measured as 525 ± 20 
HV0.025. This relatively low distrubition on the 
hardness of coatings’ surface also supports the 
SEM examinations and showed homogenus 
formation of the oxide layer on outermost 
surface. 

Tribological performance of Co-Cr susbtrate 
and oxidized coating determined in dry, serum 
and SBF environment respectively. Friction 
coefficient values obtained during the wear 
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testing were given in Figure 3 for Co-Cr 
substrate and coating. For all the cases, 
friction coefficient increases up to the specific 
level and become stable running in period. 
Furthermore, while in any environment Co-Cr 
substrate shows the similar chracteristics, in 
dry testing condition, friction coefficient of 
coating is lower than that of Co-Cr substrate in 
contrast to the serum and SBF conditions. This 
result could be explained from the SEM 
investigations of worn surfaces in dry 
condition. Whereas none effect of wear test 
could be detected from the worn surface of 
coating, clear wear grooves obtained from the 
surface of the Co-Cr alloy in contrary (Figure 4). 
In our best knowladge, during dry sliding wear 
testing of coating, between the counter body 
material (Al2O3 ball) and the oxide layer on the 
outermost surface lubricant effect was 
observed because of ceramic-ceramic 
interaction. Otherwise, tribological 
performance of thermally oxidized coating is 
of concern in Serum and  SBF environment 
relatively higher friction coefficient and more 
apparent  impressions on worn surface were 
spotted in Figure 3 and 4, respectively.   

a)  

b)  
Figure-3. Friction coefficients curves of (a) Co-Cr 

substrate and (b) coating in different environments. 
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Figure 4. SEM images of the worn surfaces of Co-Cr 
substrate and coating. 
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Figure 5. 2-D profiles of wear tracks in different 

environment 
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Serum and SBF are corrosive isotonic salt 
solutions because of the corrosive ions eg. Cl- 
and H2PO4

− etc. In addition, these ions react 
with titanium oxide and formed the lubricant 
passive film on the surface [19-20]. However, 
under the wear testing load of 1N which 
creates 840 MPa Hertzian contact pressure on 
the contact surface of the coating and this 
extreme contact pressure destroyed passive 
lubricant film during the wear test, then 
caused an increment on the friction 
coefficients. 

2-D surface profiles of Co-Cr substrate and 
the coatings in Figure 5 show that apparent 
wear could not be formed on the coating in 
any environment media where as, clear wear 
scar profile obtained from the surface of the 
Co-Cr alloy. 

 

4. CONCLUSION 
 

Titanium based powder mixture (composition 
of 89 wt.%Ti + 8 wt.%Cu + 3 wt.%Fe3O4) were 
successfully deposited onto the surface of 
CoCr alloy by cold spray process. Thermal 
oxidation carried out at 600°C for 60 hours in 
air produced multi-layered coating comprising 
an inner titanium (titanium matrix composite) 
layer and an outer oxide layer (mainly rutile) 
on the surface of Co-Cr substrate. Titanium 
based multi layered coating represent superior 
performance with respect to the Co-Cr 
substrate in dry, serum and SBF wear testing 
environment. All of the examinations indicate 
that this method can be a solution to remove 
the drawbacks exist for the Co-Cr alloys 
without adverse effect to the mechanical 
properties. Effect of copper and iron oxide 
reinforcements on biological properties of 
coating going to be investigated in future 
studies of the project. 
 
ACKNOWLEDGEMENT 
 
This study has been prepared as a part of the 
project (214M246) supported by the Scientific and 
Technological Research Council of Turkey 
(TUBITAK). 

 

REFERENCES  
 
[1] S. Spriano, E. Vernè, M.G. Faga, S. Bugliosi, G. 

Maina: Surface treatment on an implant 
cobalt alloy for high biocompatibility and wear 
resistance, Wear, Vol. 259, No. 7-12,  pp. 919–
925, 2005. 

[2] G. Mani, C.E. Macias, M.D. Feldman, D. 
Marton, S. Oh, C. Mauli Agrawal : Delivery of 
paclitaxel from cobalt-chromium alloy surfaces 
without polymeric carriers. Biomaterials, Vol. 
31, No. 20, pp. 5372–5384, 2010.  

[3] A. Marti: Cobalt-base alloys used in bone 
surgery Injury, Vol. 31, No. 4, pp. 18–21 2000. 

[4] G.S. Matharu, H.G. Pandit: The cobalt to 
chromium ratio “may be” a key marker for 
adverse local tissue reactions in metal-on-
metal hips. J Arthroplasty, Vol. 31, No.6,  pp. 
1374–1375, 2016. 

[5] R. Martínez, J.C. Escobedo, D.A. Cortés, G.G. 
Alves, A.B.R. Linhares, J.M. Granjeiro, M. 
Pradoe, J.C. Ortiz, J.M. Almanza, E.M. 
Múzquiz-Ramos: In vitro bioactivity and 
biocompatibility of a Co-Cr-Mo alloy after heat 
treatment in contact with different bioactive 
Systems, Ceramics International Vol. 39, No. 2, 
pp. 2003-2011, 2013. 

[6] M. Bahrami, M. Fathi, M. Ahmadian :The 
effect of nanobioceramic reinforcement on 
mechanical and biological properties of Co-
base alloy/hydroxyapatite nanocomposite, 
Mater Sci Eng C, Vol. 48, pp. 572–578, 2015. 

[7] M.İ. Coşkun, İ.H. Karahan, T.D. Golden: 
Computer assisted corrosion analysis of 
hydroxyapatite coated CoCrMo biomedical 
alloys. Surf Coat Technol, Vol. 275 pp. 1–9 
2015. 

[8] M Plecko, C Sievert, D Andermatt, R Frigg, P 
Kronen, K Klein, S Stübinger, K Nuss, A Bürki, S 
Ferguson, U. Stoeckle, B. Rechenberg:  
Osseointegration and biocompatibility of 
different metal implants - a comparative 
experimental investigation in sheep, BMC 
Musculoskeletal Disorders, pp. 13-32, 2012. 

[9] H. Çimenoglu, M. Gunyuz, G.T. Kose, M. 
Baydogan, F. Ugurlu, C. Sener: Micro-arc 
oxidation of Ti6Al4V and Ti6Al7Nb alloys for 
biomedical applications, Materials 
Characterization, Vol.  62, No. 3, pp. 304-311, 
2011. 

[10] Z Lin, L Wang , X Xue, W Lu, J Qin, D Zhang: 
Microstructure evolution and mechanical 
properties of a Ti–35Nb–3Zr–2Ta biomedical 
alloy processed by equal channel angular 

206 15th International Conference on Tribology – Serbiatrib ‘17



 

pressing (ECAP). Materials Science and 
Engineering C, Vol. 33, No. 8, pp. 4551–4561, 
2013. 

[11] A Arifin, Abu B Sulong , N Muhamad, J Syarif, 
M I Ramli: Material processing of 
hydroxyapatite and titanium alloy (HA/Ti) 
composite as implant materials using powder 
metallurgy: A review. Materials and Design 
Vol. 55, pp. 165–175 , 2014. 

[12] H.W. Chai, L. Guo, X.T.Wang, Y.P. Fu, J.L. 
Guan, L.L. Tan, L. Ren, K. Yang: Antibacterial 
effect of 317L stainless steel contained copper 
in prevention of implant-related infection in 
vitro and in vivo, J. Mater. Sci. Mater. Med. 
Vol. 22, No. 11,  pp. 2525–2535, 2011. 

[13] J Ye,  J He, C Wang K Yao,  Z Gou: Copper-
containing mesoporous bioactive glass 
coatings on orbital implants for improving 
drug delivery capacity and antibacterial 
activity. Biotechnol Lett, Vol. 36, No. 5, pp. 
961–968 2014. 

[14] O. Ziv-Polat, M. Topaz, T. Brosh, S. Margel : 
Enhancement of incisional wound healing by 
thrombin conjugated iron oxide nanoparticles. 
Biomaterials, Vol. 31, No. 4,  pp. 741–747, 
2010. 

[15] J.K. Vasir, V. Labhasetwar: Targeted drug 
delivery in cancer therapy. Technol. Cancer 
Res. Treat, Vol. 5, pp. 363–374, 2005. 

[16] S. Sharifi, H. Seyednejad, S. Laurent, F. Atyabi, 
A. A. Saei, M. Mahmoudi: Superparamagnetic 
iron oxide nanoparticles for in vivo molecular 
and cellular imaging. Contrast Media Mol. 
Imaging Vol. 10, No. 5,  pp. 329–355, 2015. 

[17] J.  L. Murray :  Binary  Alloy  Phase  Diagrams,  
2ndEdition, ASM  International,  OH,  1990. 

[18] U. Diebold: The surface science of titanium 
dioxide, Surf. Sci. Rep. Vol. 48, No. 5-8, pp. 53-
229, 2003. 

[19] V.A. Alves, R.Q. Reis, I.C.B. Santos, D.G. Souza, 
T. de F. Gonçalves, M.A. Pereira-da-Silva, A. 
Rossi, L.A. da Silva: In situ impedance 
spectroscopy study of the electrochemical 
corrosion of Ti and Ti–6Al–4V in simulated 
body fluid at 25 °C and 37 °C, Corrosion 
Sciense,  Vol. 51, No. 10, pp. 2473–2482, 
2009. 

[20] Z Wang,W Huang, Y Ma: Micro-scale abrasive 
wear behavior of medical implant material Ti–
25Nb–3Mo–3Zr–2Sn alloy on various friction 
pairs, Materials Science and Engineering C, 
Vol. 42, pp. 211–218, 2014. 

 

15th International Conference on Tribology – Serbiatrib ‘17 207



 

 
Serbian Tribology 

Society 

SERBIATRIB ‘17 
15th International Conference on 

Tribology 
 

Faculty of Engineering  
University of Kragujevac 

Kragujevac, Serbia, 17 – 19 May 2017 

IMPROVEMENT OF THE SURFACE PROPERTIES OF ELECTROLESS NICKEL-
NANODIAMOND COATINGS PLATED ON IRON ALLOYS 

 
Zdravka KARAGUIOZOVA1*, Julieta KALEICHEVA2, Valentin MISHEV2, Galina NIKOLCHEVA2  

1Bulgarian Academy of Sciences-SRTI, Sofia, Bulgaria 
2Technical University of Sofia, Sofia, Bulgaria 

*Corresponding author: karazuzi@yahoo.com 
 
 
Abstract: An advanced technology for production of novel Nickel-phosphorus-nanodiamond (Ni-P-ND) 
nanocomposite coatings on iron alloys is developed. The technology is based on the combination of sol-gel 
and electroless deposition technique. The ND sol is added directly to the electroless Ni-P solution. Electroless 
plating is performed by utilization of an EFFTTOM –NICKEL Method.   A suitable surfactant is added to 
achieve well-dispersed ND particles in the electroless solution to facilitate their embodiment and equal 
distribution in the coating. Substrates of steel 17CrNiMo6 and spheroidal graphite cast irons are used for 
the manufacture of the iron alloys specimens. 
The surface morphology and microstructure observation performed by scanning electron microscopy (SEM) 
and optical metallography confirms the influence of the ND particles on the coating structure. The structural 
phase investigation by X Ray analysis indicates that by heat treating, the amorphous phase changed to 
crystalline phases such as Ni, Ni3P. The microhardness by Knoop Method and wear resistance of Ni-P and 
Ni-P-ND composite coatings are evaluated and compared with each other. The hardness and wear 
resistance of Ni-P composite coatings increased in the presence of ND particles, whereas the increase of the 
microhardness to 1,6 – 3 times and to 33-37% of the  wear resistance are achieved in heat treated coatings 
at 290 °C for 6 h. 
 
Keywords: detonation nanodiamond, electroless nickel coating, wear resistance, microhardness,  
microstructure 
 

 
1. INTRODUCTION  
 

The co-deposition of metals with 
strengthening particles by chemical and 
electrochemical mechanism is a wide used 
method to obtain materials with superior 
properties, suitable for use in a broad range of 
industrial applications. There are many studies 
proving the materials properties improvement 
in the presence of additives as hard micro and 
nanosized particles. Electroless method for 
nickel based composite coating deposition is 

especially important seeing the expectation to 
replace the toxic Cr-containing coatings [1]. 

Additionally, it has been demonstrated the 
benefits of the electroless nickel plating over 
the electrolytic processes. One of the most 
important is that the obtained matrix by 
electroless method is nickel alloy, while the 
pure nickel is produced by electrolytic process 
[2].  The as plated nickel alloy matrix is harder 
than the pure nickel (НК 0, 02 ≈ 450-550), and 
yields to hardness increase (НК 0,02 ≈ 950-
1450) after low temperature treatment
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(~290°С,6h). The chemical process mechanism 
ensures uniform, density coatings with fine 
crystalline or X-Ray amorphous structure, 
which is the answer for high corrosion 
resistance, increased wear resistance and 
good adhesion to the coated surface [3, 4].  

The authors in [5] analyze the influence of 
two kinds of particles, SiC and Si3N4 on the 
codeposition process and on the electroless 
Ni-P composite coatings properties. The result 
shows there is no influence of the particles 
type on the incorporation mechanism for the 
micron sized particles, while the type of 
particles is very important for nanosized 
condition. Moreover, the nanoparticles modify 
the metallic matrix growth mechanism much 
more than the micron-sized ones. 

The discovery of ultra-dispersed diamonds 
(nanodiamonds) in the 1960s opened new 
prospects for unique materials exploration in 
this area. Many authors prove the improved 
coatings properties in the presence of 
nanodiamond in the bath solution [6-10]. But 
the opinions about the action mechanism of 
nanoparticles are controversial. Some of the 
researches believe the properties 
improvement is due to the nanodiamond 
incorporation into the Ni-P matrix, while 
others attribute this improvement to the 
change of the reaction conditions, which 
results in the coatings morphology [11]. These 
authors prove the Ni-B coatings’ mechanical 
properties improvement because of residual 
pores filling. The nanodiamond particles 
addition to the solution for Ni-B plating bath 
leads to a dendrite structure refinement which 
is supposed to be the reason of hardness 
increase and tribological properties 
improvement. It is ascertained that the 
coatings’ thermal processing affects only the 
hardness of the diamond-less sample, 
increasing it. There is no influence on the 
coating hardness, produced from diamond 
containing plating bath.  It is assumed the 
nanodiamond additives facilitate amorphous 
structure formation due to the inhibition of 
the grain formation. 

Deposition of nickel–phosphorus alloy and 
composite nickel coatings on low alloy cast 

iron surfaces using electroless deposition 
method improves its surface characteristics 
[12]. The evaluation and comparison of the 
wear properties of composite nickel coatings 
(Ni+SiC) with those of cast iron, nickel coatings 
(Ni), phosphate coating, and chromium plating 
indicate that not only the hardness of the Ni–
P/SiC composite coating is high, but its wear 
resistance is better than that of the Ni–P 
coating, chromium plating, cast iron substrate, 
and the phosphatising coating. Under the 
given experimental conditions, the wear 
volume of the Ni–P/SiC composite coating is 
the lowest. Authors [13] prove that the 
graphite presence in the samples is of great 
importance for the electroless nickel plating 
strength on cast iron. Evaluating the strength 
of the plating film by bending tests it is found 
that the film cracks on cast iron are initiated 
by the graphite existing at the interface 
between the plating film and the substrate 
and it depends on the amount increase of 
graphite than on the graphite shape. 

The aim of the present work is to 
investigate the microstructure and physical 
and mechanical properties of electroless nickel 
coatings with strengthening particles of 
detonation nanosized diamond ND, plated on 
the 17CrNiMo6 steel samples and spheroidal 
graphite cast iron. It is supposed the ND shape 
and particles size (4÷6 nm), as their specific 
nature and high surface activity ensure higher 
density and others functional qualities.   
 
2. MATERIALS AND INVESTIGATION 

METHODS 
 
On the 17CrNiMo6 steel samples and 

spheroidal graphite iron samples monolayer of 
nickel coatings are plated as double layer, 
consists of first nickel layer Ni and second layer 
of nickel with integrated particles of 
detonation nanosized diamond ND (Ni/Ni+ND). 
The EFTTOM-NICKEL technology for elctroless 
nickel plating developed in TU-Sofia is applied 
[14]. Detonation nanosized diamond with 
particles’’ size of 4÷6 nm is used as a 
strengthening material. Nanosized diamond is 
produced by explosive method, developed in 
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Table 1. Properties of Ni and Ni-ND coatings on 17CrNiMo6 steel samples 

Number 
of the 

sample 

Sample 
material 

Heat 
treatment 

 

Coating Microhardness 
НК0,02 

 

Thickness 
δ, μm 

 

Wear,
g 
 Composition Heat 

treatment 
1  

steel 
17CrNiMo6 

 

 
Normaliza- 

tion 

Ni - 494 8,7 7,5 
2 Ni 290 оС, 6 h 1452 8,7 5,8 
3 Ni /Ni + ND - 712 9,3 8,0 
4 Ni /Ni + ND 290 оС, 6 h 1112 7,3 4,8 

Table 2. Properties of Ni and Ni-ND coatings on ductile cast iron and ADI samples 

Number 
of the 

sample 

Sample 
material 

Coating  
Wear resistance 

I Composition Heat 
treatment 

Microhardness 
HK0,02 

Thickness 
δ, µm 

1 
 

ductile 
cast iron 

Ni - 430 10 0,27 .107 

2 Ni 290 oC, 6 h 878 9 0,31 .107 

3 Ni /Ni + ND - 466 8 0,30 .107 

4 Ni /Ni + ND 290 oC, 6 h 950 8 0,47 .107 

5 
 
 

ADI 

Ni - 538 9 0,37 .107 

6 Ni 290 oC, 6 h 850 8 0,31 .107 
7 Ni /Ni + ND - 588 8 0,44 .107 

8 Ni /Ni + ND 290 oC, 6 h 1112 7 0,49 .107 
 
SRTI-BAS [15]. The coating composition is 
shown in Table 1 and Table 2. 

Prior to plating process the samples are 
undergone trough normalization (Table 1). The 
iron spheroidal graphite samples are copper 
alloyed composition: Fe-3,63C-2,59Si-0,30Mn-
0,010S-0,034P-0,53Cu wt%. The spheroidal 
graphite cast irons and austempered iron 
samples ADI are used (Table 2). Austempering 
is performed under a regime: heating at 900°С 
1 h and austempering at 290°С, 2 h in salt bath.               

Two kinds of coatings are produced: 
electroless nickel coating (Ni) and composite 
nickel - nanodiamond coating (Ni/Ni+ND).  

The process of electroless nickel plating is 
held on one stage for the electroless nickel 
coating (Ni) and in two stages for the 
composite nickel - nanodiamond coating 
Ni/Ni+ND using developed “EFTTOM-NICKEL” 
Method: 

- Electroless Nickel layer formation process 
is performed at the following working 
conditions: 

 - pH = 4.6 ÷ 4.7 
      - T = (92 ÷ 95) °C 

 
- Coating time = 15 min (in one stage 

process; 10 min (in a two stage process). 
 - Optimal uses of the solution 7 ÷ 8 times 

per hour. 
Chemical process of nickelization is: 
3NaH2PO2 + 3H2O + NiSO4 à 3NaH2PO3 + 

H2SO4 + 2H2 + Ni  
Part of the sodium hypophosphite is 

undergone to reduction process with 
phosphorous formation:  

NaH2PO2      + H → H2O + NaOH + P 
Hereby the coating obtained is amorphous 

alloy consists of nickel and phosphorous.  
This layer works as a snubber in a two stage 

process, enhancing the coating ability to take a 
contact load and improves the adhesion 
between the sample base and coating. 

- Composite nanostructured Ni layer is 
formed by nickelization in an electroless nickel 
solution with addition of super hard particles. 
The work is carried out under the conditions, 
performed in the first stage of the plating 
process with particles concentration of: 2 ÷ 5 
g/l, determined in [16]. 
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     The comparative experimental study of the 
coatings’ wear is carried out. The wear 
resistance tests of the coatings plated on 
spheroidal graphite cast iron and austempered 
ductile cast iron substrates are performed in 
fixed grinder conditions on TABER – ABRASER 
test machine by developed by authors method 
[17]. While the wear of the coatings plated on 
the samples of 17CrNiMo6 steel are tested by 
friction wear tests performed under 50MPa 
loading conditions – in accordance with the 
Polish Standard PN-83/H-04302. 
    The samples surface microstructure before 
and after tribological test is investigated by 
scanning electron microscope РЭММА 101-А 
at magnification х1000. 
 
3. RESULTS AND ANALYSIS 
 

3.1. Electroless composite nickel coatings on 
17CrNiMo6 steel samples 

 
Figure 1 represent the coating view and the 

microstructure of the steel base (17CrNiMo6 
steel), obtained in an as-plated condition 
(Figure 1 a, b) and after thermal processing at 
290°С, 6h (Figure 1 c, d). The coating appears 
as a white strip, following the surface 
topography and filling defects as micro pores 
and micro cracks.  The samples are put to 
normalization before plating. The base 
material microstructure consists of ferrite and 
granular, sorbite shaped pearlite (Figure 1 a-d). 

The coatings thickness δ is 8, 7 µm for Ni-
coating and in the range of 7,3 – 9,3 µm for 
Ni/Ni + ND coating.  

Figure 2 and 3 show the X-ray diffraction 
(XRD) patterns of the tested samples. As Ni - 
coating and Ni/Ni+ND coating (samples 1      
and 3) show amorphous structure in an as-
plated condition (Figure 2). The peaks of the 
diffraction patterns angles at 44,6o (2θ) and 
64,8o (2θ) are due to the iron (Fe), containing 
in the substrate (steel 17CrNiMo 6). The 
coatings’ structure (as Ni and Ni/Ni+ND) 
becomes crystalline after thermal processing 
at 290оС, 6h (Figure 3). The diffraction 
patterns of the samples 2 and 4 prove the 
presence of Ni3P and Ni phases in the 
coatings’ structure. 

   

   

Figure 1. Microstructure of Ni (a, c) and 
Ni/Ni+ND (b, d) coatings on 17CrNiMo6 steel 

samples; a, b – coatings in as-plated condition;     c, 
d –thermal treated coatings at 290°С,6h  

 
Figure 2. X– ray diffraction pattern of  samples 1 
(Ni coating) and 3 (Ni/Ni+ ND coating) in an as-

plated condition 

The coatings microhardness in an as-plated 
condition and after thermal processing is 
shown in Table 1 and Figure 4 а. The thermal 
processing of the coatings at 290оС, 6h results 
in about threefold microhardness increase 
( from 494 НК0,02  to 1452 НК0,02 )  for  Ni 
coating  and about one and a half increase 
(from 712 НК0,02 to 1112 НК0,02) for Ni/Ni + 
ND coating. 
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Figure 3.  X– ray diffraction pattern of samples 

2 (Ni coating) and 4 (Ni/Ni + ND coating)   after 
thermal processing at 290°С, 6h. 

 

 
Figure 4. Microhardness HK 0,02 (a) and wear (b) 

of  Ni  and  Ni/Ni+ND coatings plated on steel 
17CrNiMo6 samples (Table 1) 

Coating microhardness increase after 
annealing at 290°С, 6h is related to dispersion 
strengthening by a reason of dispersive crystal 
phase formation of Ni3P. The higher 

microhardness of the 2 and 4 samples after 
heat treatment at 290°С, 6h explains their 
higher wear resistance (Figure 4b). 
 
3.2. Electroless composite nickel coatings on 
spheroidal graphite cast iron samples 

 
The results for microshardness HK0,02 

testing of different coatings are presented in 
Table 2 and Figure 5. Thermal treating after 
plating – hardening at 290°С for 6 hours 
increases the microhardness about 2 times. 
Highest microhardness is achieved in the 
coatings with nanosized diamond, deposited 
on cast iron (950 HK 0,02) and austempered 
cast iron ADI (1112  HK0,02) after thermal 
processing at 290°С for 6 hours. 

 
Figure 5. Microhardness HK 0,02 of Ni,  Ni/Ni + 
ND coatings , deposited on ductile cast iron 

(samples №  1-4) and austempered cast iron ADI 
(samples № 5-8) (Table 2) 

The microstructures of the padding and 
coatings are presented in Figure 6 and 7. The 
cast iron structure consists of ferrite, pearlite 
and graphite after casting (Figure 6a), while 
after austempering at 290°С, 2 h – of lower 
bainite and graphite (Figure 7a). The coatings 
appear as a white strip, following the sample 
surface relief (Figure 6 b; Figure 7 b). The 
coating thickness is in the range 7-10 μm 
(Table 2). 

The following could be concluded analyzing 
the received results of the wear testing (Table 
2 and Figure 8). The composite nickel coatings 
with nanosized diamond Ni/Ni+ND show 
higher wear resistance compared to this one 
of the samples coated with nickel. The 
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measured higher microhardness (Figure 5) of 
the thermal processed coatings (samples № 
2,4,6,8 in Table 2) compared to this one of the 
coatings without thermal processing (samples 
№ 1,3,5,7 in Table 2) corresponds to higher 
wear resistance (Figure 8).The lack of a 
correlation between the coatings 
microhardness and wear resistance of the 
sample 6, probably due to the low adhesion of 
the coating to the iron for the graphite 
presence in the iron structure. Maximum wear 
resistance (I = 0,49 .107) possesses sample № 8 
with coating Ni/Ni+ND after thermal 
processing at 290°С, 6 hours, which correlates 
with the maximum coating microhardness 
1112  HK0,02. 

  
Figure 6. Microstructure of ductile cast iron 

samples without coating (a) and with Ni (b) coating 
with thermal processing at 290°С, 6 h. 

   
Figure 7. Microstructure of austempered cast 

iron samples ADI without coating (a) and with  
Ni/Ni+ND (b) coatings with thermal processing at 

290°С, 6 h. 

Electron microscopic analysis of the 
samples surface before and after tribological 
testing (Figure 9) shows the following: 

In the initial state it is observed elements of 
a relief due to mechanical treatment of the 
samples (Figure 9 a, c). The coatings copy this 
sample’s relief. 

 
Figure 8. Wear resistance of cast iron samples 

(№ 1-4) and austempered cast iron samples ADI 
(№ 5-8) with Ni, Ni/Ni+ND coatings (Table 2) 

Figure 9. SEM images of surface structures:  coated 
sample surface without heat treatment before (a) 

and after (b) wear test; coated sample surface with 
heat treatment (290°C, 6 h) before (c) and after (d) 

wear test. 

The sample’s surface is changed after wear 
test. It is observed developed relief with 
furrows due to surface wear of the sample 
with coating without thermal processing (b) 
and single furrows due to surface wear of the 
coated sample with thermal processing at 
290°С, 6 h (d).  

The surface morphology peculiarities of the 
samples after tribological testing (Fig.9) 
correspond with the received results of their 
wear resistance (Figure 8). 
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3. CONCLUSION  
 
The following data are received for the 

coatings plated on the 17CrNiMo6 steel samples: 
- 1.6 to 3 times increase in the microhardness 

after thermal processing at 290°С, 6 h. The 
higher hardness heat treated samples correlates 
with the higher wear resistance;  

- amorphous structure of the coatings in 
as-plated condition;  

- crystal formation of Ni3P and Ni phases 
in the coatings’ structure after heat treatment 
at    290°C, 6 h.  

For the coatings plated on spheroidal  
graphite cast  irons  and austempered ductile 
iron (ADI) it is found: 

- Two times increase in the 
microhardness HK0,02 after thermal 
processing at 290°С, 6 h;  
      - 52% (for ductile cast iron) and 58% (for 
ADI) higher wear resistance for nickel coatings 
with nanosized diamond Ni/Ni+ND compared 
to this one of the coatings without ND after 
heat treatment at 290°С, 6 h.  
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Abstract: In this paper, mechanical and tribological properties of coatings intended for application in 
lubricant free high speed machining of hard materials such as hardened steel, are presented. Materials used 
for such an application should be resistant to abrasive wear, resistant to oxidation and thermally stable up 
to very high temperatures (≈800 °C). These requirements can be achieved by applying advanced nitride 
coatings on machining tools. In this study, nanocomposite TiSiN coating was deposited and characterized. 
Its properties were compared to TiAlN coating which has been mostly used coating for high speed 
machining in the last few decades. Both coatings were prepared in an industrial magnetron sputtering unit. 
Nanoindentation technique was used to measure mechanical properties. Tribological properties were 
evaluated by conducting ball-on-plate (alumina ball) tests in air. Stylus profilometry, scanning electron 
microscopy, and energy dispersive X-ray spectroscopy were applied to study generated tribo-tracks.  
We found that nanocomposite coating has considerably higher resistance to abrasive wear than 
monolayered TiAlN coating. Wear rate of TiAlN coating of ~14 x 10-6 mm3N-1m-1 was twice as high as wear 
rate of nanocomposite coating (7 x 10-6 mm3N-1m-1). On the other hand, almost no differences in friction 
coefficient were found. A value of around 0.75 was measured for both coatings. Higher wear resistance of 
nanocomposite coating is attributed to its higher hardness (HTiSiN = 46 GPa, HTiAlN = 24 GPa), higher cracking 
resistance (H3/E*2

TiSiN = 0.88, H3/E*2
TiSiN = 0.1), and lower surface roughness (SaTiSiN = 44 nm, SaTiAlN = 66 nm). 

 
Keywords: Nanocomposite coating, TiSiN, TiAlN, wear, friction, H3/E*2 ratio 

  
 
1. INTRODUCTION 
 

Increasing productivity, while decreasing 
production costs, along with meeting the 
harsh ecology standards is very demanding 
when it comes to tool materials. For high 
speed machining of hard materials, with low or 
without lubrication materials, materials of high 
hardness, high oxidation resistance, and high 
temperature stability are required. Even 
cutting-edge high-speed steels do not meet 

these requirements. Application of hard 
ceramic coatings on machining tools have 
proved as the best solution.  

Hard nitride coatings have been widely 
used for increasing the efficiency and lifetime 
of tools for several decades. Among them, 
TiAlN and CrAlN have been the most usually 
applied on cutting tools. Both coatings are 
characterized by high hardness (≈ 32 GPa), 
high oxidation resistance (≈ 800 °C), and high 
temperature stability (≈ 900 °C) [1–6]. 
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Nowadays, great attention is given to 
special nanocomposite coatings. Great 
attention is devoted to TiSiN coating which 
consists of TiN nanocrystals surrounded with a 
thin amorphous Si3N4 matrix. TiSiN coatings 
exhibit high hardness (> 40 GPa), high 
oxidation resistance (≈ 850 °C) and high 
thermal stability (up to 1100 °C) [7].  For 
increased oxidation stability Al can be added 
to TiSiN to form TiAlSiN nanocomposite 
coating [8]. 

In this study, conventional TiAlN and 
nanocomposite TiSiN coatings were deposited 
and characterized. Their mechanical and 
tribological properties are presented.  
 
2. EXPERIMENTAL DETAILS 
 

An industrial magnetron sputtering unit (CC 
800/9) was used for coating deposition. The unit 
is equipped with four DC powered magnetron 
sources. During deposition of both coatings only 
two sources were active. Nanocomposite TiSiN 
coating was deposited from TiSi targets, while 
TiAlN coating was deposited from TiAl targets. 
Thickness of both coatings was around 3.5 µm. 
Polished cold work tool steel EN X160CrMoV121 
was used as a substrate material. More details 
about coating preparation are given in the 
reference [9].  

Mechanical properties were determined by 
instrumented nanoindentation technique. For 
this purpose, Fischerscope H100C equipped 
with Vickers indenter was used. The maximum 
penetration depth was less the 10% of coating 
thickness. Oliver-Pharr method [10] was used 
to calculate hardness (H) and modulus of 
elasticity (E). Besides these two properties, 
H3/E*2 ratio was calculated and load at which 
coatings starts to crack was determined (Fcrack). 

Ball-on-plate test was used for evaluation of 
tribological properties. Test were conducted in 
atmospheric air which was at room 
temperature. As a counter-body an alumina 
ball with a diameter of 6 mm was used. All 
tests were conducted with the following 
parameters: linear speed of 5 cm/s, normal 
load of 5 N, stroke length of 5 mm, number of 
cycles from 1000 to 3000. 

Taylor-Hobson Form Talysurf Series 2 was 
engaged for 2D measurements of wear tracks. 
Same device was used for 3D imaging of 
surface topography prior to wear tests. 
Morphology of wear tracks was studied by 
scanning electron and atomic force 
microscopy. Energy dispersive X-ray 
spectroscopy was used for elemental analysis 
of wear tracks. 
 
3. RESULTS AND DISCUSSION 
 

Mechanical properties are presented in 
Table 1. Nanocomposite TiSiN coating is 
characterized by significantly higher hardness, 
lower modulus of elasticity, and markedly 
higher H3/E*2 ratio and cracking load.  

Table 1. Mechanical properties 

 TiAlN TiSiN 
H [GPa] 23.9 ±2.6 45.8 ±2 
E [GPa] 345 ±18 310.5 ±6 
H3/E*2 [GPa] 0.1 0.88 
Fcrack [mN] 75 200 

 
Large differences in mechanical properties 

can be attributed to large differences in design 
and microstructure of two coatings. TiAlN 
coating is of a single layer design, and as such 
grows in columnar fashion which is typical for 
magnetron sputtered coatings [9]. Relatively 
higher degree of porosity in columnar 
microstructure of this coating, and unhindered 
motion of dislocations inside crystalline grains 
are main mechanisms leading to lower 
hardness. On the other hand, TiSiN coating 
consists of tightly packed nanocrystals which 
size is around 5 nm. Absence of porosity 
between nanocrystals and of dislocation 
activity inside them are main factors leading to 
superhardness of TiSiN coating [9]. Due to 
different microstructure, these coatings also 
crack differently. TiAlN coating cracks 
preferentially by sliding of columnar grains 
[11]. On the other hand, inside TiSiN coating 
cracks form and propagate between 
nanocrystals with high amount of branching 
[12]. Thereby, higher load is required for crack 
initiation and propagation inside 
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nanocomposite coating than for sliding of 
columnar grains. Indeed, considerably lower 
load was needed to initiate cracks inside TiAlN 
coating than inside TiSiN coating (Table 1). 
Lately H3/E*2 ratio is used as an indicator of 
cracking resistance. In this study, H3/E*2 ratio 
correlates with the cracking load fully. 

Figure 1 reveals that growing defects, which 
are typical for PVD coatings [13], dominate 
when it comes to surface morphology of both 
coatings. However, wider and higher defects 
grow inside TiAlN coating. Accordingly, lower 
average surface roughness was measured on 
nanocomposite coating (SaTiSiN = 44 nm, SaTiAlN 
= 66 nm).  

 
Figure 1. Surface topography of: a) TiAlN, b) TiSiN 

coating. 

Curves representing change of friction with 
the number of cycles are presented in Figure 2. 
Friction curve of TiAlN coating exhibits three 
stages, running-in, transitional, and steady-
state stage. On the other side, for TiSiN 
coating steady state was not reached even 
after 3000 cycles. During running-in stage 
friction coefficient increases rapidly and 
reaches value of around 0.5 for both coatings. 
Transitional stage begins after approximately 
50 cycles with the decrease in friction 
coefficient. After short period friction 
coefficient continues to grow relatively steeply 
and without large sudden variations. For TiAlN 
coating steady value of 0.8 was reached after 

around 2100 cycles. Approximately same 
friction coefficient was recorded for TiSiN 
coating at the end of the test. 

 
Figure 2. Evolution of friction coefficient. 

Figure 3 shows that size of wear tracks 
progressively increases with the increase in 
cycle number which indicates that tribo test 
have good repeatability. Much deeper and 
wider wear tracks were produced in TiAlN 
coating. However, neither coating was 
completely worn-off after 3000 cycles.  

 
Figure 3. Wear track profiles of: a) TiAlN, b) TiSiN. 

2D profiles were used to calculate wear loss. 
For each coating, and each tribo test a number 
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of profiles was made in order to obtain 
realistic wear rate values. Calculated wear 
rates, along with friction coefficient, are 
presented in Figure 4. The presented values 
are average values of tests conducted with 
different number of cycles. On one side, both 
coatings are characterized by similar and 
relatively high friction coefficient of around 
0.75, which is typical for TiAlN and TiSiN 
coating in contact with an alumina ball [14,15]. 
On the other side, wear rate of TiAlN coating 
was twice as high as wear rate of TiSiN coating. 

 
Figure 4. Wear rate and friction coefficient. 

In order to better understand the 
tribological behavior of investigated coatings, 
tribo tracks were analyzed by scanning 
electron microscopy, energy dispersive 
spectroscopy, and atomic force microscopy. 
SEM images and results of EDS analysis of the 
tribo tracks produced after 2000 cycles are 
presented in Figure 5. Both tribo tracks are 
relatively smooth and clean. Wear debris are 
mostly agglomerated at the end of tribo tracks, 
and some smaller amount can be found at the 
edges of wear tracks. EDS analysis showed that 
main component of wear debris is oxygen. On 
the other hand, no oxygen was found inside 
the wear tracks, or around them.  

Considering that SEM is somehow limited 
when it comes to 3D representation, tribo 
tracks were further analyzed by atomic force 
microscopy. AFM images of the edges of the 
wear tracks produced after 2000 cycles are 
presented in Figure 6. These images confirm 
that wear tracks of both coatings are relatively 

smooth and without wear debris. However, 
wear track of TiSiN coating is considerably 
smoother, apart from several scars, the rest of 
wear track looks like it was polished. 

 

 
Figure 5. SEM images of wear tracks and results of 
EDS analysis: a) TiAlN, b) TiSiN. Points at which EDS 

analysis was made are marked with crosses. 

According to the EDS analysis, ratio of 
oxygen and aluminum inside wear debris does 
not correspond to the typical Al2O3. It may be 
presumed that a part of wear debris are oxides 
generated during wear test. Oxides regularly 
appear during wear test due to heating 
induced by friction [16,17]. Based on coating 
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composition, and on results of the EDS analysis, 
formation of TiO2 [18], Al2O3 [19], and smaller 
amount of SiO2 [20] might be expected. 
Presence of hard Al2O3 and TiO2 oxides in tribo 
contact, along with high hardness, i.e. high 
shear strength of TiAlN and TiSiN coatings, are 
key factors which lead to high values of friction 
coefficient of these coatings in contact with 
alumina ball. 

 

 
Figure 6. AFM images of wear tracks: a) TiAlN, b) 

TiSiN. 

SEM and AFM images, together with results 
of the EDS analysis suggest that main wear 
mechanisms of boat coatings were mild 
abrasion and tribochemical wear. However, 
abrasion marks are more pronounced for 
TiAlN coating, which has remarkably lower 
wear resistance when compared to 
nanocomposite TiSiN coating. Lower hardness, 
lower cracking resistance, and higher surface 
roughness are main factors leading to lower 
wear resistance of TiAlN coating. Due to lower 
hardness and porous microstructure this 
coating cracks much easier than 
nanocomposite coating. During cracking, hard, 

relatively large debris form, which in tribo 
contact intensify wear. On the other hand, 
cracks are not easily generated in 
nanocrystalline TiSiN coating. As a 
consequence, fine particles form and act as a 
polishing substance leaving smooth wear track 
(Figure 6b). 
 
4. CONCLUSION  
 

In this paper, study of mechanical and 
tribological properties of nanocomposite TiSiN 
and monolayer TiAlN coatings is presented. 
Owing to its nanocomposite structure, TiSiN 
coating is considerably harder, more resistant 
to cracking, and of lower roughness. 
Consequently, TiSiN coating expressed twice 
greater resistance to wear than monolayer 
TiAlN coating. Main wear mechanisms of both 
coatings were mild abrasion and tribochemical 
wear. High friction coefficient of around 0.75 
was recorder for both coatings. High shear 
strength and formation of hard oxides in tribo 
contact were main factors leading to such high 
values of friction coefficient. Based on the 
results of the presented study, it may be 
concluded that TiSiN coating have high 
potential to replace TiAlN coatings in high 
speed machining of hard materials. 
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Abstract: Aluminium and its alloys are widely used in the automotive and aerospace industries due to their 
high corrosion resistance, high specific strength (strength/weight) and thermal conductivity properties. 
Despite these advantages, its use is limited due to its low wear resistance. In industry, boric acid is used as a 
lubricant to reduce the wear rate of the metallic materials. In this study, aluminium and B4C reinforced 
aluminium matrix coatings were deposited on Al 6061 substrate by cold spraying method to obtain 
sustainable lubricity by considering the reaction between B4C and water. In that respect, microstructural 
characterization of the coatings was performed by X-ray diffraction analyses and microscopic examinations. 
Mechanical performances were executed with hardness measurements and wear tests in dry and water 
condition. Results of the experiments revealed that coatings were deposited without any discontinuities at 
the interface and any reaction between the constituents of the powder mixture. Furthermore, the hardness 
of the coatings increases with the addition of B4C. Coatings exhibited better tribological performance in 
water than dry medium. 
Keywords: Aluminium, B4C, wear, water lubricity, Cold Spray 

 
 
1. INTRODUCTION 
 
Due to its low weight and high specific 
strength, aluminium and its alloys have been 
widely used in the automotive and aviation 
industries in recent years. However, the low 
hardness and strength limit the use of these 
materials in tribological applications. Along 
with the developing technology, methods that 
increase the wear resistance of aluminium 
have been studied. One of the most prevalent 
methods today is ceramic particle reinforced 
aluminium based composite coatings [1,2]. 
Al2O3, SiC, and B4C compounds come to the 
fore in metal matrix composite coatings made 
to improve the tribological properties of 
aluminium alloys. However, Al-B4C composites 

are attractive material for applications with 
lower density, higher modulus of elasticity and 
higher specific stiffness, especially for abrasion 
and lightness, compared to Al-SiC and Al-Al2O3 
composites [3]. 

One of the methods used to improve the 
wear behaviour of materials is to use 
lubricants. However, the fact that oil-based 
lubricants are harmful to nature has forced 
scientists to find harmless lubricants [4,5]. 
Studies have shown that pure water can be 
used as a lubricant for ceramics [6-8]. 

According to the above explanations, we 
focused on to improve wear resistance of 
aluminium by utilizing water lubricity 
properties of B4C by depositing aluminium 
matrix B4C reinforced composite coating. For 

15th International Conference on Tribology – Serbiatrib ‘17 221



 

this purpose, pure aluminium and 60 vol.% B4C 
+ 40 vol.% Al powder mixtures were deposited 
by Cold Spraying method. Moreover, 
microstructural characterisations and 
reciprocating wear tests in dry and water 
conditions were performed to visualize the 
lubricity effect of water. 
 
2. MATERIALS AND METHODS 
 

In the present study, coatings were 
deposited on a 6061-grade aluminium alloy 
with a feedstock containing 60 vol.% B4C 
powder (Alfa-Aesar, irregular, <325 mesh, 
purity of %99) + Al powder (Alfa-Aesar, 
irregular, <325 mesh, purity of %99) and 100 
vol.% Al powder (Alfa-Aesar, irregular, <325 
mesh, purity of %99). RUSONIC Model K-201 
equipment was used for CS coating process. 1 
mm/s traverse speed was set and 6 bar (600 
kPa) inlet pressure of air was used for spraying. 
Beam distance, stand-off distance, and powder 
feeding rate were set as 2mm, 10 mm, and 3 
(equipment setting scale of 8), respectively. 

Phase analysis and microstructural 
examinations of the coatings were done by a 
X-Ray Diffractions equipment and an optical 
microscope, respectively. Phase analysis was 
made by GBC MMA XRD equipment using Cu 
Kα radiation (λ = 0.154 nm) at 35 kV and 28.5 
mA between angles of 20°-90° (0,020° step, 
2°/min scanning speed).  Leica DM750M 
optical microscope was used for optical 
analysis. The ratio of entrapped B4C in coatings 
are determined by Clemex Vision PE image 
analyser from the optical microscope images.  

 Mechanical properties were investigated 
by hardness measurements and wear tests 
under dry and water conditions. The hardness 
of the coatings measured by Wilson micro 
Vickers Hardness tester under a load of 200 
mN (HV0,02). Hardness of the coatings were 
determined as an average of ten successful 
indentations. 

Wear test were made by Tribotech 
reciprocating wear tester in dry and water 
conditions against Al2O3 ball which has a 
diameter of 6mm. Coefficients of friction (COF) 
were recorded during the test. 1N was used as 

test loads for all cases. Sliding velocity, total 
sliding length, and sliding stroke were set as 10 
mm/s, 30 m, and 5 mm, respectively. Coating 
surfaces were ground with 1200 grit SiC emery 
paper before the wear test to obtain flat 
surface. Width and depth of the wear tracks 
were measured by Veeco Dektak 6M surface 
profilometer and worn volume was calculated.  

 
3. RESULTS AND DISCUSSION 
 

Cross-sectional optical microscopic images 
and XRD patterns of the coatings deposited by 
containing Al and Al+60 vol% B4C are shown in 
Figure 1 and Figure 2, respectively. XRD 
patterns were shown that there is no other 
peak different from the feedstock (Figure 1). 
Only Al and B4C peaks are observed in the 
pattern. Optical microscope images are shown 
that the B4C particles were homogenously 
dispersed and porosities were barely detected 
in the structure (Figure 2). No discontinuity 
between the coating and the substrate was 
observed, which indicates a good bonding. 

 
Figure 1. XRD patterns of coatings deposited by (a) 

B4C Free and (b) 60 vol% B4C feedstock 

Table 1. The volume fraction of B4C’s entrapped in 
the coatings and surface hardness of coatings. 

Feedstock B4C in the 
coating (vol%) 

Hardness of the 
coating (HV200) 

Al - 67,4 ± 0,5 

60 vol% B4C 47,3 ± 0,4 82,7 ± 1 
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Table 1 shows the volume fraction of B4C’s 
entrapped in the coating and the average 
values of the coatings. Given that the CS 
process is based on the principle of particles 
crashing rapidly to the surface, the hardness of 
the coatings is increased due to the excessive 
plastic deformation during coating [9,10]. Due 
to the low plastic deformation capability of the 
B4C particles, the volume fraction of B4C in the 
coating is lower than the feedstock. This case 
can be related to the B4C particles bounce 
back during spraying [11,12]. 

Friction curves and 2-D wear track profiles 
of the coatings are presented in Figure 3 and 
Figure 4, respectively. In the case of wear in 
water condition, B4C reinforced coating has a 
significantly lower average friction coefficient 
than the B4C-free coating. The dry condition 
friction coefficient curve of the B4C-free 
coating is not available because of its higher 
friction coefficient than the measurement limit 
of equipment. In addition, it has been 
observed that B4C reinforced coating has a 
better average friction coefficient in water 
than dry condition. 

It can be stated that when the friction 
curves are examined, B4C reinforced coating 
showed a different friction characteristic than 
the B4C-free coating. B4C reinforced coating is 
given a fluctuating friction curve, while the 
B4C-free coating is given a near-line friction 
curve. 

 
Figure 3. Friction curves of the coatings under dry 

and water sliding conditions. 

 
Figure 4. 2-D wear track profiles of the coatings 

under dry and water sliding conditions. 

  In addition, B4C reinforced coating 
similarly has different friction characteristics in 
dry and water conditions.  According to the 
literature, water triggers the following 
tribochemical reactions during sliding [13,14]: 

Figure 2. Optical microscope images of the coatings deposited by (a) B4C Free and (b) 60 vol% B4C 
feedstock. 
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2/3Al + 2H2O = 2/3Al(OH)3 + H2                  (1) 

B4C + 8 H20 = 2 B203 + CO2 + 8 H2                (2) 

B203 + 3H20 = 2 H3B03                                    (3) 

It has been reported that boric acid (H3B03) 
has a lubricating effect on aqueous wear 
conditions [15-17]. Boric acid which is the 
result of the tribochemical reactions forms a 
lubricating layer between the surfaces thanks 
to its lamellar structure [16]. The fluctuations 
in the friction curve of the B4C reinforced 
coating in water condition indicate this 
formation. Boric acid layers which formed by 
local pressure and temperature increase 
during sliding are deteriorated due to load and 
pressure [14,16]. This case causes fluctuations 
in the friction curve.  

Figure 4 presents the 2-D wear track 
profiles of the coatings. Wear in water is 
generated notably smaller wear tracks than 
the dry sliding condition. Contribution of B4C 
also improves wear performance and allows 
for smaller wear track. Wear tracks of the B4C 
reinforced coating is fluctuated due to 
detached B4C particles during wear.  

 
Figure 5. Wear rates of the examined coatings in 

dry and water condition. 

Wear rates are calculated from the 2-D 
profiles of the wear tracks and presented in 
Figure 5. B4C reinforced coating is exhibited 26 
times better wear performance than B4C-free 
coatings in water. In addition, B4C reinforced 
coatings are exhibited 28 times better wear 
performance in water than dry condition. 

4. CONCLUSION 
 

Tribological performance of cold sprayed Al 
coatings improved by the addition of B4C 
particles. B4C contribution was more effective 
in water sliding conditions, due to the possible 
lubricating effect of the boric acid formed on 
the B4C particles. Therefore, water may be 
used as a lubricant with B4C that produce 
compounds with lubricant effect. 
Characterizations to prove the reactions 
occurring during friction and the resulting 
compounds are to be made in further studies. 
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Abstract: The most common thermal spray coating is CrC, commonly used arc spraying. Thermal spraying 
used in the automotive industry, aviation industry, power industry, textile industry, printing industry, 
medical industry, anti-corrosion industry. Different working conditions will affect the selection of paint and 
substrate selection, and one of the key parameters is the coating thickness (6 different thermal spray 
thickness). In this experiment, commercially available 316,2205 and C276 were selected as the thermal 
spraying substrate. Experiments with point - surface contact configuration, for measuring the influence of 
the microstructure and CrC coating thickness of the coating is abrasion wear behavior of unidirectional 
sliding conditions. The abrasion test is close to the actual working environment, with common working 
conditions: dry grinding, water, greases; 3 different loads. Spheres made of wear and 2.5 inch size tungsten 
carbide (WC). Due to the large number of experimental variables, all the variables will produce 162 test 
pieces, in order to simplify the number of test pieces, the application of Taguchi experimental method will 
be simplified to 6 test pieces. Preliminary observation CrC to wear behavior under different experimental 
variables, the experiment found that the greatest impact of the environment on the wear behavior. 
Experimental environment for maximum abrasion amount of water, and the specimen thickness and wear, 
and does not load the results of the experiment a significant impact. 
 
Keywords: Thermal spraying; microstructure; friction; wear; Taguchi experimental method 
 

 
1. INTRODUCTION 
 

Used in high-speed processing equipment 
components, the surface is often required to 
have high wear resistance, high corrosion 
resistance, the need for good friction and 
mechanical properties. Commercial coatings 
that conform to the foregoing properties are 
typically of a specific engineering application 
and are very thin in thickness and can not 
meet the wear of a high-speed machine under 
mutual operation. Thermal spray coating a few 
millimeters thickness; coating composition 

which is a mixture of various metal powders, 
metal powder melting at a high temperature, 
high pressure and then spraying it manner 
onto a substrate, so that the surface of the 
thermal spraying is generally very rough and 
mechanical properties will vary depending on 
the ratio of metal components subject to 
change. CrC is a common thermal spray 
coating, currently only know its performance 
for abrasive wear, erosion wear, sliding wear 
and heat wear and so on. Its mechanical 
properties and the applicable environment is 
not known, even MatWeb [1] material library 
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can provide the information is very few. And 
general thermal spray coating surface is very 
rough, can not be achieved using nano-
indentation related mechanical properties of 
the coating, which limits the applied thermal 
spray product development time. CrC thermal 
spray wear related information is rare. The 
goal is to assess the impact CrC thermal spray 
coating microstructure and thickness of the 
friction properties. 

 
2. EXPERIMENTAL PARAMETERS 
2.1 Substrate and spray material 
 

The basic principle of thermal spraying (Fig. 
1) is to heat the material melting, in the gas 
belt to send high-speed impact attached to the 
substrate surface, accumulation, solidification 
to form a film thickness or coating, to anti-
corrosion, rust, wear, adiabatic and other 
purposes. Selection of commercial 316,2205, 
C276 thermal spray base. The above three 
kinds of substrate made ø25 mm × 6 mm thick 
test piece, and then CrC powder to the arc 
thermal spraying method, spray to the test 
piece. While the thickness of the spray has 
0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 mm. 

 
Figure 1. Thermal spray schematic 

 
2.2 Experimental planning 
 

The experiment is carried out in a one-way 
point -to-surface structure (Fig. 2). The ball is 
1/2 inch tungsten steel ball. [2] [3] Side of the 
disc turning movement, the discharge test 
specimen, test temperature is room 
temperature。See Table 1 for experimental 
variables. If the experiment in accordance with 
Table 1 variables, there will be 162 with a large 

number of test pieces, it is necessary to 
simplify the number of test pieces. 

 
Figure 2. Ball on flat testing unidirectional testing 

Experimental conditions for a minimum of 
three factors, so the selection of the Taguchi 
method to simplify the perpendicular. Choose 
the simplified software Minitab16, with the 
results shown in Table 2. 

Table 2. Taguchi straightforward method 

No. Thickness
(mm) Substrate environment Load (g) 

Y1 0.05 2205 Wet grinding 1000 
Y2 0.10 2205 Oil grinding 1500 
Y3 0.15 316 Dry grinding 1500 
Y4 0.20 C276 Wet grinding 500 
Y5 0.25 316 Oil grinding 500 
Y6 0.30 C276 Dry grinding 1000 

 
3. RESULTS AND DISCUSSION 
3.1 Test piece and tungsten steel ball wear 
 

In this study, there are three wear 
environment, dry mill, wet mill(water), oil mill 
(greases). Fig 3 is a wear test specimen after 
the total mass is determined by Y1 in FIG test 
strip to be worn most, Y4 abrasion test strip is 
least, the experimental environment, the two 
test pieces are in the water; Y1 test load of 
1000g, Y4 load of 500g. 

 
Figure 3. Comparison of wear of test pieces 
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Oil mill experimental test piece of Y2, Y5, 
respectively 1500g load test and 500g. Dry 
grinding experimental test piece of Y3, Y6, 
respectively, 1500g load test and 1000g. Y4 & 
Y6 wear amount is very small, its value can 
directly be omitted. Figure 3 observed Y1 & Y4, 
Y2 & Y5, Y3 & Y6 three groups of different 
environments wear test piece, found that the 
amount of wear and load is not directly related. 
The test can also be interpreted load given for 
thermal spray coating CrC too light, despite 4 
thousand turn after wear, still can not CrC 
thermal spray coating do significant damage to 
wear. 

 
Figure 4. Comparison of WC Ball 

The chosen hardness of tungsten ball RHA 
92, is a conventional metal balls hardest 
material. Fig 4 is a mass after the ball test 
tungsten, Y1, Y2, Y3, Y6 in the value after 
abrasion is negative, showing a tungsten ball 
after the experiment, the weight of its mass 
than the mass before experiment. This 
phenomenon may be the test film in the wear 
process, the coating peeling off, the peeling off 
the debris happens to wear trajectory, so 
tungsten steel ball once again through the 
wear trajectory, the debris was adhered to the 
tungsten steel ball, quality after the 
experiment than before the experiment heavy. 
Y4, Y5 quality is positive, but its value is very 
small, may be due to the quality of the process 
before and after the test, the air dust or the 
measurement vehicle is not clean and clean 
dust adhesion to tungsten steel ball. 
 
3.2 SEC Photo 
 

Fig 5 is a photograph after the SEC 
experiment, the wear track was observed 
under different conditions, two kinds of photo 

capture SEC magnification, magnification X100, 
X500. The wear trajectory recognition is 
Y4>Y1>Y3>Y6>Y5>Y2，Y4 & Y1 is wet grinding; 
Y3 & Y6 is dry grinding; Y5 & Y2 is oil mill. The 
wear track, found in the state of the 
environment of water, the test strip is the 
most severe wear, and can also be found 
within a track has a coating flaking 
phenomenon. This phenomenon is possible, is 
a component of the CrC coating in the water 
to produce a chemical reaction, to promote 
the coating easy to wear. Fig 5 is a test piece 
Y1 & Y3 obvious track, or the coatings can be 
removed in the abrasion entire course of the 
experiment. SEC can only watch the faces of 
the specimen track, wear track can not get 
other features; It is then used to retrieve the 
function test strip EDS more specific location 
and obtain the analysis component, in order to 
facilitate understanding after the abrasion test, 
the change of the coating composition. 
 
3.3 EDS 
 

Fig 6 is a table showing experimental 
component coating material of the three 
substrates. Each test piece is extracted from 5 
to 7 EDS photos, due to limited layout, this 
article each environment to take a test piece 
of EDS photos, to explore the wear test, the 
test piece changes. 

Fig 7 shows the EDS of Y1. Fig 7-a is a result 
of composition analysis, and thermal spray 
coating the surface topography capture point. 
Fig 7-b shows the surface morphology of the 
wear trajectory and the results of the analysis 
of the capture points. The red box represents 
the components that are not shown in Fig 6-a 
& Fig 6-b. 

Fig 8 shows the EDS of Y2. Fig. 8-a is a result 
of composition analysis, and thermal spray 
coating the surface topography capture point. 
Fig 8-b shows the surface morphology of the 
wear trajectory and the results of the analysis 
of the capture points. The red box represents 
the components that are not shown in Fig. 6-a 
& Fig. 6-b. 
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Figure 5. SEC photo based on design results in Table 2 (X100, X500)

 

 
  

a. Coating composition b.2205 c.316 d.C276 

Figure 6. CrC thermal spray coating and substrate composition 

    

a. Coating original morphology & Spectrum b. Wear trajectory morphology & Spectrum 

Figure 7. Y1 Original and Wear Traces within X500 EDS Photo 

  

a. Coating original morphology & Spectrum b. Wear trajectory morphology & Spectrum 

Figure 8. Y2 Original and Wear Traces within X500 EDS Photo 
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a. Coating original morphology & Spectrum b. Wear trajectory morphology & Spectrum 

Figure 9. Y31 Original and Wear Traces within X500 EDS Photo 

Fig. 9 shows the EDS of Y1. Fig 9-a is a result 
of composition analysis, and thermal spray 
coating the surface topography capture point. 
Fig 9-b shows the surface morphology of the 
wear trajectory and the results of the analysis 
of the capture points. The red box represents 
the components that are not shown in Fig 6-a 
and Fig 6-c. 

From Fig. 7 - 9, the results of the spectrum 
can be found in the value of x is the largest 
and each analysis of the table are, this 
phenomenon may be after the experiment, 
with propanol cleaning test pieces and remain. 
The other elements of composition analysis 
arise, because the content ratio of less than 
10%, it can be ignored explored. 
 
4. CONCLUSION 
 

Fig 3 observed Y1 & Y4, Y2 & Y5, Y3 & Y6 
three groups of different environments wear 
test pieces, found that the amount of wear 
and load is not directly related. 

Fig 5 shows that the coating thickness of 
this experiment is not absolutely related. 

Fig 5 shows the wear trajectory, found in 
the state of environmental water, the test 
piece is the most serious wear, not generally 
recognized dry grinding. The reason may be 
composed of some of the ingredients within 
CrC, chemical reaction with water, and the 
coating which easily cause abrasion. 
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Abstract: Magnesium alloys are attractive lightweight materials for the applications of aircraft-aerospace, 
chemistry, food, biomedical, automotive, electric-electronic, and communication industries. Besides 
magnesium and its alloys exhibit low density and high strength/weight ratio, their applications are broadly 
limited due to their low corrosion resistance and poor wear characteristics. To overcome these limitations, 
various surface modifications and coatings are applied on magnesium alloys, however many of the surface 
modification techniques have difficulties arising from low melting point of magnesium alloys, distortion and 
undesirable microstructure owing to excessive heat, environmental drawbacks or incapabilities to coat 
complex structures. Therefore, low temperature processes are gaining attention for protecting magnesium 
alloys from corrosion- and wear-related damages without altering the microstructure of the alloy. 
In the present study, cold gas dynamic spraying (CS) and micro arc oxidation (MAO) processes were applied 
subsequently on AZ91 magnesium alloy at low temperature conditions (<200 C). One group of samples was 
covered with monolithic aluminum and the other group was covered with a mixture of powder containing 
aluminum and copper. Later, the CS’ed layers were oxidized by MAO process in order to generate a 
protective alumina layer over AZ91 magnesium alloy. The effect of copper addition into the aluminum 
powder on the mechanical behaviour of the multi-layers were investigated in details. 
 
Keywords: AZ91 magnesium alloy, aluminium, cold gas dynamic spraying, micro arc oxidation, oxide 
coating. 

 
 
1. INTRODUCTION  

 
Micro-arc oxidation (MAO) is a process that 

has used to form an oxide layer on the surface 
of the coating at low process temperature and 
in the environment friendly electrolytes [1]. It 
is possible to oxidise light metals such as 
aluminium, magnesium, titanium, etc. 
Corrosion and wear resistances of the metal 
substrate can be significantly improved by this 
method [2,3]. On the other hand, brittle and 
the porous nature of the oxide layer formed by 

the micro-arc oxidation process may reduce 
the fatigue resistance of the substrate in 
contrast to high surface hardness [4]. The 
effect of the process could be generated from 
easy propagation of the cracks because of the 
imperfect structure and brittle characteristics 
of the oxide layer. 

In the scope of these explanation, we focus 
on the elimination of drawbacks about fatigue 
performance of the micro-arc oxidised 
samples by incorporated copper powders with 
different ratios which cannot be oxidised. In 
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this study, we characterised tribological 
performance of the oxide coatings with and 
without copper addition to determine the 
effect of copper to the oxide layer. In this 
sense, cold spray (CS) and MAO processes 
were sequentially applied to obtain multilayer 
coating on magnesium substrate containing 
oxide layer at the outermost surface and 
metallic layer beneath it. Moreover, X-Ray 
diffraction (XRD) and scanning electron 
microscopy (SEM) examinations were utilized 
for microstructural characterisation. Scratch 
and dry sliding wear tests were performed for 
tribological characterisation of the coatings. 

 
2. MATERIALS AND METHOD  

 
Cylindrical samples cut from AZ91 rod were 

used as the substrate. Prior to MAO process, 
monolithic aluminium and aluminium/copper 
mixtures were sprayed on the samples by CS 
process. The amount of copper added to 
aluminium powders were 30 and 60 wt.%. CS 
process was conducted by Rusonic Model K-
201 equipment so that feeding powders were 
accelerated by air at inlet pressure of 6 bar. 
The CS layers were gently grinded and 
polished prior to MAO process. MAO was 
employed in sodium aluminum oxide (NaAlO2, 
Alfa Aesar), potassium hydroxide (KOH, 
Aldrich) containing electrolyte. The positive 
and negative voltages were selected as 400 
and 80, respectively. During the MAO process 
the temperature of the electrolyte was kept at 
20 ± 2 ˚C by the cooling system in order to 
regulate the chemical reaction rate on the 
surface of the samples. After the MAO process 
samples were cleaned ultrasonically in ethyl 
alcohol, distilled water and dried in air. 

The surface morphology and cross-sectional 
microstructural analyses were conducted by a 
scanning electron microscope (SEM, Hitachi 
TM-1000). Phase composition of the coatings 
was examined between 20-80° 2θ degrees 
using X-ray diffractometer (XRD, GBC, MMA 
027) with a Cu-Kα source. The accelerating 
voltage and applied current were 35 kV and 
28.5 mA, respectively. The adhesion and 
scratching characteristics were examined by a 

micro-scratch tester (CSM Instruments). The 
wear resistance of the samples in dry sliding 
conditions were evaluated by utilizing a 
computer controlled reciprocal wear tester 
(TriboTechnic Oscillating Tribometer). 6 mm 
silicon nitride ball was used as abrasive tool 
and sliding speed was 10 mm/s. The sliding 
distance, length of the wear track and load 
were 25 m, 5 mm, and 3 N, respectively. The 
wear area (µm2) was calculated from the wear 
track cross-section by a profilometer (Dektak 
Veeco 6M). Relative wear resistance (RWR) of 
the samples was calculated as the ratio of the 
lowest wear area sample to the wear area of 
other samples. 
 
3. RESULTS AND DISCUSSION 

 
The XRD spectra belonging to the MAO-Cu-0, 
MAO-Cu-30 and MAO-Cu-60 samples are 
shown in Figure 1. On the XRD spectra, peaks 
of α-alumina, γ-alumina and aluminium were 
detected for all the samples. It should be 
mentioned that copper peaks have been 
detected and increased with the higher 
amount of copper in the mixture sprayed on 
the substrate. Peaks of aluminium appeared 
owing to the penetration of X-rays beyond the 
oxide layer. A small amount of copper oxide 
was observed in the spectrum of MAO-Cu-60 
due to oxidation of copper during MAO 
process, however, the amount of copper oxide 
was relatively lower than alumina in the oxide 
layer.  

 
Figure 1. XRD spectra of samples after MAO 

process. 
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Surface SEM micrographs of the oxidized 
surfaces are presented in Figure 2. According 
to the SEM micrographs of the surfaces, the 
oxide layer on Cu-free MAO sample was 
covered with micro-pores with different sizes 
so that their characteristic porous nature was 
identified. The pores were homogenously 
distributed on the surface of the oxide layer. 
However, with the addition of copper into the 
CS’ed layer caused discontinuities on the 
surface as seen in Figure 2(b)-(c). The addition 
of 60 wt.% altered the coating surface 
morphology and created deep valleys and 
irregular pores.    

 
Figure 2. Surface SEM images of MAO’ed 

samples, (a) MAO-Cu-0, (b) MAO-Cu-30, (c) 
MAO-Cu-60. 

Cross-sectional SEM micrographs of the 
oxidized samples are shown in Figure 3. Cross-
section SEM examinations revealed that 
oxidized surfaces were covered with an oxide 
layer and the thickness of the samples are 
decreasing with increasing amount of the 
copper in the CS’ed layer (from about 20 µm 
to 10 µm). The copper particles were easily 
observed as the shiny particles embedded in 
the CS’ed layer as shown in Figure 3(b)-(c). 

 
Figure 3. Cross-sectional SEM micrographs of 

MAO’ed samples, (a) MAO-Cu-0, (b) MAO-Cu-30, 
(c) MAO-Cu-60. 

SEM micrographs of the scratch tracks for 
MAO’ed samples are shown in Figure 4. Due to 
high thickness and brittle microstructure of 
MAO-Cu-0 samples, cracks arising from the 
scratch track were easily observed on the 
surface. However, it is obviously seen that 
copper addition into the CS layer prevented 
the formation of cracks. This phenomenon can 
be explained by a beneficial composite 
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combination of alumina and copper containing 
aluminium layers generating a hard but also 
ductile multi-layer coating on AZ91 
magnesium alloy. 

 
Figure 4. SEM micrographs of scratch tracks of 

MAO’ed samples, (a) MAO-Cu-0, (b) MAO-Cu-30, 
(c) MAO-Cu-60. 

The friction coefficients of the wear tests at room 
temperature and under 3 N load under dry sliding 
conditions are shown in Figure 5. It can be seen 
that both samples containing copper in the CS 
layers showed relatively lower friction coefficient 
than MAO-Cu-0 sample during their startup 
periods. However, friction coefficient of MAO-Cu-

60 showed a rapid increase and reach to a value 
nearly similar to that of MAO-Cu-0 sample in the 
end of the wear test. Unlike the MAO-Cu-60 
sample, MAO-Cu-30 sample exhibited a nearly 
stable friction coefficient curve until the end of the 
wear test. 

 

Figure 5. Friction coefficient curves recorded 
during wear tests for MAO’ed samples. 

The RWR values calculated from the cross-section 
profiles are illustrated in Table 1. It is suggested 
that the MAO-Cu-30 sample exhibited higher RWR 
than MAO-Cu-0 and MAO-Cu-60 samples. While 
the friction coefficients of the MAO’ed samples 
were of concern, the high wear resistance of MAO-
Cu-30 sample was consentient with these results. 
Reduced friction coefficient of MAO-Cu-30 sample 
may be explained by lubricating effect of copper 
oxide formed during sliding [5-7]. However, higher 
amount of copper reduced the wear resistance 
possibly due to the generation of inhomogeneous, 
thin and porous MAO layer. 

Table 1. RWR values calculated from the wear 
tests. 

Sample MAO-Cu-0 MAO-Cu-30 MAO-Cu-60 
RWR 1.5 2.1 1 

 
4. CONCLUSION 
 
The MAO coatings exhibited different 
structural and wear characteristics with 
respect to the copper content of the CS 
layers. While 30 wt.% copper addition into 
the CS layer improved the wear and scratch 
behaviours, 60 wt.% copper in the 
microstructure of CS layer altered both 
microstructural and tribological 
performances. 
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Abstract: The objective of this research based on samples taken from the real system of exploitation, comes 
to value of tribological parameters that are taking place in the boundary lubrication under high contact 
pressures and low sliding speeds. Various sliding speeds and pressure contact have been performed with 
materials taken from valves which have a constructive possibility of lubrication and are on the gas pipeline 
system J.P. “Serbiagas”. The analysis of the obtained values shows that the coefficient of friction decreases 
with increasing the contact load. 
 
Keywords: boundary lubrication, contact, grease, pressure, sliding  
 

 

1. INTRODUCTION 
 

Determining the hermetic, leakage of 
stopping organ wich play a critical role in the 
pipeline system is one of the very complex 
requirements uprising from the nature of 
stopping organs function – valves wich are at 
numerous of cases buried togather with the 
pipeline and the level of their hermetic level in 
that case is very hard to detremined. In the 
event of an accident or need for stopping of 
natural gas play a important role. Not a small 
number of times the requirements for valve 
leakage were disturbed and caused multiple 
additional operations on pipeline and 
increased costs. In responsible sections of the 
gas pipeline as well as distribution nods are in 

use lubricating ball valves larger diameters 
(from DN 400 ÷ DN 1200, expressed in mm). 
 Contact compounds inside the valves which 
need to hermetic are under enormous forces 
with low speed sliding of materials in 
connection. They can be contact-type metal-
metal and metal - PTFE (or the corresponding 
polymer). Almost every ball valve has the 
ability to be injected with grease of special 
formulation so that we have three body 
contact. Tribological system is defined by two 
contact element while the third element is a 
grease and all ball valve is under high pressure 
of 50 bar as well and more in natural gas 
environment. 
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2. OBJECT OF INVESTIGATION 
 
The aim of this research is that on the basis of 
samples taken from the real system, valves, 
which were in service and parts that establish 
contact, along with the formulated grease 
FAM 2 through model testing occurs 
tribological values of parameters that have so 
far been unknown. 
The area in which observed tribological 
process operates belongs to boundary 
lubrication and there is no possible access to 
"brightness" phenomenology than the 
experimental research, that was done in this 
case at the Faculty of Mechanical Engineering 
in Kragujevac on tribometer TPD-93 and 
belong to a group of model tests. 
 

 
Figure 1. Measuring equipment for tribological 

tests 

Figure 2. Scheme of dynamometer 

Material for making balls, in ball valves AISI 
420 with the following characteristics chemical 
composition and mechanical properties, are 
shown in Table1. 

Figure 3. Geometry and drive of block 

Table 1. Chemical composition and mechanical 
properties of AISI 420 
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(Martensitic steel)[8]. 
Features thermoplastic material PTFE 
(polytetrafluoroethylene) with 25% glass 
phase for the blocks are given in Table 2. 

Table 2. Physical, mechanical and thermal 
properties of PTFE with 25% glass phase [8] 

Performance Unit PTFE +25% 
Glass phase 

Density g/cm2 2,24 
Breaking strength N/mm2 14 

Elongation % 250 
Hardness 

indentation ball N/mm2 31 

Thermal 
conductivity W/mk 0,35 

The thermal 
coefficient of 

linear expansion  
K-1 1,0∙10-4 

Temperature 
range of 

application  

oC -200 +260 

 
Disk 
Material  
Ball 
AISI 420 
 
 
 
Block 
Material 
PTFE+25% glass 
phase 

Measurement 
cell 
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Figure 4. Enlarged part of the samples of metal 
balls. The body of valve and PTFE sealing ring (lost 

contact geometry due of exploitation process) 

In Figure 4 are shown enlarged part of the 
samples of metal balls. On the body of valve 
and PTFE sealing ring are visible loss of contact 
geometry due of exploitation process. In 
Figure 5 is shown layout of blocks made of original 
sealing ring material for study. On the figure 6 is shown 
the process of making discs of selected 
material from the valve sphere in exploitation 

 

Figure 5. Layout of blocks made of original sealing 
ring material 

Figure 6. The process of making discs of selected 
material from the sphere in exploitation 

3. EXPERIMENTAL TEST RESULTS 
 
 The study included the determination of 
the coefficient of friction tribological couple 
"block (PTFE) - disk (big ball AISI 420)" with the 
use of grease FAM 2. During the tests change 
were the sliding velocity and normal load. The 
obtained results are shown in Figure 7 - 10th[7] 
The conditions during the experiment were: 
Type of grease: grease FAM 2, from the 
manufacturer FAM Kruševac. 
Block: Polytetrafluoroethylene -PTFE 
Disk: Great ball-VK, material AISI 420 
Normal load: Fn = 100 N, 200 N  
Time test: t = 10 min 
The sliding speed of values were: v = 0.3 m/s, 
0.5 m/s 

Figure 7. Coefficient of friction versus time 

Figure 8. Coefficient of friction versus time 

Figure 9. Coefficient of friction versus time 
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Еxperiment 1 
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Figure 10. Coefficient of friction versus time 

Sliding speeds, normal load and average 
values - "calculated value" coefficient of 
friction during the test with a lubricant FAM 2 
and tribo couple; block - PTFE and disc - Ball 
AISI 420, is shown in Table 3.  

Table 3. The calculated values of the coefficient of 
friction for the investigated conditions [7] 

Grease FAM 2 FAM 2 FAM 2 FAM 2 

Sl
id

i
ng

 
ve

lo
ci

ty
 

0.3 m/s 0.5 m/s 0.3 m/s 0.5 m/s 

N
or

m
al

 
lo

ad
 

10 daN 10 daN 20 daN 20 daN 

Av
er

ag
e 

va
lu

es
 o

f 
fr

ic
tio

n 
co

ef
fic

ie
nt

 

0.
01

6 

0.
01

1 

0.
00

9 

0.
00

7 

 -Note about the way of calculating the 
coefficient of friction 

Grease is due to the high density and high 
adhesion to a disc accumulate on the block 
directly to the contact, hardly passing through 
contact area and measurement console of 
dynamometer was moving backward – 
oppositely from the rotating disc direction. 
For these reasons, the measuring device 
registered a "negative coefficient of friction." 
 In these diagrams, the friction coefficient 
must be replaced by another term - 
"calculated values" as the ratio between the 
measured forces which load the carrier block 
in the direction of sliding speed and normal 
load Fn. 

Due to this phenomenon on measuring 
equipment, in order to determine mean values 
during this test was performed segmentation 
of the curve values that is in negative area.  Its 
display is expressed as an absolute value of 

measured values to obtain a measure of the 
"friction coefficient", which, is seen from the 
physical aspect cannot be negative. 
 
4. ANALYSIS OF RESULTS OF EXPERIMENTS 

 
 When lubricants FAM 2 (participation in the 
composition of MoS2) revealed a large 
adhesive power of stickiness (capacity) 
retention on the surface. This caused the 
accumulation of grease in front of the disc and 
block. As a result, there was a moving of 
measuring console in the opposite direction, 
thus measuring device registered it as a 
"negative" coefficient of friction. In fact, this is 
expressed as a calculated value. The calculated 
value shows the characteristic traits that 
increase the load reduces the measured 
values, with 100 N to 200 N. Shown in Figure 
11. [1,2,3,4] 
 

 

Figure 11. Mean values obtained by recalculating 
of the measured values [7] 

 
 Effect of MoS2 composed specially 
formulated lubricants FAM2 and operation of 
PTFE with 25% glass phase in tribological test 
pair contributed to the synergistic effect that 
can be seen in Figure 11. The decline in the 
coefficient of friction.  

The MoS2 has excellent adhesion properties 
and high strength to cope with direct 
application to the surface (in this case the 
material AISI 420) while PTFE due fillers (filling) 
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in its matrix significantly raises the abrasive 
properties.  

Improved anti-wear properties, with 
accessories can be the reason of forming a 
continuous and strong adhesive film that is 
transferred to the contact surface in contact 
with PTFE.  

PTFE shows on the basis of experiments, 
decline of friction coefficient with increasing 
slip stress (load), which is illustrated and 
displayed in the results shown in Figure 11 and 
which are in accordance with the 
phenomenology [1,2,3,4]. 

In the Table 4 are shown characteristics of 
grease FAM 2 used in experiment. 
 
Table 4. Characteristics of grease FAM 2 

PRODUCT TYPE  FAM 2 

Characteristics Method  
Color Visually Black 

Look at 200S Visually Homogenous 
Unworking 

penetration,mm/10 
ASTM D 
217 

175-205 

NLGI ASTM D 
217 

4 

Dropping point,0S ASTM D 
2265 

>300 

Oil separation,% BS 2000 
part.121 

0 

Slip tendency 
4h/1000C 

GOST 
19538-74 

- 

Resistance to water, 
degree 

DIN 51 
807/1 

 

15 min/900C  0 
3 h/900C  1 

Corrosion 
Cu,3h/1000C 

ASTM D 
4048 

1 

Corrosion 
Cu,24h/1000 C 

ASTM D 
4048 

1 

[FAM laboratory] 
 
5. CONCLUSION 

 
 An experimental tribological research with 
samples taken from the real system (after 

several years of exploitation) in the field of 
boundary lubrication, gave a collective of 
experimental results so far, due to their nature 
were not so known. 
 Successful experimental research has 
shown that there is great potential for further 
research in this area and the impact on safety 
and reliability of operation of valves on the 
system of JP "Srbijagas". 
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Abstract: The article presents some research conducted in the Hydraulics and Pneumatics Research Institute 
INOE 2000-IHP, Romania, regarding the determination / evaluation of the total resistant frictional forces, 
that occur during the switching process of directional control valves used in hydrostatic drives. In the first 
part of the paper, there are presented some theoretical considerations on the possibility of quantifying / 
assessing / calculating the total frictional forces that needed to be known, to be overcome in switching 
process by the actuating mechanism, in order to change the direction of fluid flow. In the second part, the 
paper presents some experimental results obtained in the laboratory, which emphasize not only the value of 
these resistant forces, but also the dynamics of switching process of directional control valves, and, through 
the presented results, the article demonstrates its important practical value. 
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1. INTRODUCTION  
 

It is known that in the structure of 
hydrostatic drive systems, in addition to the 
hydrostatic pumps and motors, an important 
role is played by elements directing the flow of 
pressurized fluid, currently known as the 
directional control valves.    
In terms of construction hydraulic directional 
control valves are classified in: directional 
spool valves, directional ball valves, directional 
cam valves, directional poppet valves, seal 
closing valves, but the most used are 
directional spool valves.  
For carrying out the process of directing fluid 
under pressure or to stop it, it is required a 
certain way to generate the switching force of 

the spool valve, force that can be generated: 
in a manual, hydraulic, pneumatic, electric etc. 
way.  

The force required for switching / moving 
the spool of directional valve includes several 
types of forces and it depends on several 
factors, namely: working pressure, flow 
conveying through, speed of the fluid through 
the directional valve, fluid viscosity (viscous 
friction), dry friction (Coulomb) coefficient, etc.   
Generally, a directional valve, Figure 1, 
comprises the following major components: 
body of the directional valve (1), spool (2), 
compression springs (3), and depending on the 
drive various subparts are attached, for 
example two electromagnets (4) or a drive 
mechanism (5) [1]. 
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a)  

 

b) 

Figure 1. Spool hydraulic directional control  
valve [1] 

The spool (or distributor) is the mobile 
element that connects the inlet port (P) to the 
outlet ports (A, B); the outlets, and in some 
versions also P, are also connected to the tank 
(outlet port T). 

There are directional valves with 2, 3 or 4 
ports or ways, and 2 or 3 working positions 
(E.g. 4/2, 4/3). 
During the switching operation, which is 
performed by the movement of spool, the 
drive mechanism (actuating mechanism) must 
develop the force necessary to overcome the 
resistance forces.   

That's why, it is very important to 
determine the resistance forces in both 
theoretical and the experimental way, 
especially when a drive electromagnet must 
be designed.  

It is known that single stage directional 
valves are preferred because they are cheaper 
and most reliable, but increasing the rated size 
of coils / solenoids, electric actuators, they no 
longer cope, no longer develop the force 
required to switch spool, so for large sizes , i.e. 
high flow rates, there are preferred multistage 
directional valves [2].   

The article presents theoretical 
considerations concerning the determination 
of resistance friction forces, and in the second 
part we present an experimental research that 
led to the determination of resistance forces 
when switching the directional control valve 
from a working position to another. 

2. THEORETICAL CONSIDERATIONS ON 
QUANTIFYING TOTAL REZISTANT FORCES 
 
     Switching the hydraulic directional control 
valve from one position to another, for 
example, to achieve the flowing of the fluid Q 
under the pressure p transmitted by the pump 
through the port P to the hydraulic consumer 
connected to the port A of the directional 
valve where the flow rate Q1 reaches, as a low 
flow rate qa drains through metal-to-metal 
seal of spool, as shown in Figure 2, the 
actuator must develop an axial force Fax at 
least equal to or greater than the sum of 
forces opposing the movement of spool [3]. 

 
Figure 2. The fluid flow when switching spool  

From Figure 2, it can be noted that, in 
addition to the dynamic forces related to the 
spool movement, of mass m, it entrains a 
quantity of fluid that is on the length L 
between the ports P and A, which varies over 
time, and a frictional viscous force which 
depends on the speed of movement v and the 
viscous friction coefficient f. In addition to 
these dynamic forces that vary over time, 
there also occur static forces represented by 
the force in the spring which varies with spool 
stroke x an spring constant r, and also the 
hydrodynamic force of the flow of fluid stream 
through the distributor, which is calculated on 
the basis of theorems of impulse and kinetic 
momentum, Euler’s theorems, leading finally 
to the relation:  

          (1) 

where: ρ is the fluid density, v is the velocity of 
flow through the directional valve, S is the 
section through which flow rate Q of the fluid 
is flowing. As shown in Figure 2, the flow takes 
place at an angle θ of about 69°, so that the 
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projection of the axis of directional valve is 
given by the following equation: 

          (2) 

Writing the balance equation through 
projection of the direction of travel, on the X 
axis, of all static and dynamic forces 
mentioned above, there is obtained the 
required axial force to be developed by the 
actuator of the directional valve (solenoid, 
etc.) according to the equation below: 

 

 

 

(3) 

In addition to the forces considered, in 
spool switching there also occur others; more 
significant is the bonding force, commonly 
called stick-slip, which is important to the long 
stay of the spool on a certain position. 

Stick-slip is the spontaneous jerking motion 
that can occur while two objects are sliding 
over each other, with a corresponding change 
in the force of friction.  

If the directional valve is left to stand under 
pressure for a few moments, in the next 
switching the stick-slip phenomenon occurs, 
which results in a higher than the normal 
operating resistance. 

This additional resistive force disappears 
after several successive switching operations 
of the directional valve. 
To reduce these forces, there is practiced 
execution of radial channels, called grooves, 
on the spool surface.    

On the one hand, this force is added to the 
calculated value, and on the other hand it 
causes discontinuity of the spool movement, 
respectively of the supplied flow, and finally 
discontinuity of the hydraulically driven 
working machine. 

But these bonding forces are difficult to 
assess, so it is necessary to experimentally 
determine total resistance forces that occur 
when switching the spool of hydraulic 
directional valve.  Such an experimental 
determination is shown in the following. 
 

3. PRESENTATION OF EXPERIMENTAL 
RESEARCH INFRASTRUCTURE 
 
In order to determine the total resistance 

forces occurring during operation of 
directional valves, there has been designed 
and developed an experimental device, able to 
simulate, in the laboratory, the real operating 
conditions of a directional valve. 

This device has been installed on a test 
bench arranged with help of some 
components existing in the laboratory, capable 
of generating the working fluid on the 
pressure and, also, a working device to assure 
the working load.    

 
3.1. Constructive principle of the 

experimental device 
 

The principle at the basis of developing the 
experimental device has consisted in using a 
manual directional control valve, being in the 
current manufacturing of company REXROTH 
BOSCH GROUP, from its market documents [4], 
shown in figure 3. 

 
Figure 3. Manual directional control valves [4]. 

The basic idea used is that, in order to 
measure the resistant forces in switching of 
hydraulic directional valves, there should be 
used for switching the original actuating 
mechanism, and between the actuating 
mechanism and the directional valve spool 
there should be interposed a force transducer.   
 
3.2. Presentation of the experimental device 
 

For the physical development of the 
experimental device for measuring the forces 
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of total resistance, which occur in switching of 
hydraulic directional control valves there has 
been designed a constructive solution which 
was based on the use of a hydraulic directional 
control valve with manual control, of the size 
10, existing in the Laboratory of Tribology of 
INOE 2000-IHP, shown in Figure 4. In order to 
achieve the device there has been detached 
body of the directional control valve (1a) from 
the mechanism for manual control (1b), for 
placing a force transducer FT on the axis of the 
directional valve spool, on the one hand, and, 
on the other hand, for performing actuation of 
directional control valve during tests precisely 
with the original control mechanism of the 
directional valve.  

 
Figure 4. Layout of experimental device for 

measuring switching forces   

For connecting / coupling the two parts of 
the main directional control valve, 1a and 1b, 
there were used four threaded rods (2) which 
replaced the original screws, thus achieving a 
space between the two parts of the main 
directional control valve. In this way, the 
possibility is created to insert, by means of 
threaded sleeves (3), a force transducer (4), 
between the control rods of the directional 
valve spool. To measure the stroke achieved 
by the spool, a rigid blade (5) is attached to 
the force transducer (4), which drives the rod 
of a potentiometric stroke transducer (6) 
which is fixed to the body of the directional 
valve by a supporting plate (7). The directional 
control valve is mounted by means of screws, 
on a compatible distribution plate (8) which is 
placed on another supporting plate (9). From 
the ports A and B of the distribution plate (8), 
pressurized fluid passes via two manifolds (11) 

and (12), to the gauges (13) allowing direct 
reading of the pressure, and also to the 
pressure transducers (14), by which pressure 
variations are acquired by the computer 
system, and through the flexible hoses / piping 
(15), the fluid reaches the hydraulic motor 
actuated by the directional valve drive.   

Physical development of the test device is 
shown in Figure 5, where one can see the 
actual technical solutions for developing it. 

 
Figure 5. Physical development of the test device 

 
3.3. Presentation of the experimental stand 
 

To conduct the experimental research in 
order to determine the hydraulic resistance 
forces when switching directional valves, in 
the Laboratory of Tribology of INOE 2000-IHP 
there was arranged a test stand, in accordance 
with the diagram shown in Figure 6. 

 
Figure 6. Concept daigram for arranging the 

experimental stand       

Besides the experimental device ED which 
contains a force transducer FT, a stroke / 
displacement transducer ST, two pressure 
transducers PTA and PTB, and two 
manometers MA and MB, the stand also 
includes a hydraulic mini-station for 
generating pressurized fluid HG, a rotating 
mechanism RM driven by a rotating hydraulic 
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motor RHM and a system for data acquisition 
and processing ITS, consisting of a data 
acquisition board DAQ, National Instruments 
type, and a PC type computer. The hydraulic 
generator GD is composed of a gear pump P 
driven by an electric motor EM, and assisted 
by a pressure limiting valve LPV, a check valve 
CV and a manual directional valve MDV 
through which pressurized fluid is sent to the 
ports A or B of the test device, and from here, 
through the throttles TDA and TDV, it reaches 
the rotating hydraulic motor RHM. 

Figure 7 presents an overview of the 
experimental stand, and in Figure 8 one can 
see in detail the data acquisition and IT system. 

 
Figure 7. Overview of the experimental stand 

 
Figure 8. View of the IT system 

By means of special electric cables all 
signals provided by transducers reach the 
acquisition board installed on the computer, 
and this one, based on specialized software, 
allows capturing, storage and processing of 
the measured data. 
 
4. SOME EXPERIMENTAL RESULTS  

 
In order to measure and record the 

variation of total resistance forces which occur 
on the spool of the directional spool valves, 
there has been conducted experimental 

research which led to obtaining a lot of 
graphical experimental results; some of them 
are presented bellow. 

The object subjected to an experimental 
research was a hydraulic directional spool 
valve, directly operated, with manual 
actuation, size 10, manufactured by Rexroth 
Bosch Group, code 4 WMM 10 J 31/, which is a 
four-way distributor, with three operating 
positions, the central position providing 
communication of ports A and B to the tank T 
and the pump port P, closed, [5].  

To this end, there has been necessary to set 
the parameters of interest and define a testing 
methodology. 

Regarding the switching process in 
hydraulic directional spool valves, parameters 
of interest are:  
- spool stroke x, measured by the stroke 
transducer ST in Figure 6, item 6 in Figure 4; 
- resistive force Fax that opposes the spool 
movement, which is measured by the force 
transducer FT in Figure 6, item 4 in Figure 4; 
- pressure at the port A, pA, which occurs when 
opening the port A, measured by the pressure 
transducer PTA in Figure 6, item 14 in Figure 4;  
  - pressure at the port B, pB, which occurs 
when opening the port B, measured by the 
pressure transducer PTB in Figure 6, item 14 in 
Figure 4. 
  
4.1 The test methodology 
 

The test methodology consists of the 
following sequence: 
- Start the PC computer systems and launch 
the data acquisition and processing software; 
- Adjust, at the pressure limiting valve LPV in 
Figure 6, the desired pressure; 
- Manually control the directional valve MDV 
in Figure 6, which opens the way for the 
pressurized fluid to the port P of the 
experimental device ED; 
- Activate the data acquisition software; 
- Manually control the tested directional valve 
DSV to open ways / ports, A and / or B for 
supplying the rotating hydraulic motor RHM, 
which begins to rotate the mechanism in one 
direction or the other. The command is for a 
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specified duration of tens of seconds, about a 
minute to a full cycle of control, which 
requires opening one at a time, both ports A 
and B;  
- Stop data acquisition at the end of the 
control stroke of the directional control valve; 
- Save the data acquired in the computer 
memory; 
- Display and analyze the graphs of variation of 
parameters of interest; 
- Repeat the sequences to get 2-3 records in 
the same case for a certain level of pressure; 
- Repeat the sequences for other pressure 
levels; 
- Stop PC computer system and end the testing 
session. 

Following the developed experimental 
research, there have been obtained a lot of 
complete sets of experimental results, for 4 
steps of pressure: 25 bar, 50 bar, 75 bar and 
100 bar. For each pressure step, each 
measurement having 3 complete working 
cycles, for each half of cycle 3 determination, 
which means 6 determination and, also, for 
each quarter of cycle 3 determination, which 
means 12 determination. In total, there were 
21 experimental determinations for each 
pressure step.  For 4 pressure steps there were 
obtained 4x21 = 84 determinations. 

One example of one complex graphic 
obtained is presented in Figure 9. 

 
4.2 Analysis of the graphs obtained 
 

After analyzing complex graphs obtained there 
were drawn some important conclusions, namely: 
- graphs of variation of each parameter of 
interest have a logical progression, normal and 
repeatable; 
- pressure values correspond to those directly 
read on the gauges MA and MB. They are 
slightly lower than the pressure values set at 
pressure limiting valve LPV because of 
pressure losses / drops along rotating 
hydraulic motor RHM circuits;   
- the overall shape of the graph of spool stroke 
corresponds to a full work cycle in the drive / 
control mechanism with positive or negative 
values corresponding to the direction of 

movement of the control handle. 
Imperfections, small variations on the graph 
are due solely to the uneven manual drive by 
the human operator;  
- the graph of resistance forces at spool is variable 
from one quarter of cycle of work to another, and 
also along individual quarter of cycle of work, but 
the differences between the maximum and 
minimum values are not very high, being in the 
range of (0-50) N, where it is admissible; 

 

 

 

 

  

  

  
 

 
Figure 9. Complex graphs for pressure step of 50 bar 

- with the exception of the peaks, mean values 
of the resistance forces over a quarter of a 
stroke, are within the range (20 - 30) N [5], 
when extending the spool, and within the 
range (30 - 40) N, when compressing the spool, 
respectively the force transducer, which seems 
logical and corresponds to the 
recommendations in the literature [6]; 
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- from a comparative analysis of graphs of 
variation of the resistant forces for the four 
pressure levels, no significant differences 
appear in proportion to the increase of 
pressure value. This may be due to internal 
balances based on special profiles of surfaces 
of elements in relative motion. 
 
5. CONCLUSION 
 

In the paper there are presented the 
research infrastructure and the results 
obtained following the development of an 
experimental research, on assessment of total 
resistance forces occurring in switching 
process of a directional spool valve. 

Following the design and development of 
an experimental device and a testing stand, 
there have been obtained several complex 
numerical data and variation graphs for the 
parameters of interest, which enabled 
assessment of resistance forces, which occur 
during the switching process of the directional 
spool valves. 

After analyzing numerical data and graphs 
obtained, it was concluded that the graphs of 
variation of parameters of interest, especially 
resistive force, have a normal form, and the 
mean values of them fall in a range of values 
close to the values mentioned in technical 
literature of reference [5]. 

Another important conclusion is that we 
cannot talk about a significant variation in the 
resisting forces with increasing working 
pressure, the pressure having a reduced 
influence on the switching force.  

Through the numerical results and graphics, 
and especially through the conclusions 
reached following comparative analysis, this 
paper has special scientific and technical value 
and further research is required.  
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Abstract: Aluminum gained in importance as a material for lightweight design of reciprocating engines and 
compressors. The application of aluminum alloys contributes to lower fuel consumption and exhaust 
emissions. The benefit of using aluminum is evident due to the reduced weight of the parts, but in parallel 
there is a problem due to the lower strength of this metal. Surface texturing and oils of low viscosity are 
used successfully to improve the tribological characteristics of sliding parts. For research purposes, the inner 
surface of cylinder which was produced of aluminum was reinforced by integrating tribological inserts. Their 
task is to reduce friction and wear between the piston and cylinder and to increase strength of the cylinder 
liner. Tribological optimization was made on the basis of the measurement results of the coefficient of 
friction. It is confirmed that the tribological properties of the cylinder with the tribological reinforcements 
are more optimal, compared to the case of aluminum construction (coating or honing of the cylinder liner). 
For this purpose is currently being brought into operation the test bench in the Laboratory for Engines as 
well as Tribology of the Faculty of Engineering University of Kragujevac. 
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1. INTRODUCTION 
 

Heavy-duty vehicles (HDVs), trucks and 
buses are responsible for about a quarter of 
carbon dioxide (CO2) emissions from road 
transport in the EU and for some 6% of total 
EU emissions. Transport is the only major 
sector in the EU where greenhouse gas 
emissions are still rising. The European 
Commission has therefore set out a strategy to 
curb (CO2) emissions from these (HDVs) over 
the coming years. Emissions from transport 
could be reduced to more than 60% below 
1990 levels by 2050 [1]. 

In city buses and trucks a lot of fuel energy 
is engaging for power of auxiliary units. 
Specifically, the fuel energy is engaged for 

drive of periphery units on engine, as example, 
for the air compressor, the alternator, the 
steering pump, the oil pump, the coolant 
pump, the fuel high pressure pump and the 
fuel delivery pump, as well as for air 
conditioning (A/C) compressor. The share of 
auxiliaries on the total power consumption is 
especially high for city buses due to (A/C) 
system and additional consumers of electricity 
and pressurized air, Figure 1 [1,2]. As a result, 
an increasing losses resulting in increase of 
fuel consumption, that is directly proportional 
to emission of (CO2).  

Reasons for this are the higher air demand 
of the wheel brakes, fewer headwinds for the 
engine cooling or more steering in curves i.e. 
the main influence factors on fuel 
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consumption are the engine off heat or the 
wheel brakes air demand. 

 
Figure 1. Percentage of driving resistances and 

auxiliary power demand on the fuel consumption 
of the city bus 

 
Generally, city buses (classes with gross 

vehicle weight GVWR 18 t and length 12 m) 
are associated with 4.4% of total (CO2) 
emissions [1]. City buses are frequently 
purchased by public institutions and thus they 
are in the public eye, yet may be the focus of 
cost-cutting measures [2-5]. 

Vehicles equipped with a conventional 
combustion engine can be still further 
improved by minimizing the internal friction of 
the mechanical parts in order to reduce (CO2) 
emissions [6]. 

Potential actions to reduce friction in 
vehicles include the use of advanced coatings 
and surface texturing technology on engine 
and transmission components, new low-
viscosity and low-shear lubricants and 
additives, and tire designs that reduce rolling 
friction [7-10]. 

In accordance with the above mentioned 
facts, we have realized the research in the field 
of optimal design of reciprocating aluminum 
engines and compressors. Consequently, we 
investigated new option for increasing 
strength and tribological characteristics of the 
tribo-system piston-cylinder liner [9-15]. 

 The result of researches is patented 
prototype of aluminum piston and cylinder 
whose contact surfaces are coated or modified 
with reinforcements based on the tribo-
materials [9]. 

2. PRODUCTION METHODS FOR ENGINE 
BLOCK AND CYLINDER SURFACES 

 
If one compares the diverse options for 

realizing the engine block, Figure 2, and 
compares them with a view of today’s 
requirements, on arrives at the conclusion that 
the profile is best met by an aluminum engine 
block [16]. The casting processes have become 
so advanced that the dynamic strengths 
demanded can be achieved by reducing 
casting faults, improving the microstructure 
and by targeted application of heat treatment. 

 
(PVD and CVD-physical and chemical vapor 

deposition; PTWA-plasma transferred wire arc; 
LDS-twin wire arc; HVOF-high velocity oxygen fuel) 
Figure 2. Production method for engine block and 

cylinder surfaces 

 
As the mechanical efficiency of the 

combustion engine i.e. reciprocating machines 
is strongly influenced by the tribological 
situation between piston, piston ring and 
cylinder surface, the properties of the cylinder 
surface become particular significant. 
Specifically, because the tribological properties 
of pure aluminum are poor compare with grey 
cast iron. Currently, one of solutions to resolve 
these problems is the use of cast iron liners. 
But, this is not the best solutions because of 
needed specific wall thickness, increasing 
dimensions and weight. 

Another option is to provide protection of 
aluminum alloy, and chemical and thermal 
spray coatings are most predominant surface 
treatments. Today, any makers utilize thermal 
spraying to manufacture fully sprayed cylinder 
consisting of (Fe-Al) composite [10,11,13]. 
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  Looking from the second side, liquid-type 
lubricants have effectively served in reducing 
the friction and wear of various mechanical 
devices. However, in compressor components, 
the liquid-type lubricants have negative effects 
on their thermodynamic efficiencies, and also 
the state of lubrication in these components is 
usually not known and is considered to be in 
the boundary and mixed lubrication regimes. 
Recently, research interest and efforts are on 
oil-less compressor conditions to eliminate the 
adverse effects of liquid-type lubricants and to 
further improve the performance of 
compressors. Consequently, it becomes 
necessary to develop advanced coating 
materials that exhibit lower friction and higher 
wear resistant under compressor specific 
conditions [17]. 
 
2.1 New concept of aluminum cylinder with 

tribological reinforcements 
 

Generally, according to real machining 
conditions, the full contact between piston 
rings and cylinder is not possible. This fact 
leads us to the idea that by casting tribological 
inserts in the cylinder, we can determine in 
forward, contact area between piston rings 
and cylinder liner. 

With the aim to achieving strength as well 
as tribological characteristics similarly as in 
case of the application grey cast iron, we 
patented the cylinder of composite material 
for reciprocating air compressor with the 
reinforcements consisting of tribological 
materials, Figure 3 [9]. 

The internal surface of the aluminum 
cylinder as base material-matrix, (alloy EN 
AlSi10Mg), was modified by putting 
tribological inserts of cast iron that are 
arranged in the form of continuous pads, the 
plates or like discrete tribological plugs in the 
form of spheres (nodule), or particles spherical 
shape, as reinforcements, Figure 3 [9]. 

By transferring the contact between the 
piston rings and cylinder made of aluminum 
on the tribological inserts, we reduce the wear. 
This technology extends the service life of 
cylinder and piston rings. 

 
Figure 3. Photography of patented aluminum 

cylinder with tribological reinforcements 

 
This optimization can lead to reduce 

machine weight as well as reduced friction and 
wear. A reduction of friction between piston 
rings and the cylinder running surface is 
particularly effective, because the majority of 
frictional losses in the reciprocating machines 
are generated inside of this tribological system 
[14]. 
 
3. EXPERIMENTAL RESEARCHES 
 

Wear is progressive loss of material caused 
by friction resistance between contact 
surfaces. The present work wants to 
investigate and evaluate the effect of 
tribological plugs as reinforcements on 
tribological behavior of patented aluminum 
cylinder. 

Tribological tests were carried out on CSM 
nanotribometer with ball-on-plate contact pair 
for different normal loads, sliding speeds and 
distances without lubrications. Generally, 
tribological tests are based on variation of 
three different normal loads (0.3, 0.6 and 0.9) 
N and three different speeds (3, 9 and 15) 
mm∙s1. Duration of each test was 500 cycles 
(distance of 1 m), whereat one cycle is 
represented by full amplitude sliding distance 
(half amplitude is 0.5 mm).  

The friction coefficient was automatically 
recorded during the testing, by using data 
acquisition software. Simultaneously, the 
friction coefficient curve was recorded and 
plotted during experiments. 

15th International Conference on Tribology – Serbiatrib ‘17 253



 

4. RESULTS OF TRIBOLOGICAL TESTS AND 
DISCUSSION 

 
4.1 Optical microscopy analysis 
 

Experiments were carried out with the base 
material for cylinders (aluminum alloy) and 
with the material for reinforcements made of 
cast iron. Figure 4 presents optical microscopy 
of base aluminum alloy surface, where grey 
phases, which are noted on the surface 
presents eutectic silicon.  

 
Figure 4. Optical microscopy of base aluminum 

alloy 

 
Figure 5 presents surface of cast iron nodular 

discrete pads (reinforcements). Deeper analysis of 
the presented surface revealed that black lines 
across the surface are not micro cracks but 
graphite inclusions in the cast iron.  

 
Figure 5. Optical microscopy of cast iron discrete 

nodular inserts 
 

4.2 Coefficient of friction and penetration 
depth 

 
Diagrams of friction coefficient (COF) and 

penetration depth during reciprocating sliding 
are shown in (Figure 6) for base material 
(aluminum) and in (Figure 7) for tribological 
inserts of cast iron. 

 
Figure 6. Coefficient of friction and penetration 

depth for base material  
(                        

 

 
Figure 7. Coefficient of friction and penetration 
depth for tribological inserts (nodular discrete 
pads) under (                       

 
The values of the friction coefficient for 

tribological inserts were ranging from (0.041 
up to 0.344), and these maximal values are 
lower to the results of base material (0.016 up 
to 0.662). This decrease was specifically lower 
for higher values of sliding speed and higher 
regimes of load. A steady-state value for the 
friction coefficient was reached shortly after 
the beginning of the test. Penetration depth of 
tribologically optimized material has relatively 
stable and constant values compared to base 
material. 
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On the Figure 6 it is noticeable that 
coefficient of friction sharply rises after a 
certain period of sliding as result of material 
transfer on counter body steel ball. After the 
material was transferred on the steel ball 
contact between transferred aluminum and 
aluminum as a base material was achieved. 
The latter results at that moment penetration 
depth also register a change in comparison to 
the previous period of contact. A cyclic change 
of penetration depth indicates that transfer of 
material on the counter body is cyclic process 
that means transferred material accumulates 
on counter body surface and after certain 
period fall off and became wear debris. In 
addition to this conclusion Figure 8 presents 
the profile of the steel ball before and after 
sliding test. Figure 8.b clearly indicates 
accumulated transferred material on the 
counter body surface. 

 

a) 

 

b) 
Figure 8. Optical microscopy of the counter body 
steel ball profile a) before and b) after sliding test 

(COF) and penetration depth obtained for 
cast iron discrete nodular insert are presented 
on Figure 7. In the case of cast iron there is no 
drastic change in (COF) and penetration depth 
in steady state regime. 

 
4.3 Wear analysis 

 
Optical microscopy was also used to 

examine obtained wear tracks. Figure 9.a and 
9.b present wear tracks obtained under the 
same sliding conditions, but on two different 
materials. Comparing obtained wear tracks it 
is noticeable that wear of aluminum is higher 
than cast iron sample due to transfer material 
and increase of coefficient of friction which 
occurs for aluminum. Based on that it is fully 
justified the presence of cast iron discrete 
nodular inserts in aluminum that is widely 
used for engine cylinders. 

 
a) 

 
b) 

Figure 9. Wear tracks of a) aluminum and b) cast 
iron under (                      . 
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Deep grooves in wear track of both tested 
material indicates that abrasive wear is the 
most dominant wear mechanism. 
 
5. CONCLUSIONS 
 

In trucks and city buses a lot of fuel energy 
is engaging for power of auxiliary units of 
engine, as it is air compressor inside braking 
system, reciprocating compressor for air 
conditioning system, pump of the steering 
system, alternator etc. 

Aluminum continues to gain in importance 
as a material for lightweight machine design. 
One of the applications is replacing of material 
for engine blocks, which has been traditionally 
produced of gray cast iron. Application of 
aluminum contributes also to reducing fuel 
consumption that has a direct impact on 
reducing exhaust emissions. 

Coatings of the tribo-materials on contact 
surfaces between the parts of system in sliding 
contact contribute to reducing friction while 
increasing resistance to abrasion. 

Inside the paper are presented the realized 
researches in the field of optimal and 
tribological design of reciprocating aluminum 
compressors.  

Presented results of the researches, 
obtained during tests of materials from which 
consisting cylinder, shows that by transferring 
the contact between the piston rings and 
cylinder made of aluminum on the 
reinforcements, it is possible to reduce the 
friction and wear. This technology extends the 
service life of cylinder and piston rings. 

Penetration depth of tested material which 
is used for reinforcements has relatively stable 
and constant values compared to the base 
material, named as the matrix. 

Comparing obtained wear tracks it is 
noticeable that wear of aluminum is higher 
than cast iron sample due to transfer material 
and increase of coefficient of friction which 
occurs for aluminum. 

The values of the friction coefficient for 
reinforcements were ranging from (0.041 up 
to 0.344), and these maximal values are lower 

to the results of base material-matrix (0.016 
up to 0.662). 
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Abstract: The present paper investigates experimentally the effect of sliding distance, rotation speed of 
shaft and normal load on friction, surface roughness special position on bearing inner surface and wear 
property of radial plain bearing made of tin-based white metal alloy -TEGOTENAX v840 under lubricated 
contact sliding against stainless steel shaft, to do that, a test rig apparatus was designed and fabricated. 
Experiments were carried out under normal load 1000,1500 and 2000 N and speed 750,1000, 1500 rpm. 
Results show that the wear rates increase with the increase of sliding speed and normal load. It is also found 
that friction coefficient increases with the increase of sliding speed and decreases with increase normal load. 
It is also found that the roughness change with sliding distance in special position bearing inner surface. 

 
Keywords: radial load, roughness, distance sliding, coefficient friction, wear. 

 
 

1. INTRODUCTION  

 

Under conditions of full-film lubrication, the 
thickness of the lubricant film is supposed to 
be large enough to separate the roughness 
peaks on the surfaces of journal and bushing 
completely. If full-film lubrication of a bearing 
cannot be guaranteed during its entire 
lifetime, the wear rate (defined as the gradual 
loss of material of the bearing bush, caused by 
mechanical contact with the journal, i.e. the 
journal is assumed not to suffer from wear, 
and erosion and surface fatigue do not occur) 
of the bearing material is an important quality 
criterion that should be taken into account by 
designers and users. This is particularly true if 
the bearing is designed to function dry, in 

which case a polymer based bearing material 
will often be used [1]. It is known that loaded 
contacts in relative movement give rise to 
wear phenomenon, which depends on several 
parameters such as roughness of rubbing 
surfaces, nature and microstructure of 
materials [2]. However, wear results at a micro 
geometrical scale by weight loss and sublayers 
deformation that lead to the formation of a 
third body called debris. The later plays a 
significant role in the wear process [3]. 
Tribological and mechanical properties of 
journal bearings manufactured from copper-
based CuSn10 bronze and CuZn30 brass were 
investigated. Moreover, the effect of alloy 
elements of Cu, Sn and Zn on tribological and 
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mechanical properties of journal bearings was 
evaluated [4].  

Savaskan [5] tested the friction and wear 
alloy AL-25Zn-3Cu-3 Si on tribometer by 
change pressure and sliding speed. He is found 
that the coefficient of friction of the alloy 
increases with sliding speed, but decreases 
with increasing pressure up to 1.5 MPa, above 
which the direction is reversed. However, the 
temperature and the extent of wear alloys are 
constantly increasing with increasing pressure 
and sliding speed. Ozsarac's [6] bearing wear 
tests were carried out using the new 
machines. On the machine were tested three 
types of behavior samples. These were based 
on tin bronze and lead RB-1, RB-7 RB-4 
designs. Wear tests were carried out under a 
load of 10, 20 and 40 N and a sliding speed of 
0.5 m / s using a sample in the form of a ring. 
Upon completion of the tests were measured, 
the weight of samples, calculate the value of 
the coefficient of friction, conducted the 
optical and SEM tests and eventually wear 
characterized with conventional alloys to be 
used for sleeve bearings. Guida [6] 
investigated the parameters of dry friction on 
the control system of the cart-pendulum. was 
used a geometric approach to analyze the 
influence of friction on the bearing. Conclusion 
is that the relationships that make it possible 
to assess how the parameters of friction 
bearings affect performance of the control 
system of the cart-pendulum. 

Javorova et all [7] studied the performance 
of a finite length journal bearing, taking into 
account effects of non-Newtonian 
Rabinowitsch flow rheology and elastic 
deformations of the bearing liner. According to 
the Rabinowitsch fluid model, the cubic-stress 
constitutive equation is used to account for 
the non-Newtonian effects of pseudo plastic 
and dilatant lubricants. Sonam's [8] research 
work is directed on the development of new 
materials for industrial applications. From 
review of literature, it was found that the 
conventional bearing material (Babbitt and 
bronze) leads to high rates of wear, as well as 
a high coefficient of friction. Friction loss has 
been typically determined based on 

measurements of torque or heat flow caused 
by the friction. Andersson and Lintula [9] and 
Andersson et al. [10] determined the 
coefficient of friction of water-lubricated 
journal bearings by using a force transducer to 
measure friction torque reaction force in a 
lever arm. 

The aim of the present work is to address 
lack of experimental data in order to ensure a 
better understanding of the influence of 
supply conditions on bearing made of tin-
based white metal alloy -TEGOTENAX v840 
under lubricant condision. 

 
2. THEORETICAL FOUNDATION OF THE WEAR 

AND FRICTIONAL HYDRODYNAMICALLY 
 

Wear can be defined as the removal of 
material from solid surfaces by mechanical 
action. Wear can appear in many ways, 
depending on the material of the interacting 
contact surfaces, the operating environment, 
and the running conditions. The most common 
wear model is named Archard’s Wear Law 
[11], although Holm [12] formulated the same 
model much earlier than Archard: 

 s
H

F
KV N , (1) 

where V is the wear volume, K is the 
dimensionless wear coefficient, FN is the 
normal load, H is the hardness of the softer 
contact surface and s is the sliding distance. 
However, studies have found that wear 
coefficient is more suitable. The reason being 
that it takes the wear rate, the applied load, 
and the hardness of the wear material into 
account. Therefore, the wear coefficient K in 
the abrasive model is defined as: 

as V can be evaluated from weight loss W and 
the density ρ, the wear coefficient can also be 
expressed as: 

 





sF

WH
K

N

. (1) 

As shown in Fig. 1 the coefficient of friction 
generated between journal bearing and lubricant 
can be determined by following equation: 
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where µ is coefficient of friction [-], r is radius 
bearing[m], h=c is thickness of clearance [µm], 
η is dynamic viscosity [Ns/m2], ω is angular 
speed [1/sec], F is normal load [N] [13]. 

 
Fig. 1. Schematic friction model for journ 

 
3. EXPERIMENTAL STUDIES 
3.1. Preparation of experimental materials 

and conditions 
 

In this study, radial plain bearing specimens 
made of tin-based white metal alloy -
TEGOTENAX V840 were used as journal 
bearing and AISI 440C stainless steel was used 
as shaft. The chemical compositions of the 
journal and bearing materials used in the 
experiments were given in Table 1. The 
specimens were robbed by radial journal 

bearing wear test rig under lubricated 
condition. The tribological parameter were 
measured under lubricated conditions of 
(1000, 1500 and 2000) N loads, (750, 1000, 
1500) rpm equals to (1.75, 2.09, 3.14) m/s and 
every 1 h for change coefficient friction, 5 h for 
wear losses each specimen. The lubrication 
was achieved by using ISO VG32 oil. 

Before and after testing, the specimens 
were cleaned by cleaner FLUXO S190 and 
dried using cotton and convection oven at 60 
ᵒC for a period of half an hour to remove 
humidity, as the weight of the samples was 
measured using a digital balance and recording 
the values before and after the test for each 
test. The surface profiles of the plain journal 
bearing were determined prior the tests by 
using the Perthometer SJ-301. The bearing was 
drilled with hole (dimension r =1.5 mm) in 
radial direction to ease lubrication oil flow into 
the contact zone. Circumferential groove was 
also made onto the outer surface of bush 
(width 2 mm, depth 0.5 mm) to include that 
lubrication oil arrives into the radial hole. as 
well, the spiral groove is made onto inner 
surface of sample (width 2 mm, average depth 
of 30 µm) to improve the lubrication process 
between the shaft and the bush. Each sample 
was marked with four perpendicular lines in 
order to investigate roughness changes of the 
bush surface, as shown in Fig. 2. 

Table 1. Chemical composition of AISI440C wt- (%). and bearings materials wt- (%) 

TEGOTENAX (V480) (big sticks), in TKL NOVA TVORNICA KLIZNIH LEZAJEVA (SLIDING BEARING 
MANUFACTURING), CROATIA 

WM Sn Sb Cu As Bi Ni Pb Cd Fe Al Zn 

Actual Value 
% 88.7 7.6 3.7 0.009 0.002 0.003 0.008 0.010 0.009 0.000 0.002 

The alloy is free of lead and free of cadmium in compliance with RoHS Regulation (EU-Directive 
2002/95/EC) 

AISI 440C C Si Mn Ni Cr Mo P S - - - 

 1.2 1 1 1 18 0.75 0.04 0.03 - - - 

Mechanical Property Requirements For Material in the Annealed Condition to 1) AS2837 - 1986 440C and 
2) ASTM A276-98b 440C 
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Table 2. Material and physical proprieties of bearing 

White metal (WM) alloy TEGOTENAX 440C stainless steels 

Hardness 
HB 10/250/180 
(DIN ISO 4384 

part 2) 

20 [°C] 23 Tempering 
Temperature 260 

50 [°C] 17 Tensile Strength (MPa) 1960 

100 [°C] 10 Yield Strength 0.2% 
Proof (MPa) 1830 

150 [°C] 8 Elongation (% in 
50mm) 4 

Young´s 
modulus E 56500 [N/mm²] Hardness Rockwell (HR 

C) 57 

Density ρ 7,4 [kg/dm³] Density (kg/m3) 7650 
Lower melting 
point Tlm 233 [°C] Elastic Modulus (GPa) 200 

Upper melting 
point Thm 360 [°C] Thermal Conductivity 

(W/m.K) at 100°C 24.2 

Casting 
temperature Tc 440 [°C] - - 

  

 
 

Fig.2 The modification to the samples (bush) 
design was conducted in the engineering 

workshops 

 

3.2 Radial journal bearing wear test rig 
 

Bearings materials in journal bearings are 
generally selected from materials, which have 
lower wear strength than the shaft material, 
that way dropping the wearing of the shaft 
safely. Therefore, journal bearing wear test 
apparatus are designed to examine the 
wearing of bearing materials. In Fig. 3a Shows 
the test rig which was modified specifically for 
this research to use in determining tribological 
properties of the bearings [14]. Therefore, it is 
possible to investigate different bearing and 
shaft materials and the effects of heat 
treatments on these materials. This test rig is 

divided into three main systems: Hydraulic 
Loading System, Rotation System, Lubrication 
system of the bush as shown in Fig. 3a. 
Hydraulic Loading System includes rotating 
electrical machines (REM) type CEM, IEC 
(0.75KW, 380V, 1420-1745 rpm, 50Hz), which 
is mounted on the hydraulic tank 20l and 
connected into high-pressure hydraulic flexible 
tubes which feed hydraulic into the hydraulic 
cylinder. The hydraulic cylinder is in contact 
with radial force sensor (U9c/10kN) which is 
located below it. The testing was done with 
the oil type ISO VG32. The Rotation System is 
consists of an asynchronous induction motor 
(AIM) (ABB, 400V, 3Ph, 50Hz, 3KW, 2860 rpm), 
which is attached by a flexible coupling to a 
shaft. The shaft is supported by two roller 
bearings and the test bearing is mounted 
between these two bearings as shown as Fig. 
3a. Lubrication system of the bush contains 
electric lubrication pump (ELP) AMGP-03C, 
05C Series (1450rpm, 500W, 220V, 50Hz) 
which was mounted on the hydraulic tank 
(10l). The lubricant is supplied by the ELP to 
the housing bearing through two flexible tubes 
which are threaded up the housing through an 
assembly steel tube. E540 - Wireless / Point 
laser was used for shaft alignment. The same 
type of oil, ISO VG32, was used in the testing. 
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Fig. 3. View of hydrodynamic journal bearing test rig 

3.3 Test specimen and procedure 
 
Load and friction coefficient as a function of 

time in the touch of two real bodies is associated 
by Coulomb equations: 

 )()()( tFttF Nf   . (5) 
As a function of time the moment of friction 

was calculated as the result of the normal 
force of the sleeve (using reaction force 
transducer) and the distance on lever between 
the center of the bush and contact point of the 
force transducer: 

 rtFltFtM facsf  )()()(  (2) 

As shown in Fig. 3b. From (5) and (6): 
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Where Mf is Frictional moment [Nm], Fs is 
Reactional force sensor [N], lab leg distance of 
lever [m]. The temperature change and the 
values of the radial force on the bush were 
calculated by LabVIEW program which is 
installed into the computer. The data was 
transmitted to the recorder and this enabled 
monitoring and recording of the signals. The 
data about coefficient of friction, radial load 
and sensor force were applied for 1/20 s, 
temperature of lubricating oil and load for 5 s. 
The most common solution is to beging 
operate the bearing with no apparent pressure 
at the test rig’s maximum speed as in [15]. This 
pattern of operation causes the shaft to 
converge as near to zero eccentricity as 
possible and ideally provides a measurement 
of the location at which the shaft and the 
bearing centers identify. Tests were performed 

for 5 hours' duration regarding wear test and 
one hour’s duration as regard coefficient of 
friction test. Tin-based alloy was cleaned then 
starting an actual test of wear process and the 
hard substance cleaner FLUXO S190 with 
cotton and dry well was registered height and 
weight of samples accurately to provide a very 
precise and digital recording of all data using 
technics LabVIEW program. 

 
4. RESULTS AND DISCUSSION 
 

Values of surface roughness before and 
after wearing process were shown in Fig. 4 the 
profiles of plain journal bearing were 
investigated, it was found that total average 
roughness (Ra) of inner surface of four 
specimens tested 1, 2 and 3 are 0.4, 0.585 and 
0.208 µm respectively and average roughness 
(Ra) of shaft is 0.23 µm, it means that even the 
presumably smooth plain journal bearing has 
some in dents and protrusions. 

At all the positions marked 1, 2, 3 and 4 
roughness surface journal bearing material 
decreases with increasing sliding time perhaps 
because of the roughness of surfaces are still in 
the process of stability, the roughened shaft 
may in turn cause change inner surface 
roughness of bearings, surface roughness has 
been stabilized and the bearing surface has 
conformed to the shaft surface after about 25 h 
for all positions as shown in Fig. 4. Biggest drop 
in the roughness occurred in positions 1 than 4, 
while the decrease in the positions 2, and 3 was 
a slight, may be due to that position 1 and 4 in 
the direction of radial loading, shaft rotating 
and continuous contact with the shaft rub. 
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Fig. 4. Change Roughness surface with sliding time inner journal bearing surface depending on position. a), 

b), c) and d) are positions 1, 2, 3 and 4 respectively 

The continuing slide was causing increasing 
roughness for all positions, a significant 
degradation of the surface in position 1 
followed by position 4, while slightly increase 
in average roughness in position 2 and 3, 
which may be attributed to the direction of 
rotation speed of shaft and direction and 
region of impact of load, that drives debris 
toward the two positions.  

 
Fig. 5. Relationship between weight loss and 

sliding distance. 

The wear of materials has been described 
by weight loss. In Fig. 5, were investigated of 
tin-based white metal alloy -tegotenax v840 
bearing in lubricant sliding at different average 

radial load 1000,1500 and 2000 N vs sliding 
time (0- 60) h, and variation rotation speed of 
shaft 750, 1000 and 1500 rpm. 

In Fig. 5 shows three unsteady-state zones 
and three steady-state zones. First unsteady-
state zone has Sharply wear increases vs 
sliding time for all average radial load 
1000,1500 and 2000 N, value loss material 
about 0.001, 0.0013 and 0.0023 mg 
respectively. At the beginning of sliding 
process until access first steady-state wear 
process at 5 h sliding time. Time period of first 
steady-state zone is 15 h, i.e. change rotation 
speed. Average loss material in first steady-
state wear process was 0.00105, 0.00135 and 
0.0023 mg under 1000,1500 and 2000 N radial 
load respectively, and rotation speed 1000 
rpm. The cause of rapid loss of material at the 
beginning of Operation i.e. first unsteady-state 
may be due to get to the case of compatibility 
between shaft and bush. At change rotation 
speed from 750 to 1000 rpm lead to a second 
unsteady-state zone wear process for 5 h 
sliding time, value loss material about 0.0022 
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0.0025 and 0.0034 mg under (1000-2000) N 
average radial load respectively, followed by 
second steady-state wear process zone, time 
period of second steady-state zone is 15 h an 
average loss material in second steady-state 
wear process 0.0022, 0.0025 and 0.0034mg 
under (1000-200) N average radial load 
respectively. Finally, third unsteady-state zone 
under which changes rotation speed of shaft 
from 1000 to 1500 rpm, Where the amount of 
loss material 0.0031, 0.0034, 0.0046 mg under 
(1000-2000) N average radial load 
respectively, time period unsteady-state zone 
5h sliding time, followed by third steady-state 
wear process zone which time period 15 h, 
average loss material in third steady-state 
wear process 0.0031, 0.00345 and 0.0046 mg 
under (1000-2000) average radial load 
respectively as shown in Fig. 5. It is clear that 
lost material increases as increase radial forces 
and sliding speeds vs increase sliding time but 
effect sliding speed of shaft biggest than radial 
load. In fact, the effect of sliding speeds of 
shaft is implicit effect of sliding distance i.e. 
sliding time. 

  

  
Fig. 6. Change coefficient of friction with, a) radial 

load, b) sliding speed 

Typical curves of variations in friction 
coefficient with test duration (one hour) for 
different average normal loads 1000, 1500 and 
2000 N and different sliding speeds 750, 1000 
and 1500 rpm are shown in Fig. 6a and b. 
Friction coefficient was specific as a function 
of radial and friction force as in eq. (7). It has 
been observed that the coefficient of friction 
decreases extremely when increasing the 
radial load of journal bearing for all average 
impact radial load and each sliding speed, the 
highest friction coefficients 0.075 occurred in 
average radial load 1000 N and 1500 rpm 
sliding speed, whereas the lowest friction 
coefficients 0.027 occurred in highest average 
radial load i.e. 2000 N and rotate shaft speed 
750 rpm. Change coefficient of friction values 
take the form of converging curves toward 
increasing the radial load at increasing rotate 
shaft speeds 750, 1000 and 1500 rpm as 
shown in Fig. 6a. 

Fig. 6b illustrates the relationship between 
friction coefficient and rotation speeds of 
shaft, friction coefficient increases with 
the increase of rotating shaft speed 750 to 
1000 rpm for average radial load 1000 and 
1500 N, whereas remaining almost constant at 
radial load 2000 N. The friction between rotate 
shaft, bush and lubricant causes temperature 
growth of lubricant which results decrease in 
the shear stress of lubricant that lead to 
lowing viscosity of lubricant thus decrease 
coefficient of friction as shown in eq. 4. 

Therefore, the coefficient of friction at 
highest load and lowest rotation speed of 
shaft have been lowest values, Vice versa as 
regards lowest radial load and highest sliding 
speed coefficient of friction have highest 
values. In Fig. 6b, it was noted increases 
slightly coefficient of friction with increasing 
sliding speed (1000-1500) rpm of shaft for all 
radial loads, which may be attributable to 
larger shear layers' lubricant thus increases 
friction drag i.e. coefficient of friction. 

 
5. CONCLUSION 
 

Tribological properties in conditions of 
sliding time contact can vary over many orders 
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of magnitude. In this study, the tribological 
behaviour of radial plain bearing made of tin-
based white metal alloy -TEGOTENAX v840 
under lubricant condision was evaluated and 
focusing on the effect of sliding time in change 
of roughness, loss material and coefficient of 
friction surface contact of. The following 
conclusions can be drawn: 
a) Results tests is noted three unsteady-state 

zones and three steady-state zones, 
According to change in the speed of 
rotating shaft. 

b) The highest wear loss 0.045 mg in steady-
state zones occurred in load 2000 N and 
rotation speed 1500 rpm at sliding time 60 
h, under similar tribological conditions, 
wear decreases as decrease radial load to 
lowest wear loss material 0.0031 mg 
happened in load 1000N, it is reduced by 
almost third. That mean wear loss tin-based 
bearing material directly proportional to 
increase the radial load. 

c) The highest wear loss 0.0023 mg in 
unsteady-state zones occurred in load 2000 
N and rotation speed 1500 rpm at sliding 
time 5h i.e. At the beginning of the test. 

d) Change rotation speed, causing the wear 
loss of sliding surface bearing material to 
also be in an unsteady-state wear process, 
then constantly sliding surfaces go back to 
steady-state wear process. 

e) Friction coefficient with respect to radial 
load is lowest in highest radial load for each 
shaft rotational speed, it decreases 
extremely when increasing the radial load 
of journal bearing. 

f) Change coefficient of friction values take 
the form of converging curve toward 
increasing the radial load at increasing 
rotate shaft speeds. 

g) Coefficient of friction increases slightly with 
an increase rotation speed of shaft for same 
average radial load. 

h) The coefficient of friction at highest load 
and lowest rotation speed of shaft have 
been lowest values, Vice versa as regards 
lowest radial load and highest sliding speed 
coefficient of friction have highest values. 

i) was found that surface roughness of 
bearings have Specific value before the test 
although  presumably smooth plain journal 
bearing has some in dents and protrusions. 

j) Roughness of surface bearing upon area 
contact effect of radial load more 
vulnerable to roughness change, in th us 
tests have been position 1 than 4. 
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Abstract: One of the most urgent issues of the modern world and domestic automobile and tractor 
production is the problem of the production of efficient and reliable turbochargers. The rotor bearings 
largely determine the reliable operation of the turbocharger. By increasing the degree of the forcing of the 
engine the turbocharger rotor speed and the load increases significantly. Working conditions of bearings 
also complicated because of the temperature rise. In this case the bearing of the turbine and the compressor 
bearing works in different thermal conditions. The definition of the thermal state of the bearings can be 
performed experimentally. However, to perform these studies the sophisticated experimental equipment 
must be used. Researchers can't perform experiments for each type of turbocharger. Therefore, the applying 
of the theoretical approaches becomes more relevant. The peculiarity of the considered problem is the 
design of the bearings, which are made in the form of multilayer bearings with floating rings. Such designs 
increase the number of the parameters that affect the behaviour of the rotor. For the calculation of the 
multilayer bearings and turbocharger rotor dynamics a method and calculation algorithm was developed. A 
plan of the experiment based on the orthogonal central composite plan was drawn up. The regression 
equations for rotor amplitude and bearing temperature were obtained. As variable parameters the 
clearances (external and internal), rotor speed, pressure and lubricant temperature were used. The results 
of the calculation were compared with experimental results obtained at the plant. Non-Newtonian 
properties of the lubricants were taken into account in the calculations. Comparative results showed good 
agreement. In this way the resulting function can be applied to studies of the similarly multilayer bearings 
without complicated experimental studies. 
 
Keywords: rotor of the turbocharger, multilayer bearings, thermal state, precession amplitude, calculation 
method. 

 
 
1. INTRODUCTION  
 

The currently, the boost is the main way to 
achieve the current requirements for power 
ratings, economic and environmental 
indicators of internal combustion engines [1]. 
Manufacturing of efficient and reliable 

turbochargers is one of the most pressing 
issues of the modern world and domestic 
automobile and tractor production. The rotor 
bearings largely determine the reliable 
operation of the turbocharger. By increasing 
the degree of forcing engine the turbocharger 
rotor speed and the load of the rotor is 
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significantly increased. Working conditions of 
bearings are also complicated because of the 
temperature rise [2-4].  

Kucinschi B. and Fillon M. [5] presented a 
study, which shows the determination of the 
temperature distribution in the plain journal 
bearing, which is loaded with a constant force. 
The main focus was on hydrodynamic pressure, 
temperature distributions at the film/bush 
interface, oil flow rate, power losses and film 
thickness. The obtained results demonstrated 
that: for highly loaded bearings operating at 
low speed, critical parameters are film 
thickness and maximum pressure; for high 
speed operating bearings submitted to a light 
load, the shaft being almost centered, heating 
becomes very significant and maximum 
temperature becomes the critical parameter. 

Pankaj Khatak and H. C. Garg [6] analyzed 
of the capillary compensated hybrid journal 
bearing by considering combined influence of 
thermal effects and a micropolar lubricant. 
The results obtained by numerically indicate 
that the bearing is significantly affected by 
increase in temperature. Hence, it is essential 
to consider the thermal effects for bearing 
operating with micropolar lubricant to 
produce realistic bearing characteristic data. 

The shearing of lubricant at high loads and 
speed in journal bearings results in generation 
of large amounts of heat. The lubricant 
viscosity will decrease with increase in 
temperature. Many authors have studied the 
thermal effects of lubricant on the 
performance of hybrid journal bearings. 

Moes H. et al. [7] presented a method of 
taking into account the thermal effects when 
simulating dynamically loaded, flexible, journal 
bearings. The method is an extension of Van 
der Tempel’s model for a flexible, short journal 
bearing under severe dynamic duty, with 
partial circumferential supply grooves, 
cavitations and etc. It incorporates the heat 
generation due to the viscous dissipation and 
the cooling due to the axial and 
circumferential flow of lubricant. The results 
for the film thicknesses, the lubricant flow, the 
viscous dissipation and the temperature 

distribution in two specific connecting-rod 
bearing configurations will be presented.  

A theoretical model of slot entry hybrid 
bearing was developed by Sharma et al. [8], in 
which viscosity variation due to thermal 
effects was considered. It was reported that 
minimum fluid film thickness reduces for all 
the configurations of bearing due to thermal 
effects. They further reported that lubricant 
supply, stiffness, and damping coefficients 
change appreciably when thermal effects are 
considered. 

Garg et al. [9] developed the slot entry 
hybrid bearing model to include the non-
Newtonian and thermal effects of lubricant. It 
was observed that oil requirement in hybrid 
journal bearings was enhanced by increase in 
temperature and non-Newtonian effects in 
lubricant. These available studies indicate that 
performance characteristics of journal 
bearings are significantly affected by the 
temperature increase of the lubricant. 

Thermal analysis of finite journal bearings 
with micropolar lubrication has been 
performed by few researchers [10, 11]. 
Khonsari and Brewe [10] compared the 
isothermal results of the micropolar lubricated 
finite journal bearing with 
thermohydrodynamic solutions. They showed 
the significant reduction in load-carrying 
capacity of the journal bearings when thermal 
effects are considered. 

Edgar J. Gunter presented some results of 
the linear and nonlinear dynamics of the rotor, 
which rotates in the rotating floating ring 
bearings for the typical turbocharger [12]. He 
computed the linearized stability of the system 
for the various ratios of inner and outer 
clearances. He also represented the analysis of 
the critical speed and showed several 
fluctuation forms of the rotor. 

A.Tartara [13] had conducted experiments 
and concluded, that remarkable effects of 
stabilizing system can be expected, when the 
bearings with floating rings are used. Namely, 
the ring starts rotating as soon as the whirl 
occurs, and the further stable operation is 
realized as the journal speed increases. The 
stabilizing effect of the floating-ring bearing is 
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conspicuous when the ratio between inner 
and outer clearances and the absolute 
clearances are large 

Additionally, researchers should take into 
account the mutual influence of multi-layered 
bearings on each other. For example, in paper 
[14] authors presented an algorithm for 
solving the problem of rotor dynamics. The 
authors take into account the flexibility of the 
rotor. An algorithm for solving thermal 
problem for the plain bearing is represented in 
papers [15, 16]. 

However, experimental studies [17, 18] had 
shown that the bearings of the turbine and 
compressor operate in different thermal 
conditions. The temperature difference for the 
turbine and compressor bearings can be 
30…50 С. 

Studies on thermal aspects of bearings 
considered with different bearing 
temperatures are very limited. 

Consequently, the evaluation of the 
thermal state of each bearing and accounting 
them thermal state in the calculation of the 
rotor dynamics is an urgent task. At the same 
time the position of the rotor relative to the 
bearing must be determined at each time 
point. The flexibility of the rotor must be taken 
into account. 

An attempt has been made in this paper to 
seek more realistic functions for the amplitude 
of the oscillations of the rotor and the 
temperature in each bearing. 
 
2. METHOD OF THE THEORETICAL ANALYSIS  

 
The problem of the hydrodynamic theory of 

friction units is characterized by a set of 
methods for solving several interrelated tasks: 
the determination the conditions of stability 
and parameters of the journal nonlinear 
oscillations on the lubricating film; the 
calculation of its trajectory; the calculation of 
the field of hydrodynamic pressure in the 
lubricating layer, which separates the friction 
surfaces of the journal and bearing, taking into 
account an arbitrary law of their relative 
motion; the calculation of the temperature of 
the lubricating film. 

The methodology of the dynamics 
calculation of the flexible non-symmetric rotor 
on the multi-layer sliding bearings is based on 
methods of integrating the motion equations 
of movable elements of the bearings and rotor. 
The motion equations include forces that are 
associated with the presence in the system 
"rotor – bearings" the lubricating layers having 
substantially nonlinear characteristics. Bearing 
with rotating rings containing two lubricant 
layers and the direction of movement of 
lubrication is shown at figure 1. 

 
Figure 1. Bearing with rotating rings:  

1 – turbocharger housing, 2 – rotating rings 

The nonlinear reactions of the lubricating 
layer are determined by integrating the 
hydrodynamic pressures diagram. These 
diagrams are calculated at the each time step 
by numerical integration of the differential 
equation Reynolds. 

The methodology for calculation the 
dynamics of the flexible non-symmetric rotor 
on the multi-layer sliding bearings is based on 
the methods of integration of the motion 
equations for movable elements of the 
bearings and rotor. The equations of motion 
include forces associated with the presence in 
the system "rotor–bearings" lubricating layers 
having substantially nonlinear characteristics. 
Among the factors considered in the modeling 
of the rotor vibration at the bearings with 
floating the rotating ring (contains two 
lubricating layers, fig.1) is included the 
gyroscopic and inertial forces, and the 

1 

2 
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kinematic excitation, resulting from the 
fluctuations of the foundation. 

The nonlinear reaction of the lubricating 
layer is determined by integrating the diagram 
of the hydrodynamic pressures. Those 
diagrams are calculated at each time step by 
numerical integration of the differential 
Reynolds equation. The use of the multigrid 
method [19] for the numerical solution of the 
Reynolds equation allows one to take into 
account movable and immobile sources of 
lubrication in various forms, which are 
performed on the friction surfaces of the hull 
and bushings. These sources are taken into 
account by setting the boundary conditions for 
the pressures to the grid step. 

The non-isothermicity of the lubricant flow 
is taken into account by the correction of its 
viscosity at each step of calculating the 
trajectory of the rotor and the floating 
bushings [14]. The heat balance equation is 
used to determine the temperatures of each 
lubricating layer. This equation takes into 
account the energy supply through the 
lubrication sources, the recirculation of the 
lubricant into the groove, the energy 
extraction through the journal and the bearing. 

The degree of perfection of bearings with 
floating bushings is estimated by calculations 
of the stability characteristics of mobile 
elements and hydro-mechanical 
characteristics [20], which include friction 
losses, dissipation in lubrication, the thickness 
of the lubricating layer and temperature, the 
values of the hydrodynamic pressures. Those 
characteristics allow you to directly or 
indirectly estimate the heat release rate and 
the fatigue life of bearings, wear and tendency 
to galling of friction surfaces. 

The system of equations of the motion for a 
flexible asymmetric rotor, which leans on 
multilayer bearings, is presented by V. 
Prokopiev et al [20], P. Taranenko et al. [14]. 

The lubricant is considered as a design 
element of any friction units. Non-Newtonian 
properties of the lubricant had been described 
by the function presented in [21]. 
Temperatures of lubricating layers were 
corrected by using the heat balance equation 

at the each step of the calculation of the 
trajectory motion of the journal [15]. The 
system of equations of motion of the rotor 
elements are integrated by the Runge-Kutta 
method. Variable step integration over time is 
automatically selected by using Merson 
amendment. An algorithm for solving the task 
of rotor dynamics has been presented in the 
article [21]. 
 
3. EXPERIMENT 
 

The experiment was carried out by 
employees of RPA "TURBOTEKHNIKA". To 
estimate the thermal state of the rotor 
elements and bearings the thermocouples 
were used. Measurement range is 0 ... 350C. 
The installation scheme of thermocouples is 
shown in figure 2. 

Figure 2. The scheme of installation of 
thermocouples 

The figure shows: 1 is the draining the oil 
from the radial bearing from the turbine side; 
2 is the oil supply to the bearing housing; 3 is 
the draining of oil from the thrust bearing 
from the compressor side; 4 is the seal on the 
compressor side; 5 is the seal on the side of 
the turbine; 6 is the draining of oil from the 
radial bearing from the compressor side; 7 is 
the draining the oil from the thrust bearing 
from the turbine side. Additional channels 
were made in the bearing housing to 
installation and attachment of thermocouples. 

The measurements were carried out in 5 
stages. The input parameters, varied during 
the tests, are given in table 1. 

The airflow through the compressor was 
measured at 5...6 points on each branch of the 
compressor's characteristic from the surging 
boundary to the stop point. 
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Table 1. The input parameters  
 Step number 

Parameter 1 2 3 4 5 

Circumferent
ial speed at 
the outer 

diameter of 
the 

compressor 
wheel, m / s 

250 
400 
500 
550 

400 
500 

400 
500 

400 
500 

400 
500 

Oil 
temperature 

at the 
entrance to 
the bearing 
housing, 0С 

90 90 70 90 105 

Input oil 
pressure, 

MPa 
0,4 0,3 0,4 0,14 0,4 

The parameters to be registered are: 
- temperatures at the points of installation of 

thermocouples; 
- the temperature at the oil drain from the 

turbocharger (bench thermocouple); 
- degree of pressure increase in the 

compressor; 
- the oil flow through the turbocharger; 
- the air temperature at the compressor 

output; 
- the gas temperature at the input to the 

turbine. 
 
4. REZALTS OF EXPIRIMENT 

 
The results of the first stage showed that at 

a peripheral speed of 250 m/s, there is a 
significant difference in the temperature of 
the oil from the compressor and turbine side. 
From the turbine side, the oil temperature on 
the drain from the radial bearing is 6 ... 7° 
higher. At circumferential speeds of 400 ... 550 
m/s, there is no significant difference. 

The maximum temperature of the oil was 
122°C, that is, the gain relative to the inlet 
temperature is 30°. The maximum oil 
temperature in the thrust bearing was ~121°C, 
and it does not significantly differ from the 
temperature in the radial bearing. 

The air temperatures at the output of the 
compressor and gas at the input to the turbine 
are shown in figure 3. 

 

 
Figure 3. Air temperature at the output of the 

compressor (Tk)and gas at the input to the turbine 
(Tt) from the air flow through the compressor Gb. 

At the second stage of the experiment, it 
was found that when the supply pressure of 
the lubricant increases, the temperature in the 
radial bearing increases to 5.5 °C. 

The results of the measurements in the 
fourth stage when the oil supply pressure was 
reduced to 0.14 MPa showed that the increase 
the oil temperature on the drain from the 
radial bearing was 7...10°C from the 
compressor side and 10...15°C from the 
turbine side. 

The results of measurements in the fifth 
stage showed that the temperature of the oil 
on the drain from the radial bearing increased 
by an average of 12.5°C. The dependence of 
the oil temperature at the radial bearing drain 
on the oil temperature at the input to the 
turbocharger is shown in figure 4. 

 
Figure 4. The oil temperature (Tb) in the radial 

bearing 
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5. RESULTS OF CALCULATION 
 
A plan of the experiment based on the 

orthogonal central composite plan was drawn 
up. The regression equations for the function 
of the rotor amplitude and bearing 
temperature were obtained. As variable 
parameters the clearances (external and 
internal), rotor speed, pressure and lubricant 
temperature were used. The coefficients of 
the regression equation for the fluctuations 
amplitude of the journal and the bearing 
temperature are shown in Table 2. 

Table 2.The coefficients of the regression equation 

Coefficients 
The fluctuations 

amplitude of the journal 

The bearing 

temperature 

0b  -12,7034 88,54901 

1b  0,788164 -4,5208 

2b  -0,46852 7,919623 

3b  0,00019644 0,00285239 

4b  -12,4847 17,74234 

5b  0,174299 -0,12758 

12b  -0,03059 0,040477 

23b  -7,9513·10-6 -8,7008·10-6 

34b  0,000545 0,000367 

45b  0,083428 -0,02839 

11b  -0,00854 0,048233 

22b  0,088224 0,36404 

33b  -7,7·10-9 -7,3·10-8 

44b  -8,93225 -44,9515 

55b  -0,00109 0,005644 

Figures 5 show the precession amplitude of 
the rotor and the bearing temperature by 
external and internal bearing clearances. In 
this case the oil pressure is 0,05 MPa, 
temperature is 95◦C. 

With increasing the rotor speed, the 
precession amplitude of the rotor decreases, the 
oil temperature increases. In the range of rotor 
speed from 14500 to 19100 c-1, the changes of 
estimation parameters are slightly less than 0.5 
microns for precession amplitude of the rotor 
and less than 10◦C for the bearing temperature. 

When the clearances were changing within 
tolerance the maximum amplitude of the rotor 
precession is about 7,5...11 mkm, the 

maximum bearing temperature is about 
110...120◦C. 

Figure 5 shows the dependence of the 
precession amplitude of the rotor and oil 
temperature at the output of the bearing on 
the outer and inner clearances in the bearing 
at various rotational speeds of the rotor. The 
oil pressure is 0.05 MPa, the temperature is 
95°C. At the figure 5 the internal clearance is 
assumed to be constant and equal to the 
maximum values. 

 
Figure 5. The precession amplitude of the rotor (a) 
and the bearing temperature (b) depending on the 

outside clearance at various rotor speeds 

The results of the calculation showed that 
the amplitude of the precession of the rotor 
decreases with increasing the external 
clearance. The temperature at the exit from 
the bearing is minimal in the range of external 
clearances of 40...45 mkm and it grows when 
the clearance is changed. 

With increasing the rotor speed, the 
precession amplitude decreases, the oil 
temperature at the output increases. If the 
clearances vary within the tolerance, the 
maximum amplitude of precession of the rotor 
is 7.5...11 mkm, the maximum temperature at 
the exit from the bearing is 110 ... 120◦С. 
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Figure 6 shows the dependences of the 
estimated bearing parameters on the ratio of 
the outer clearance to the internal clearance 
(C1/C2).  

 
Figure 6. Dependence of the estimated bearing 

parameters on the clearance ratio 

It can be seen from the graph that the 
optimal interval for the clearance is 2.5 ... 3. 

At the last stage, the results of the 
calculation of the bearing temperature were 
compared with the experimental results. 

Figures 7 and 8 shows the results of 
comparing the calculated bearing temperature 
with the results of the experiment. 

 
Figure 7. The dependence of the bearing 

temperature on the rotation speed of the rotor. 
p=0,4 MPa; Tin=90C 

 
Figure 7. The dependence of the bearing 

temperature on the rotation speed of the rotor. 
p=0,4 MPa; Tin=105C 

Comparative results showed good 
agreement.  

 
6. CONCLUSION  
 

The method of calculating the dynamics of 
the flexible asymmetric rotor on the radial plain 
bearing can be used for research of the 
turbocharger with other size. Regression 
equations were obtained for the rotor amplitude 
and bearing temperature, and were verified. 
Calculation results showed that the precession 
amplitude of the rotor at all modes is less than 
11 microns. This indicates that the direct contact 
of the rotor and the radial bearing rings is absent. 
The increment of temperature in the bearing is 
15 ... 25C and only slightly dependent on the 
lubricant supply conditions.  

The regression function can be applied to 
studies of the similarly multilayer bearings 
without complicated experimental studies. 
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Abstract: High pressure die casting is a widely used process for mass production of complex near net shape 
aluminum alloy castings. During the mold filling stage of the process, metal reaches high velocities that 
cause substantial wear of the tool components. This wear is additionally augmented by the tendency of the 
molten aluminum to react with the tool steel. This process limits die lifetime, reduce product quality, and 
increases machine downtime due to regular removal of the soldered layer during production. In order to 
mitigate this problem, different surface treatments are sometimes employed for high production tools. Most 
common treatments are nitriding and PVD deposition of hard coatings. Numerous industrial and laboratory 
scale studies show a notable decrease in wear rate during casting production after employing these 
treatments on critical parts of the tool. However, results show different and often diverging trends between 
various treatments. This indicates an existence of uncontrolled influential parameters and, therefore, a 
necessity for analysis of worn surfaces during industrial trials. Within this study, two duplex hard coatings, 
CrN and TiAlN, were deposited on core pins by physical vapor deposition (PVD) process. Core pins were 
tested in four industrial production runs of an automotive component. In every run, the tool was mounted 
with one pin that was PVD coated, and one that was gas nitrided. Nitrided core pins were used as a base 
standard since they are most commonly used surface treatment. TiAlN coated pins were able to complete 
full production run of 22000 shots without significant damage. CrN coating showed somewhat higher 
soldering tendency and erosion rates. Considering that the untreated steel core pins were able to withstand 
only 5500 shots, it can be concluded that PVD coatings can significantly improve die lifetime. Additionally, 
results indicate that often disregarded variances in casting temperature or in cleanliness of ingots used in 
production can significantly change wear rates of HPDC tools. 
 
Keywords: tool wear, die casting, PCD coatings, nitriding, aluminum alloy, core pins. 

 
 
1. INTRODUCTION  
 

High pressure die casting (HPDC) is a widely 
used process for mass production of complex 
near net shape light alloy castings [1]. This 
process involves injection of molten metal into 
a mold cavity under high pressure between 

10 MPa and 65 MPa. During mold filling stage 
molten metal can reach velocities above 
50 ms-1. Metal impingement over large 
number of cycles can cause notable erosion of 
the exposed tool components. To mitigate this 
problem HPDC tools are made from steel 
hardened to withstand high temperatures and 
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extreme pressures. Therefore, HPDC tools are 
very expensive and induce high start-up 
production costs. 

When casting aluminum alloy, tool wear is 
additionally augmented by the chemical 
reaction between the steel and molten 
aluminum.  Although HPDC cycles incorporates 
spraying of die lubricants on top of the 
working surfaces, harsh process conditions 
cause significant damage on the tool surface 
[2]. Depending on the dominant operating 
mechanism, different failure modes are 
distinguished [3]: die soldering (corrosion and 
sticking), washout (erosion) and heat checking 
(thermal fatigue cracking).  

In order to mitigate the problem of HPDC 
tool wear, numerous investigations were 
performed to develop adequate surface 
engineering technologies [4-8]. Nitriding and 
physical vapor deposition (PVD) emerged as 
the most appropriate technologies for this 
purpose [4]. Numerous industrial and 
laboratory scale studies show a notable 
decrease in wear rate during casting 
production after employing these treatments 
on critical parts of the tool [1,9]. However, 
results show different and often diverging 
trends between various treatments [3]. This 
indicates an existence of uncontrolled 
influential parameters and, therefore, a 
necessity for analysis of worn surfaces during 
industrial trials. 

In this study, duplex hard coatings, TiAlN 
and CrN, were deposited on several core pins 
that were subsequently incorporated in HPDC 
tooling. Wear analysis of core pins after full 
scale industrial production is presented.   
 
2. MATERIAL AND METHODS 
 

Core pins used in this research were made 
of hot-working tool steel DIN 1.2344 (AISI H13). 
Samples were prepared using typical industrial 
production process for core pins. After CNC 
machining, samples were subjected to 
progressive grinding with 100 to 1,000 grit 
silicon carbide sandpaper. All samples were 
then subjected to gas nitriding. During the 
process the temperature was controlled in the 

range between 510 °C and 520 °C. Four 
samples received no further surface treatment 
and were used as a base standard for 
comparison. 

Four additional core pins were subjected to 
PVD hard coating deposition. Two samples 
were coated with CrN coating, and two 
samples were coated with TiAlN coating. In 
order to remove compound layer, prior to 
deposition samples were subjected to 
progressive grinding with 400 to 1,000 grit 
silicon carbide sandpaper. Two different 
industrial deposition units were used for 
coatings preparation. CrN coating was 
deposited in a thermionic arc ion plating 
system BAI730 (Balzers) and TiAlN coating was 
produced in an unbalanced magnetron 
sputtering system CC800 (CemeCon). 

Wear analysis of the core pin surfaces 
before and after casting was performed by 
light optical microscope SZH 10 (Olympus) and 
scanning electron microscope JSM-7600F 
(Jeol). 

Core pins were tested using an in-plant die 
casting production. For normal operation, 
prior to every shot to prevent the aluminum 
from sticking to the die steel, the die was 
sprayed with a water-diluted lubricant with 
the dilution ratio of approximately 50 : 1. The 
aluminum alloy used in the trial was AlMg2Mn.  
Casting production was performed using the 
Buhler H400 SCD HPDC machine. Furnace 
temperature of the molten alloy was 
controlled in the range 720 - 740 °C.  Melt 
speed at the entrance into the mold cavity was 
set to approximately 40 ms-1. 

Initial production runs of the same casting 
have shown that the core pins that received 
no surface treatment were able to withstand 
approximately 5,500 cycles. Therefore, 
investigation was conducted in four 
production runs. Two production runs (No. 1 
and No. 2) were scheduled to stop at 5,000 
cycles in order to investigate the wear of 
duplex PVD coated core pins, and compare 
them to the core pins that were subjected to 
only gas nitriding. Two more production runs 
(No. 3 and No. 4) were scheduled to run 
required maximum of 22,000 cycles. Since the 
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mold cavity was symmetric, during each run 
mold was equipped with one PVD coated core 
pin, and one gas nitrided core pin. 
 
3. RESULTS AND DISCUSSION 
 

Cross section optical micrographs of the 
core pins after 5,000 cycles are presented in 
Figure 1. Cross sections were made in a plane 
of maximum melt velocities, where the molten 
metal impinges the core surface. Core pins are 
grouped according to production runs. Top 
micrographs, Figures 1a and 1b, are from the 
first production run, and bottom micrographs, 
Figures 1c and 1d, are from the second 
production run. Locations where wear is the 
most pronounced are marked with arrows.  

 
Figure 1. Cross sections of core pins after 5,000 

cycles: a) nitrided pin from production run No. 1; 
b) TiAlN pin from production run No. 1; c) nitrided 

pin from production run No. 2; d) CrN pin from 
production run No. 2 

Most pronounced wear marks can be found 
on nitrided core pins. Both core pins suffered 
severe wear. On the marked location nitrided 
layer is completely worn off. Core pins with 
deposited hard coatings have suffered lower 
wear. TiAlN core pin had markedly higher wear 
resistance, as optical micrographs do not 
reveal any notable wear marks. 

Cross section optical micrographs of the 
core pins after maximum number of cycles are 
presented in Figure 2. Production run No. 3, 
with CrN core pin, had to be stopped after 
14,000 cycles due to severe wear on nitrided 
core pin, Figure 2c, that caused unsatisfactory 
castings. However, even duplex hard coated 
CrN core pins have suffered notable wear that 
started to change geometry of the core, 
Figures 2d and 3.  

 
Figure 2. Cross sections of core pins after 

maximum number of cycles: a) nitrided pin from 
production run No. 4; b) TiAlN pin from production 
run No. 4; c) nitrided pin from production run No. 

3; d) CrN pin from production run No. 3 

 
Figure 3. CrN core pin after 14,000 cycles 

Both core pins from production run No. 4 
were able to withstand maximum number of 

a) b) 

c) d) 

a) b) 

c) d) 
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cycles, i.e. 22,000. Core pins retained 
geometry at the satisfactory level, and without 
forming notable undercuts. Pitting corrosion 
can be observed on all surfaces of the core 
pins, Figure 4a. 

 

 

 
Figure 4. SEM images of the TiAlN core pin after 
22,000 cycles: a) general appearance; b) cross 
section at the side directly under the impact of 

molten metal; c) cross section at the side opposite 
to the impact 

Severity of the corrosion on two sides of 
the TiAlN core pin is notable. The coating was 
completely removed from the surface that was 
directly under the impact of molten metal, 

Figure 4a. However, on the opposite side of 
the core pin, the coating was largely intact and 
is absent only on locations of corrosion pits, 
Figure 4b. Pits form at the location of the 
coating defects generated during deposition 
process [1,7]. Molten metal penetrates these 
defects and attacks underlying material. On 
the surfaces that are under the impact of the 
molten metal, coating can be delaminated and 
completely removed from the surface.  

On all core pins that have observable wear 
marks, the most pronounced wear is located in 
the area where molten metal first reaches the 
pin and impinges its surface. This indicates 
that the dominant mechanism of wear is 
erosion.  

During mold filling process, molten metal 
continuously loses its heat and for usual 
process parameters melt starts to solidify 
before the mold is completely filled. Since 
investigated core pins are located away from 
the ingates, it can be expected that the melt 
impinging the cores has some amount of 
solidified particles, i.e. primary dendrites. 
Additionally, excessive surface turbulence of 
HPDC process can induce formation of 
significant amount of aluminum oxide films. 
The repeated impact of high speed mixture of 
mixture of molten metal and solid particles 
can augment erosive wear and cause notable 
mass loss in the area of initial contact [2].  

Wear marks on nitrided core pins used in 
first two production runs (5,000 cycles) were 
comparable. Therefore, it can be postulated 
that there were negligible differences in wear 
conditions of these two production runs. Since 
the CrN core pin from the first production run 
had significantly larger wear marks than TiAlN 
core pin from the second production run, it 
can be postulated that for tested conditions 
TiAlN duplex coatings exhibit higher wear 
resistance than CrN coatings. This is in 
agreement with previous results dealing with 
erosion behavior of hard coatings. Erosion 
performance is dependent on hardness (H), 
elastic modulus (E), and impingement angle 
[10,11]. For investigated experimental 
conditions, higher H/E ratio of the surface 
layer should give lower erosion rates of the 

b) 

Pit 

Pit 

c) 

TiAlN 

TiAlN 

Pit 

a) 
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core pins. As previous results have shown, H/E 
ratio of duplex TiAlN surface layers is almost 
two times higher than that of the duplex CrN 
coating [3]. Therefore, TiAlN coating should 
have higher erosion resistance, as presented 
results have shown when comparing first and 
second production runs, as well as production 
runs No. 3 and No. 4. 

It should be noted that the results of 
production run No. 4 show noticeable deviation 
from results of the first three production runs. 
During first three production runs, nitrided core 
pins have exhibited highest erosion rates and 
had largest wear marks that formed undercuts 
in core geometries. However, nitrided core pin 
from production run No. 4 had no noticeable 
erosion marks after 22,000 cycles, unlike 
nitrided pins that had been subjected to 
significantly lower number of cycles in previous 
runs, Figures 1 and 2. Since the core pins were 
from the same batch and had comparable 
properties, it can be postulated that wear 
conditions of production run No. 4 were 
somehow changed. The explanation could be 
found in small variances in the HPDC process. 
As previously stated, erosion behavior during 
HPDC can be significantly influenced by solid 
particles that are suspended in the molten 
metal. Cleanliness in the ingots used for initial 
preparation of the alloy can contain various 
amounts of oxide inclusions [12]. Additionally, 
small variations in the melt furnace 
temperature, metal dosage speed, tool 
temperature, and chemical composition of 
molten metal that minutely influences liquidus 
temperature, can change the fraction solid of 
the alloy at the time of impact. Hence, variance 
in the amount of solid particles impinging the 
core surface can be large even when the usually 
monitored parameters of the casting process 
are tightly controlled. Therefore, in order to 
adequately compare wear behavior of different 
surface treatments for HPDC tools, one must 
use only results obtained from the same 
production run, or implement known surface 
treatment in all production runs in order to 
confirm comparable wear conditions, as it was 
done in this study.  

 

4. CONCLUSIONS 
 

The dominant wear mechanism of core pins 
studied in this investigation was erosion.  

Highest wear resistance was found for 
duplex TiAlN coatings, followed by duplex CrN 
coatings. Nitrided core pins exhibited lowest 
wear resistance during casting trials. 

Significant scatter in results was present. 
Although TiAlN coated pins showed highest 
wear resistance, large variance in wear of 
nitrided core pins indicates that the 
production run when they were able to 
withstand maximum number of cycles had less 
severe erosion conditions. 

Small and regularly disregarded variances in 
casting temperature or in cleanliness of ingots 
used in production can significantly change 
wear rates of HPDC tools. Therefore, when 
conducting industrial evaluations of surface 
treatments, one can only compare results 
obtained from the same production run.  
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Abstract: Porous kaolin based membranes using styrofoam (STY) and sawdust (SD) have been prepared by 
mechano-chemical synthesis method with porogen content wt% between (0 -20) % by die pressing. Pellets 
were fired at 1150oC and soaking time of 4 hrs. The raw materials were characterized using XRD and 
TGA/DTA.The membranes cast as circular disks were subjected to characterization studies using XRD and 
SEM and analyses were conducted to evaluate the effect of the sintering temperature and pore former 
content on porosity, density, water absorption and mechanical strength. Obtained membranes show good 
porosity with maximum at about 43 and 47% respectively for styrofoam and sawdust porogens but with a 
slightly low mechanical strength that does not exceed 19 MPa. These membranes can be considered as 
efficient regarding the results shown in the gas permeation tests at different sintering temperature. A STY 
and SD percentage of 20% was considered and a sintering temperature of 1,150°C was chosen as the 
optimum for gas permeation based on enlarged pore diameter of sintered membranes. 
Keywords: Porosity, pore formers, kaolinite clay, Physico-mechanical properties, permeation 

 
 
1. INTRODUCTION  

Ceramic membranes which can be utilized 
at relatively higher temperatures are finding 
increasing relevance, because it is more 
realistic to carry out many chemical reactions 
and separation at elevated temperatures [1-5]. 
Ceramic membranes have been widely 
investigated for energy and environmental 
applications due to its unique advantages such 
as high thermal stability, chemical and 
mechanical stability, environmentally 
friendliness, and low energy-consumption [6]. 
However, because ceramic membranes have 
higher cost than polymeric counterparts, their 
applications have been retarded in some 

traditional industries such as food, beverage, 
and pharmaceutical. Also, limited types of 
membrane materials (such as Al2O3, ZrO2, TiO2, 
and their composite oxides) hinder their 
further applications [7-8]. Among the many 
technologies for gas separation, membranes 
are drawing interest because of their reduced 
energy consumption, steady or continuous 
operation, and huge potentials for pilot scale 
set-up which can be combined with other 
traditional separation technologies [9,10]. The 
most utilized membranes are categorized as 
polymeric, metallic and ceramic while their 
glassy counterparts are not quite important 
because of their low selectivity. 
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Ceramic membranes most times take the 
form of metal oxides and can be porous or 
highly dense [10]. The oxides mostly used are 
alumina (Al2O3), zirconia (ZrO2), titania (TiO2), 
and silica (SiO2). The mixtures of these metal 
oxides are a very interesting option too. Their 
key advantages are good stability at high 
operating temperature and resistance to 
chemicals. In order to obtain a high 
permeability and the desired selectivity, 
usually the porous ceramic membranes are 
supported with a very open pore structure, 
and a thin top-layer with smaller pores. 
Sometimes the pores in the thin top layer are 
enlarged by embedding porogenic agents in 
the matrix. Due to their good chemical and 
thermal stability, these types of membranes 
are mainly used for applications in severe 
conditions of temperature (up to 600 °C) or in 
aggressive chemicals. 

From an economic point of view, research is 
devoted to other raw materials that would be 
of low cost and suitable as a standard raw 
material replacement. Clays have been 
identified as best cost-effective raw materials 
for membrane applications [11-13]. 

In a recent study [14], the potentials of 
fabricating porous ceramics bodies from 
kaolinite clay using different pore formers was 
investigated. Therefore, the objective of this 
study is to fabricate ceramic membranes with 
clay/saw-dust and styrofoam mixture with 
varying ratios by weight to prepare 
macroporous membranes. The physical and 
mechanical properties of the kaolin based 
ceramic membranes and gas permeability test 
results are also presented. 
 
2. MATERIALS AND METHODS 
2.1. Materials and processing 
 

The clay materials that were used in this 
study were obtained from Kankara and Kibi 
deposits in Nigeria and Ghana respectively. 
The powdery high density polyethylene 
powder was  processed at the Materials 
Laboratory of the University of Ghana. Clay 
(Kankara and Kibi) was mixed with the 
powdery high density polyethylene in four 

different ratios (clay-to-pore formers) by 
weight (Table 1). The XRF and XRD of kaolinite 
used for membrane fabrication has been 
presented in our previous work [14]. It was 
observed that the composition of the clay was 
mainly alumina silicates while the spectrum 
suggested that the clay consists of mainly 
kaolin, illite, mica and montmorillonite. 
 
2.2 Materials Characterization 
2.2.1 Zeta potential  
 

The zeta potential of dispersed kaolin was 
performed using a Horiba Scientific, SZ-100 
nanoparticle analyser. After 15 min 
ultrasonication of the suspension, the zeta 
potential was measured as a function of pH by 
titration with HCL  and NaOH   
 
2.3 Membrane fabrication 
 

The raw materials (see Table 1), were mixed 
in a ball mill at 50 rpm for 30 min. The 
resulting powdery mix was then compacted in 
a hydraulic pressing machine at a pressure of 
3.5 MPa with the help of stainless steel die. 
The obtained circular shaped membranes 
were first dried at ambient temperature 
before further drying at 150˚C for 24 h in a hot 
air oven. This was to remove moisture and also 
reduce any thermal stresses which may 
hamper the successful fabrication of the 
ceramic membranes. Subsequently, the 
membranes were sintered at 1150˚C for 4 h in 
a muffle at 5oC/min.  

Table 1. Composition of test Samples by weight  
Sample 

code. 

KnKaolin 

(g) 

KiKaolin 

(g) 

STY   SD 

0% CS 80 20 -  - 

5%STY 75 20 5  - 

10%STY 70 20 10  - 

15%STY 65 20 15  - 

20%STY 60 20 20  - 

5%SD 75 20   5 

10%SD 70 20 -  10 

15%SD 65 20 -  15 

20%SD 60 20 -  20 
Kn-Kankara (base kaolin); Ki-Kibi (Plasticizer); STY-
styrofoam; SD-Sawdust; CS-Control sample 
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After sintering, the compact and porous 
ceramic membranes were polished on both 
sides using silicon carbide abrasive paper to 
obtain ceramic membranes with uniform 
surface. Then these membranes were washed 
with deionized water in an ultrasonic for 
15min to remove the loose particles adhered 
on the surface of membranes.  
 
2.3.1 Characterization of Ceramic Membranes  
 
Apparent Porosity, Bulk Density and Water 
absorption 

The apparent porosity (the amount of void 
or pores within a volume of porous solid) of 
the as-sintered membranes was calculated 
using equation 1: 

         

W-D
Apparent Porosity = ×100

W-S

 
 
 

        (1) 

Their respective bulk density, apparent density 
and percentage water absorption were also 
calculated using the formulae as proposed [15]  

             
 3Bulk Density = 

D
 100 g

W-S
/cm

        (2) 
 

           
Water Absorption = 

W-S

W 
 100

        (3)  
Where: D = Weight of fired specimen, S = 
Weight of fired specimen suspended in water, 
and W = Weight of soaked specimen 
suspended in air. 
 
2.3.2 Mechanical Strength  
 

Mechanical property tested for were cold 
compression strength and flexural strength. 
The compressive strength is an indication of 
the membranes’ probable performance under 
load. The membrane samples were dried in an 
oven at a temperature of 110 0C and allowed 
to cool. The compressive strength testing was 
carried out on an hydraulic testing machine 
(Carver Press, USA) The compressive strengths 
of the porous clay ceramics were obtained by 
compressive loading of samples and cold 
crushing strength, of standard and conditioned 
samples were calculated from the equation: 

                               

P
CS=

BW
                              (4)                                                                                           

Where P =load at failure and B and W are the 
respective width and breadth of the specimens.  

The flexural strength of the membranes 
was tested with a three-point bending with 
rectangular bars using Universal Testing 
Machine. The flexural strength was evaluated 
by the expression 

             
2

3PL
Flexural Strength= ( )

2
MPa

bd
               (5) 

Where,  P = maximum load applied on test 
specimen (N) 
L = support span/gauge length (mm) 
b = width of specimen tested (mm) 
d = thickness of specimen tested (mm) 
 
2.3.3 Permeability Tests 
 

The permeability of the porous samples 
obtained was tested using N2 as permeate 
with a laboratory designed set up. For this 
experimentation, the membranes were 
sintered at 850, 1000 and 1150˚C for 4h in a 
muffle at 5oC/min. This was to investigate the 
effects of sintering temperatures on gas 
permeability through the membranes. The gas 
cylinder was connected to a mass flow 
controller and the set point was such that 10 
mL/min of gas was released at the out flow. 
This was measured by the use of a flow rate 
meter. The mass flow controller was then 
connected to the end of the quartz tube were 
the membrane was placed for the gas 
permeability tests. The gas flow rate was 
measured at the out flow of the tube 
connected to valves for the control of inlet and 
outlet. The pressure supplied was varied as the 
permeability of gas was measured at the gas 
exit using a flow meter. 
 
3. RESULTS AND DISCUSSION 
 

Figure 1 shows the zeta potential of 
kaolinite (Kankara and Kibi) used for 
membrane fabrication as a function of the pH 
of dispersant (H20). It is known that to obtain 
dense ceramic components, a number of 
stages, including mixing, incorporating 
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additives, shape forming, drying and sintering 
are required. Water (H20) has been used as a 
binder and dispersant hence a need to 
evaluate dispersion stability by the zeta 
potential measurements. Particles in aqueous 
solution becomes charged. The charge, 
measurable by the zeta potential, is an 
important parameter in determining the 
stability of dispersion. If the particles have a 
large zeta potential they will repel each other, 
and the dispersion is stable. If they have low 
zeta potential values, then there is no force to 
prevent the particles from coming together, 
meaning the dispersion is unstable and 
particles aggregate [16]. It is well known that 
kaolin has positively charged edge faces and 
negatively charged basal faces. With increasing 
pH the dissociation of the silanol groups 
present on the basal plane of kaolin particles 
increases and so they are effecitve in the 
aqueous dispersion. The curves (Figure 1) 
show mostly a negative zeta potential in the 
pH range from 2 to 10. The isoelectric point 
(the point where the value of the zeta 
potential is zero) is about pH 2 for the 
kaolinites. Dispersions with a pH near the 
isoelectric point are unstable. Thus in pH range 
of 2, particles are oppositely charged and 
dispersion flocculates. The interaction is very 
strong and in this range it is impossible to 
disperse mixture of kaolin powder and to 
obtain slurry of good quality without any 
additives. 

 
Figure 1.  The zeta potential of kaolin in H2O as a 

function of pH 
 

The porosity (ε) of the membrane was 
determined by the achimedes principle. Figs. 2 
- 6 summarizes the porosity, density, water 
absorption and compressive and flexural 
strengths and of the membranes varying with 
pore former addition.  

Fig. 2 shows the variation of membrane 
porosity with varying pore former addition. 
The membrane porosity increases from 
39.20% to 46.17% for sawdust addition 
whereas for styrofoam addition, porosity 
increases from 33.93% to 42.54% when pore 
former content  varies from 5%-20%. This is 
due to the fact that with increase in pore 
former content, porosity of the structure 
increases due to decomposition of the pore 
formers during sintering. 
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Figure 2. Porosity of membranes with varying 

weight of pore formers. 

The water absorption rate, which is the 
weight of the moisture in the pores as a 
fraction of the weight of the sintered 
membranes, is an effective index of the quality 
of porous ceramic membranes. Fig. 3 shows 
the effect of increase in pore former content 
on the apparent porosity and water 
absorption of the sintered ceramic 
membranes. The plots show a similar trend, 
which is an increasing water absorption 
tendency with increasing pore former content. 

The membranes apparent density as shown 

in Fig. 4 decreases from 2.05 g/cm
3
 to 

1.97g/cm
3
 and 1.54 g/cm

3
 to 1.48g/cm

3
 when 

pore former content  varies from 5%-20% for 
sawdust and styrofoam pore formers 
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respectively, thereby reducing the 
densification of the porous membrane 
structures.  
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Figure 3.  Water absorption of membranes with 

varying weight of pore formers 
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Figure 4. Apparent density of membranes with 

varying weight of pore formers 
 

The flexural strength of the prepared 
membranes was performed using the three 
points bending strength method. The flexural 
strength of the membranes at different pore 
former content is presented in Figure 5. It can 
be seen that the flexural strength decreases 
(18.04 MPa at 5%) with increasing pore former 
content (10.14MPa at 20%) and (22.23 MPa at 
5%) with increasing pore former content 
(11.27MPa at 20%) for sawdust and styrofoam 
as porogens respectively. The decrease in 
flexural strength is attributed to the reduced  
densification of the clay materials with 

increasing pore former content of the samples. 
This result is in good agreement with the 
trends found in literature [11,17].  
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Figure 5. Flexural strength of membranes with 

varying weight of pore formers 

Fig. 6 shows that the cold crushing strength 
is higher for the control sample (0% pore 
former content) in comparison to samples 
with pore formers due to higher porosity in 
the latter samples. Higher porosity implies 
fewer loads bearing capacity. Therefore, the 
strength decreases at higher pore former 
content. However the value of compressive 
strength, 18.31Mpa and 18.21Mpa obtained at 
maximum pore former content (20%) for 
sawdust and styrofoam as pore formers 
respectively at the sintering temperature used 
in this study (11500C) is considered to be 
within tolerable limits. 
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Figure 6. Compressive strength of membranes with 

varying weight of pore formers 
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Figure 7. Flow evolution with pressure for 

membranes heated at 1,150°C 

Fig. 10 shows the flow evolution with 
pressure for membranes heated at 1,150°C. A 
near linear evolution of the flow vs. pressure 
can be noted. At a maximum pressure of 5bar, 
the flow evolution is 40.20mL/min, 
47.20mL/min at 1,150°C for sawdust and 
styrofoam porogens respectively. The 
outcome could be directly related to the 
bigger pore size generated by the high 
sintering temperature. It is known that pore 
nucleation or cavitation precedes pore growth 
in ceramics at high temperature. This result 
confirms that the pore size is more important 
for the permeability than the total pore 
volume. The increase of the heating 
temperature closes the porosity and also 
induces the pore coalescence which engages a 
bigger pore size. Usually, average pore 
diameter of the membrane increases with 
increasing sintering temperature due to which 
membrane permeability also increases. Similar 
trends are reported in literature [11,17] for 
the other type of clay based inorganic 
membrane fabrication. 
 
4. CONCLUSION  
 

This study indicates that ceramic 
membrane can be fabricated with higher 
contents of kaolin (80%) and pore formers. 
The membranes provided good mechanical 
strength and the obtained permeation values 

show an increase of permeability with the at a 
high sintering temperature in relation to 
increase of gas pressure. These results suggest 
that membranes could also be tested to 
evaluate their performance for liquid 
permeation. These results provide significant 
opportunities to develop ceramic micro-
filtration membranes with flexible pore sizes 
for industrial applications. 
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Abstract: The article presents the solution to the interconnected problem of main bearings dynamics for the 
forced internal combustion (IC) engine. For the crankshaft main bearings system of the (IC) engines it is 
necessary to consider the cross-coupling effect of the tribounits arising from elastic links of bearings and 
journals (by means of an engine crankcase and a crankshaft).  
The results are received by the solution of four interrelated problems: 1) the dynamics of a journals on the 
lubricant layers under the influence of non-steady external forces and reactions of the lubricant layers; 2) 
the hydrodynamic theory of lubrication to determine the pressure distribution in the lubricant films for each 
bearings taking into account the design features of tribo-units and the rheological properties of the oil; 3) a 
determination of the thermal state of the bearings for the correction of the lubricant viscosity; 4) a 
definition of the loads operating on all bearings of a multisupporting elastic crank shaft as a redundant 
system. The technique is based on the iterative scheme of the solution of four tasks given above. It analyzes 
not only the influence of macrogeometry parameters of each main bearing and the influence of non-
Newtonian properties of lubricant, but also elastic characteristics of a crankshaft and crankcase and 
supports displacements caused by the thermal deformation of an engine crankcase. The influence of 
technological coaxiality tolerance for bearings and necks of a crankshaft is also estimated. The modeling 
results of two types of engines are compared to various design of a crankcase. The research shows the 
necessity of applying the integrated approaches which allow to consider simultaneously both the features of 
autonomous bearings and many facts of their interaction. 
 
Keywords: main bearing, lubricant, crankshaft, crankcase, elastic deformation, internal combustion engine. 

 
 
1. INTRODUCTION 
 

Performance assurance of the 
hydrodynamic tribosystem is one of the basic 
problems in the creation and operational 
development of internal combustion engines 
design. Mainly it is caused by complexity and 
interconnectivity of the processes and factors 
defining the reliability of the fluid friction units. 

For the performance assurance of the 
hydrodynamic tribosystem it is necessary to 
take into account the following data: geometry 
of the tribounits, macro- and micro geometry 
of the friction surfaces, velocity and loading 
parameters, viscosity-temperature and 
rheological properties of the liquid lubricant 
dividing the complex loaded surfaces of the 
friction. Together with these parameters 
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considered in the autonomous tribounits 
simulation, for the system of crankshaft main 
bearings of the internal combustion engines it 
is necessary to consider the cross-coupling 
effect of the tribounits arising from elastic 
links of bearings and journals (by means of an 
engine crankcase and a crankshaft). 

Moreover, the factors determining a 
relative position of its journals and bearings 
influence significantly the reliability of the 
main bearings system. Among these factors 
one should mention technology and thermal 
factors. The technology factors are correlated 
with coaxiality tolerance of the holes into the 
crankcases and a run-out tolerance of the 
crankshaft journals. Modeling the influence of 
thermal stress state of a crankcase on 
hydromechanical characteristics of main 
bearings of diesel engines requires a detailed 
description of thermal fields. This description 
requires modeling a heat emission in cylinders 
and liquid flows in the cooling system of the 
engine heads and crankcases. 

The existing methods of modeling the 
interconnected processes of lubricant flow in 
thin liquid layers and nonlinear dynamics for a 
system of "a crankshaft - lubricating films - a 
crankcase” are reduced to the separate 
subtasks solution [1-3]. 

Such methods are mostly used for heavy-
loaded autonomous (isolated) hydrodynamic 
bearings. However, they do not allow to 
estimate the influence of design and 
technological factors such as different values 
of elastic compliances of crankshaft supports, 
misalignments of journals and main bearings 
and so on. 

The fullest model was suggested by S. M. 
Zakharov [4], D. Bonneau et al. [5-9]. The 
technique [4] considered the deviations of the 
necks of the crankshaft and the angular 
compliances of the crankshaft supports, but 
for obtaining the results the authors were 
compelled to apply an approximation method 
(Holland`s method). The complete models [9] 
simultaneously consider the bearings as a 
whole with their relative displacements under 
the deformation effect of the engine block and 
the crank shaft, but authors didn't analyze 

influence of admissions on coaxiality of pins of 
a shaft, other technological and thermal 
factors on operability of main bearings system. 
 
2. METHOD DESCRIPTION 
 

The efficiency of hydrodynamic tribounits 
can be estimated by calculating the standard 
set of hydromechanical characteristics (HMC) 
in order to predict the fatigue durability and 
wear resistance of bearing antifriction layers, 
friction losses, thermal loading of tribosystems, 
and solve the problem of optimizing the design 
parameters [10, 11]. The most important HMC 
for main bearings are: instant values of the 
minimum film thickness  min th  and the 
maximum hydrodynamic pressure  max tp  of a 
lubricant layer, and also their extremes 

min ,infh maxsupp  and averages min
* ,h max

*p  
magnitudes per cycle of loading; effective 
temperature of a lubricating layer T*, instant 

and average power losses to friction   ,N t *N  

lubricant flow rates   ,Q t *.Q  
HMC determination of main bearings 

system for IC engine is based on the solution 
of four interrelated problems: 1) the dynamics 
of a journal on the lubricant layer under the 
influence of non-steady external forces and 
reactions of the lubricant layer; 2) the 
hydrodynamic theory of lubrication to 
determine the pressure distribution in the 
lubricant film taking into account the design 
features of tribounits and the rheological 
properties of the oil; 3) a determination of the 
thermal state of the bearing for the correction 
of the lubricant viscosity; 4) elastic model for 
determination the interrelation between 
elastic compliance of crankshaft  and 
crankcase and bearing reactions. 
 
2.1 Dynamic subtask 
 

The position of each central of crankshaft 
necks     ,j jX Y ,         , , 1,.., 1j j j n  
(where n  is number of cranked port of shaft) 
defined by the decision of the dynamic 
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equation system (the subscript j  isn't 
specified): 
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where 
 { , },U X Y    { , }   {- cos ,  sin },  

 , , ,U U  are vectors of linear and angular 
coordinates, velocities and accelerations of the 
journals respectively;   is the skewed angle 
between the neck and bearing axis; ε  is the 
angle between the skewed and coordinated 
planes; ,m J  are the journal inertial 
characteristics;  { , },X YF F F   { , }F X YM M M  are 
forces and moments acting on the bearing 
(they are defined by solving the system (5); 

, RR M  are the resultant vectors of forces and 
moments received by integration of the 
Reynolds equation for the lubricant pressure; 

GM  is the gyroscopic torque. 
Unlike autonomous bearing, the vectors   

for non-autonomous bearings system depends 
on elastic characteristics of all supports and 
thus coordinates and accelerations of all 
crankshaft journals centers.  
 
2.2 Hydrodynamics subtask 
 

For the definition of a hydrodynamic 
reaction of each bearing lubricated by non-
Newtonian liquid it is necessary to know a 
hydrodynamic pressure distribution in a thin 
lubricant layer   , ,p z . This function is 
obtained by solving Reynolds’ differential 
equation [2, 12, 13] 
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where ρ  is lubricant density; 
   2

0 0( - ) / ,ap p p h  are a non-
dimensional hydrodynamic pressure and film 
thickness respectively; , ap p  are a dimensional 
hydrodynamic pressure and the atmospheric 
pressure value;  ,  are relative values of a 
bearing clearance and angular velocity; z  is a 
non-dimensional coordinate in the direction of 
a bearing width;   is an angular bearing 
coordinate; k  is an index characterizing the 
degree of non-newtonian behavior of a 
lubricant;  

  
2

1

*
y

k
k

y

y dy , k = 0,1,2 , 

y  is a non-dimensional coordinate on the 
frictional surface normal;  *  is a non-
dimensional value of viscosity which depends 
of viscosity versus shear rate, pressure and 
temperature 

    
   2 3( /( )) ( )* ( -1)/2

2 1( ) ,e eC T C T pkI C e  (3) 

where      2 2
2 ( ) ( )x zI V y V y  is the 

second invariant of the shear rate; eT  is the 
temperature of the lubricant layer; 1 2 3, ,C C C  
are the constants, which are the empirical 
characteristics of the lubricant;  ( )eT  is a 
piezoelectric coefficient of viscosity which 
depends on the temperature and chemical 
composition of the lubricants. The empirical 
procedure for determining the characteristics 
of a lubricant is proved in [14].  

The dimensional function of the film 
thickness taken into account the skewness of 
axes is: 

 
  

   


  





  

*
1 1

1

( , , ) ( , ) -
- ( )cos( - ( ))

2 ( ) cos( - ( )) ,p

h Z h Z

e

S
Z L

B

 (4) 

where  e  is the displacement of the journal 

mass centers relative to the bearing;     is 
the angle taking into account the skewness of 
axes of the bearing and the journal; ( )S  is the 
distance between the geometric centers of the 
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journal and the bearing at the ends of the 
tribounit; B  is the bearing width, 

 1 - 2; 2Z B B ; *
1( , )h Z  is the bearing layer 

thickness with non-ideal geometry at the 
central journal position; pL  is elastic 
deformations of bearing. 

At integration of the equation (2) the 
Stieber-Swift boundary conditions are used. 

The lubricant thermal state (1-4) is based on 
the isothermal approach. It assumes that the 
calculated current temperature is the same at 
the all points of the lubricant film. This 
temperature is a highly inertial parameter and 
it is determined by solving the bearing heat 
balance equation for correcting of the lubricant 
viscosity. The calculating method for the 
autonomous bearing is in more detail 
presented in work [12, 15]. 
 
2.3 Elastic subtask 
 

The mechanical model presented on Fig. 1 
is a statically indeterminate 3D beam system 
on an elastic foundation. Forces and moments, 
acting to the j  -th bearing     , ,j j

X YF F  

    ,j j
X YM M  are defined by redundant 

problem solving. The solution of this problem 
is based on equation of five moments 

      [ ] ,M R  (5) 

where [ ]  is the band matrix of the influence 

coefficients          , 1, , 1, , 1, ,
, , , ,, , , ,j n j n j n j

ij ij s x s y L x L yK K K K  

   , , , ,
, , , ,, , , ;j j j j

s x s y L x L yK K K K   M  is the vector of 

unknown moments;  R  is on the right part of 
Eq. (5), each vector entry is the deflection 
under external forces and moments 

        1, ,( ) 1, ,( ) , 1, , 1, , 1, ,
, , , ,( , , , , , ,j n s j n s j n j n j n j

i i X Y s x s y L x L yR R F F K K K K

 , )case necks ; necks  , case  are misalignments of 
necks and main bearings.  

Usually these misalignments are correlated 
with technology and thermal factors. The 
technological misalignments are caused by a 
coaxiality tolerance of the holes into the 
crankcase and a run-out tolerance of the 
crankshaft journals. The technique of thermal 
state definition is presented in works [16, 17]. 

Identification procedure of the elastic 
properties of the shaft and linear  , ,

, ,,j j
s x s yK K  and 

angular  , ,
, ,,j j

s x s yK K  compliances is presented in 
work [18].  

 
Figure 1. Dynamic model of the crankshaft (a) and bearing (b) 
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Influence of the lubricant layers dividing 
friction surfaces of the main bearing journals 
of a crankshaft and a crankcase of the IC 
engine is modeled by means of non-linear 
elastic elements with the compliances 

     , ,
, ,,j j

L x L yK K ,      , ,
, ,,j j

L x L yK K . 
These compliances depend on the lubricant 

layers thickness which varies with time 
because the centers of the journals move on 
some trajectories under the loads ,( )i sF , where 
i  is number of the cranked port of shaft, 
1,..,7s  is number of the external force (see 

Fig. 1). 
Instant values of the compliances can be 

defined by the expressions 
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 (6) 

where     ,j j
X YF F ,     ,j j

X YM M  are instant 
values of the forces and moments, acting to 
the j -th bearing;     ,j jX Y ,       ,j j  
are the position of the center of the j th main 
bearing journal of the crankshaft.   

At the performance evaluation of non-
autonomous main bearings (main bearings 
system), the determining methods of the 
autonomous bearings HMC are combined by 
an iterative process with the calculation of the 
loads. The iterative process is based on the 
continuous scheme of the multisupporting 
crankshaft on the elastic foundation. The 
elastic structural properties (a crankshaft and 
a crankcase), the misalignment of the journals 
and the main bearings, the nonlinear damping 
properties of the lubricant layers can be 
considered in the calculation of acting loads. 
For the solution to this problem it is offered to 
use the iterative algorithm which requires 
consistent calculation of loads, acting on 
bearings, and trajectories of movement of the 
centers of their journals into bearings. For 
calculating loads not only gas and inertial parts 
are considered, but also elastic properties of 
supports and a shaft. They are defined by 

means of three-dimensional finite element 
models of the engine crankcase and crankshaft. 
The finite differences method by the multigrid 
technique for the Reynolds equation was 
applied for the definition of the main journals 
movement trajectories. The method allows to 
consider a dependence of viscosity on 
temperature, pressure and shear rate. In 
addition the scheme of oil supply in each 
bearing layer, macrogeometrical 
characteristics of friction surfaces and other 
parameters are taken into account.  

 
3. RESULTS 
 

The described method is applied to the 
calculations of the main bearings system of 4-
cylinder in-line and 6-cylinder in-line engines 
(cylinder bore is 13 cm, stroke of piston is 15 
cm). Input dates are given in Fig. 2 and in table 
1. FEA models of the crankshaft and a 
crankcase for two engines (see Fig. 3-4) are 
used.  

Table 1. Input dates 

Parameter Value 
angular velocity of bearing, rad/sec 219,0 
main bearing diameter, m 0,105 
main bearing width, m 0,035 
main bearing clearance, m 0,000103 
oil feed hole diameter into the journal, 
m 0,007 

oil feed hole angle, deg. 90, 270 
groove start angle at the bearing 
surface, deg 100 

groove finish angle at the bearing 
surface, deg 260 

 

 
Figure 2. Gas pressure 
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3.1 Influence of elastic properties of supports 
 

Calculations of the main bearing systems 
for the two types of a crankcase of 4-cylinder 
and 6-cylinder engines are made. The 
comparison of HMC is presented in Fig. 7 and 
in Table 2 (bearings and necks are coaxial). 

 

 
Figure 3. Models of the crankcase and crankshaft 

of 4-cylinder engine: model of the crankcase 
design No 2 (a), the crankcase design No 1 (b), the 

crankshaft model (c)  

 
Figure 4. Model of the crankcase of the 6-cylinder 

engine of design No 2 (a) and design No 1 (b)  

 
Figure 5. The elastic compliance coefficients (m/N) 
of the supports for the 4-cylinder engine for XOZ 

plane (a), YOZ plane (b)  

 
Figure 6. The elastic compliance coefficients (m/N) 
of the supports for the 6-cylinder engine for XOZ 

plane (a), YOZ plane (b)  

If supports and necks are coaxial then the 
increase of elastic compliance coefficients of 
support most often positively influences the 
HMC of main bearings (see Fig. 7). Minimums 
of film thickness are 5 – 29% more (for a 
design No. 1) and 12 – 36% more (for a design 
No. 2) than for the case with absolutely rigid 
supports of a crankshaft. 

b) 

a) 

a) b) 

c) 
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Figure 7. Comparison of HMC for 4-cylinder (a) and 

6-cylinder (b) engines (bearings and necks are 
coaxial) 

Table 2. Hydromechanical characteristics of main 
bearings for the 4-cylinder engine 

Bearing 
number 

inf  
min ,h  

µm 

min
,h  

deg 

*

min ,h  
µm max

sup

,p
 

MPa 

max ,p  
MPa 

N*, 
W 

1 
2,891) 70 11,95 79 15 544,8 
3,742) 184 7,83 108 19 593,5 
3,933) 184 8,23 98 17 579,5 

2 
2,68 243 9,10 225 40 650,8 
2,81 15 11,53 156 25 584,1 
2,69 15 12,98 180 29 584,5 

3 
2,68 243 9,10 225 40 650,8 
2,81 15 11,53 156 25 584,1 
2,69 15 12,98 180 29 584,5 

4 
3,64 609 11,00 148 26 587,9 
3,37 15 12,99 130 26 559,0 
3,51 15 12,95 121 25 560,7 

1) rigidly crankcase model; 2) crankcase of 
design No1; 3) crankcase of design No 2.  

Comparison of the main bearings HMC for 
designs No. 1 and No. 2 of the engine 
crankcase between themselves shows that the 
twofold increase by elasticity does not lead to 
unambiguous change of values mininfh : the film 
thickness of the second and third bearings 

increase by 5–4,5%; however at the same time 
the film thickness of the first and fourth 
bearings decrease by 4–5%. Apparently, the 
change of structural elasticity of a crankcase 
leads to the redistribution of the loadings 
acting on main bearings and corresponding 
change of HMC. 
 
3.2 Influence of displacement of crankshaft 

supports and necks 
 

The distribution of possible displacements 
of the crankshaft supports and necks were set 
on the basis of coaxiality tolerance of the holes 
into the crankcases and a run-out tolerance of 
the crankshaft journals according to technical 
documentation of the engine. Possible 
versions of displacements for design No 2 are 
presented in Fig. 8. The most dangerous 
displacement distributions are chosen by 
calculations of main bearings HMC considering 
crankcase elasticity and different 
combinations of supports and necks relocation 
(see Fig. 8, highlighted in red).  

Modeling results of the main bearings 
system for the most dangerous misalignment 
distribution are presented in Fig. 9-10. The 
accounting of misalignment of the crankshaft 
supports and necks leads to decrease mininfh  
by 20–80% for both designs of the crankcase 
for a 4-cylinder engine. At the same time for 
more elastic crankcase of design No. 1 the 
minimum thickness of the first (third) bearing 
is 6% (28%) lower than rather similar value 
received for the crankcase of design No. 2. 
Values mininfh  are approximately at the same 
level for the second and fourth bearings. For 
the 6-cylinder engine the values mininfh  are 
reduced by 2.5 times.  

It should be noted that the maximum 
difference of the supports displacement for 
design No. 1 is nearly 8 times higher than 
design No. 2. At the same time the change of 
the corresponding values mininfh  is insignificant. 
It demonstrates desensitization to 
misalignment of crankshaft supports and necks 
by increasing the crankcase elasticity.  
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Figure 8. Possible misalignment distribution for 

supports 

 

Figure 9. Comparison of HMC for a 4-cylinder 
engine: (a) design No 1of crankcase, (b) design No 

2 of crankcase 

 
Figure 10. Comparison of HMC for the 6-cylinder 

engine: (a) design No 1of crankcase, (b) design No 
2 of crankcase  

 
3.3 Thermal effects 
 

The thermal field leads to crankcase 
deflection from the axis OZ and arouses a 
misalignment of the hole for bearings 
installation. The technique of a thermal state 
definition of a crankcase and the respective 
field of deformations is in detail considered in 
work [16, 17]. The misalignments caused by 
various reasons are shown in table 3 and the 
modeling results are presented in Fig. 11 for 
the 4th cylinder engine (rigidly crankcase 
model), were  type 1 is bearings misalignments 
caused by thermal deformation, µm; type 2 is 
technological misalignments for the bearings, 
µm; type 3 is technological misalignments for 
the journals of the crankshaft, µm. 

Table 3. Comparison of values of the 
misalignments caused by various reasons 

Types of 
misalignment 

Number of the crankshaft support 
1 2 3 4 5 

Type 1 -65 67 127 69 -71 
Type 2 0,0 10 0,0 10 0,0 
Type 3 10 -20 30 -20 10 
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Figure 11. Influence of thermal deformation of a 

crankcase on a hydromechanical characteristics of 
the main bearings system 

Distributions of the minimum film thickness 
on the bearing surface and also a journal 
trajectory for the 3rd main bearing are shown 
in Fig. 11. It is obvious that misalignments 

from OZ rotation axis significantly influence 
the performance assurance of the main 
bearings system.  
 
4. CONCLUSION 
 

The research shows the necessity of 
applying the integrated approaches which 
allow to consider simultaneously both the 
features of autonomous bearings and many 
facts of their interaction.  
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Abstract: This paper presents the results of experiments conducted using a specially designed laboratory 
bench for the studying the vibration of rolling bearings. The developed experimental arrangement allows 
examination of both different sizes and shell construction of the roller elements and modeling of different 
loads, damage and impact over them. The designed laboratory bench allows the application of different 
methods and approaches for vibration control depending on the equipment and software, which results in 
the opportunity to conduct research with a different focuses. 
 
Keywords: rolling bearings, method vibration control 

 
 
1. INTRODUCTION 
 

The continuous process in the enterprises of 
the mining industry places high demands on 
security and reliability of mining mechanization. 
One of the priority areas to achieve flawless 
operation and improvement and modernization 
of the repair work in recent years is the 
introduction of diagnostic systems to control 
the technical condition. The mining technique 
has different constructions, but overall their 
technical condition is determined by the state 
of bearings and drive. There is a variety of 
different structure and dimensions of roller 
elements operating at different loads and 
frequencies. The application of methods for 
diagnosing technical condition based on 
vibration control required preliminary research. 

2. EXPERIMENTAL STUDY 
 
In connection with the objectives to study 

the vibrations arising in bearings of different 
size, built in various mining machines, a 
laboratory bench is designed for experiments 
and modeling of different loads, damages and 
influences. The principle scheme of the 
experimental set-up is shown in Figure 1. The 
experiments were conducted with double-row 
ball bearings type 2208, item 7 and item 15, in 
addition to the vibrations in them, their 
working temperature has also been controlled. 

Vibrations in the bearings 7 and 15 are 
perceived by accelerometers 17 and 20 and the 
signal is fed into the apparatus Robotron M1302 
for vibration measurement and analysis.  
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Figure 1. 1 - support; 2 - base; 3 - motor; 4 - connector; 5 - dynamic load; 6 - thermocouples; 7 - bearing; 
8 - load cells shaft; 9 - bearing; 10 - connector; 11 - bearing; 12 - generator; 13 - static load; 14 - 

thermocouples; 15 - bearing; 16 - support; 17 - transducer; 18 - equipment for vibration measurement ; 
19 - connecting cable; 20 -  transducer 

The apparatus Robotron M1302 provides 
an opportunity for measure vibration in 
different frequency bands and allows for 
direct calculation on a parameter which 
characterizes the friction in bearings by 
analogy with the Kurtozis method. The 
operating temperature in the bearings is 
controlled by a thermocouple type platinum-
platinium-iridiy 6 and 14 and recorded by a 
specialized apparatus 18 of type 21N1. 
Dynamic load 5 caused by two types of 
centrifugal forces to the size of 850 N and 
1700 N and static load 13 generated by the 
standard weight of about 450 N act upon the 
bearings. The studies were conducted in two 
stages: a new bearing type 2208 and the 
same type bearing, which has zones with 
visible wear on the inner ring. 
 
3. RESULTS AND DISCUSSION 
 

The experimental results are shown in the 
Table 1. Measurements were carried out in the 
individual frequency bands at a constant static 
load of 450 N and variable dynamic loads, the 
size respectively 850 N and 1700 N, in the 
radial and axial direction. Changes in vibro-
velocity and temperature are illustrated in Fig. 
2 and Fig. 3 forthecases of a new bearing and a 
bearing with zones of wear. 

The results are a basis to evaluate the 
vibration behavior of the bearings, namely in 
the presence of wear and/or defects on the 

bearing surfaces, the vibration speed is 
almost doubled.  

 
Figure 2. Changes in vibro-velocity and 

temperature for a new bearing and a bearing 
with zones of wear 

 
Figure 3. Changes in vibro-velocity and 

temperature for a bearing with zones of wear 

This difference in readings is a reason to 
believe that the spectral analysis of vibration 
signals of individual damage will occur in the 
harmonic sequence in accordance with 
specified in formulas 1-3 frequencies, namely: 
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- frequency of appearance of defects on the 
outer or inner ring: 
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- frequency of appearance of defects on the 
rolling elements: 
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where: 
n - number of rolling elements; 
fr - speed of rotation of the bearing, 

min-1; 
BD - diameter of the rolling rings, mm; 
PD - diameter of the stationary rings, 

mm; 
 - contact angle, rad. 
An experiment for a total qualification of 

the bearings in the three-tier gradation 
“good condition - warning level - damage 
requiring replacement of the bearing" is 
performed by the apparatus Robotron 
M1302. For this purpose, as diagnostic's 
indicator K, is measured, which is similar to 
the Kurtozis-factor: 

 
 








x

x

dxxP
xx

4
K


   (4) 

where: 
x - instantaneous amplitude of 

vibration, mm; 
-

x  - average amplitude, mm; 

 - standard deviation of vibrations, 
mm; 

P(x) - the likelihood of defects. 
Diagnostic parameter K is calculated by 

hardware after introducing values for 
respective primary vibro accelerations from 
according to the formula: 

   
   

01,01
ˆ

0ˆ0







tata

aa
K   (5) 

where: 
   0ˆ,0 aa are respectively effective and 

peak vibration acceleration at the starting 
point of the operation of nodes (in this case 
data from the measurement of new bearing 
from the beginning of the experiment have 
been taken); 
   tata ˆ,  are respectively effective and the 

peak value of vibration acceleration at a time 
of operation of the node (in this case data 
from the measurement of bearings with 
areas of wear at different times from the 
beginning to the end of experiment have 
been taken); 

The measurement of the diagnostic 
parameter K is realized only at a load of 1700 
N and the graph is constructed and shown in 
Fig. 4. 

 
Figure 4. Diagnostic parameter K, realized at a 

load of 1700 N 

 
Figure 5. Experimental curve of the variation of K 
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Figure 6. Theoretical curves of the variation of K 

 
4. CONCLUSION 

 
The research resulted in the following 

conclusions: 
1. Develop laboratory bench provides 

opportunities for study of various sizes 
bearings and modeling of different 
loads, damage and affect them in 
satisfying the requirements of this 
study. 

2. The research done clearly shows the 
sensitivity of vibration control approach 
to the technical condition of the 

researched object. Of the two control 
parameter in the range of the 
experiment - velocity and temperature, 
the vibration indicator is more 
dynamically changing. 

3. The resulting initial results correlate 
well with the theoretical formulations 
and in the presence of an appropriate 
apparatus, research can be realized to a 
greater depth. 
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Abstract: With the constant progress of technology in mechanical engineering, a very rapid development of 
linear units and elements is present. Linear units and elements involves exercise and installations for 
rectilinear movement. This paper is an analysis of mini-platforms that uses plain bearings and power screw 
with trapezoidal thread. Friction resistance of platform movement is analyzed as well as its influence over 
the power of the machine drive. For the analysis of the friction resistance the known analytical models for 
plain and linear bearings and power screws are used. In terms of platform manufacturing, an analysis of the 
disadvantages of usage of these elements was also conducted. After the analysis with plain bearings and 
the power screw with trapezoidal thread, the change has been made to the replacement of these elements 
with linear bearings and ball screw shaft. After the change of mini-platform elements a comparative 
analysis related to the previous situation has been conducted. Through the paper the benefits of using these 
types of linear elements is highlighted. Paper concludes with given directions and possibilities for further 
investigation of this attractive research topic. 
 
Keywords: platform, friction, linear bearing, ball screw shaft, plain bearing, power screw. 

 
 
1. INTRODUCTION  

 
Modern tendencies in design consider a 

lower energy consumption, decreased cost of 
production and maintenance, increase of 
efficiency, etc. In order to meet these 
demands, it is necessary to implement 
adequate tribological design into the design 
process. Adequate tribological design includes 
decreasing operational friction resistance, 
thereby improving efficiency and decreasing 
energy use for machine operation. This aspect 
includes a decrease of friction resistance in the 
interaction of two or more machine elements. 
This is particularly the case with parts of 
machines where any kind of bearing, plain, 

joint, etc. is present. Tribological 
characteristics in this case are improved by 
using standard parts from the ranks of linear 
technics.  

Linear technics include various types of 
guides, plains, threaded spindles, bearings, etc. 
which have the sliding friction resistance 
replaced with the rolling resistance using many 
small balls. Numerous researchers have 
worked on researching and testing aiming to 
improve these elements. A group of authors 
[1], researched how decreasing the ball size 
will influence ball screw shafts. Zhang et al. [2] 
examined how large momentary increases of 
speed influence ball screw shafts. A very 
important aspect of this research is dynamics 
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[3]. Using linear bearings, researchers tested 
small oscillations of balls in the bearing, [4]. 
These bearings are also examined for 
appearances linked to friction on a nano level, 
[5].  

A small number of researchers have, 
however, worked on the connecting all these 
elements as a whole, and their influence on 
the decrease of friction resistance in machines 
as opposed to conventional solutions. This 
research tries to improve characteristics of a 
mini-platform by implementing observed 
elements. As the research was conducted in 
cooperation with a local company, and some 
parts are protected by a non-disclosure 
agreement, this paper will only give the key 
elements of the research. The paper concludes 
with notable indicators of improvement of the 
mini-platform construction.  
 
2. PROBLEM FORMULATION 
 

In the initial version the mini-platform used 
bronze sliding bearings. In this part the largest 
contact friction was apparent with the sliding 
of bronze on steel. The threaded spindle also 
had a bronze on steel contact. The initial mini-
platform version is shown on figure 1. 

 
Figure 1. Initial version of mini-platform 

 Such a construction requires small 
tolerances and heat treatment of guides. This 
design also has a large energy use due to the 
stronger motor needed to overcome friction 
resistance.  
 
2.1 Sliding friction resistance in plain bearings 

 
In the initial platform design contact is 

achieved by sliding bronze bearing and heat 
treated steel guides. This type of sliding with 
friction resistance is shown in figure 2.  

 

Figure 2. Plain bearing friction resistance 

Figure 2 shows a segment of the plain 
bearing. The platform has sliding bearings and 
guides with a circular cross section. The 
relationship between force and friction is 
given in the expression (1). 

 μ μF =F . (1) 

Where: 
Fµ – Friction, N; 
F – Force acting on the bearing, and  
µ–Friction coefficient between the guide and 
bearing. 

In this case of contact the friction 
coefficient from equation (1) is µ=0,16, [6]. 

  
2.2 Friction resistance in threaded spindles 

with trapezoidal thread  
 

In the treaded spindles with trapezoidal 
thread there is a significant sliding friction 
resistance. Efficiency here is calculated using 
expression (2).  

 
 



 n

tan
η=

tan +ρ
. (2), [7].  

Where: 
η – Efficiency; 
  – thread taper angle, and 

nρ – Friction angle. 
 From expression (7) in can be seen that the 
efficiency on the threaded spindle in this case 
is directly linked to the geometry of the 
connecting elements. According to the 
calculations the initial threaded spindle had an 
efficiency of η=0.36. This data later was shown 
as very precise. 
 
3. MODIFICATION OF THE DESIGN USING 

LINEAR TECHNICS  
 
In order have the mini platform improved 

(to decrease its friction resistance and with it 
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the needed power for operation), the 
following actions were taken: 

- Sliding bearings were replaced with 
linear bearings, and 

- The trapezoidal threaded spindle was 
replaced with a treaded spindle with 
balls. 

After the implemented improvements, the 
mini-platform looked as shown in figure 3. 

a)  

b)  
Figure 3. Mini-platform after improvements: a) 3D 

model; b) completed assembly 

 
3.1 Replacing plain bearings with linear 

bearings 
 

With a goal to increase efficiency and 
decrease friction resistance, the sliding 
bearings were replaced with linear bearings on 
the mini-platform. Linear bearings were 
selected from the LMFK series. The installed 
linear bearings are shown in figure 4. 

 
Figure 4. Installed LMFK series linear bearing, [8] 

The replacement of sliding linear bearings 
was done due to the nature of friction of these 

two bearings. In plain bearings the mechanism 
of sliding friction is present, while linear 
bearinfs have rolling. Rolling friction is 
favorable for this type of mini-platform, 
making linear bearings more favorable. 

 
3.2  Replacing conventional threaded spindle 

with ball screw  
 
Conventional threaded spindles with an 

internal and external thread are replaced with 
threaded spindles with balls. The ball screw is 
shown in figure 5. 

 
Figure 5. Installed ball screw, [9] 

This type of threaded spindle has the 
mechanism of sliding friction replaced by rolling. 
Many researchers have explored the efficiency of 
ball screws, [10]. Figure 6 shows the diagram of 
efficiency of a ball screw. 

 
Figure 6. Efficiency of ball screw, [10] 

From the diagram in figure 6 it can be seen that 
the efficiency of the ball screw is between 90 and 
92%. At lower speeds the efficiency is lower, while 
the increase of speed leads to higher efficiency up 
to 800 min-1, after which it declines. For this 
platform, a moto reducer with an output speed of 
200 min-1, which means the efficiency is around 
91%. This data correlates with catalogue data.  
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4.  CONCLUSION 
 
Installing linear technics elements, linear 

bearings and ball screws achieved the 
following improvements: 

- Friction decreased three times, 
- Power needed to operate the platform 

decreased three times, 
- Decrease of power decreases the moto 

reducer, thereby leaving more space for 
installing automated control platforms, 

- Simplification of platform production, 
- Specific elements can be created in 

wider tolerances. 
All improvements were discovered by 

testing the initial and modified mini platforms. 
 There are some drawbacks as well: 

- Decreased loading capacity of linear 
bearings from plain bearings, 

- Decreased loading capacity of ball screw 
from threaded spindle, 

- Increased difficulty of assembling due to 
possibility of balls falling out, from both 
the bearing and spindle. 

Further research on this topic will be 
creating a mathematical model which would 
determine the energy savings and influence on 
improvement of efficiency of linear bearings 
compared to sliding bearings. This research 
will be conducted in general numbers due to 
non-disclosure agreements within the project. 
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Abstract: Wear intensity is very important in terms of determining life cycle of machine elements. 
Experimental analysis of wear factor of certain material in contact with other specific materials are 
inevitable for this prediction. This paper provides two methods of determination of wear factor of polymer 
based sliding bearings – volume loss method and mass loss method. Volume loss method is based on 
capturing wall thickness before and after wearing process. The capturing was performed by means of 3D 
microscope. On the other hand, mass loss method is based on measuring mass of bearing sample before 
and after wearing. This measuring was performed by means of high accuracy balancing device. Afterwards, 
it was performed comparison of the results by connecting mass and volume through density. The tested 
specimen is sliding bearing of PTFE-Polyamide composite. The wearing was performed on the machine USL 
5-30. Operational parameters are: velocity - 1m/s, pressure - 1MPa and sliding distance - 20000 m. 
 
Keywords: wear factor, experimental wear determination, polymer based composites, sliding bearings 

 
 

1. INTRODUCTION  

Sliding bearings made of polymer based 
composites are widely applied, especially 
when it comes to the special requirements, 
such are self-maintaining, absence of 
lubrication or some dimensional constraints 
[1]. Only some examples of applications of 
these bearings are in food industry or in 
production of household appliances. Their 
application is economically justified due to 
quite low price if compared to metal, roller 
bearings. But their disadvantage is significantly 
lower load capacity. 

Since these bearings operate in sliding 
contact, usually with sleeve made of steel, 
their tribological properties are essentially 
important for proper functionality. In this 

paper it was presented two methods to 
determine wear factor of these sliding 
bearings. The wear intensity was evaluated 
through mass loss, and volume loss 
determination. 

2. EXPERIMENT DESCRIPTION 

 
Experiment could be divided into 3 stages: 
1. Pre-wear stage 
2. Wear stage 
3. Post-wear stage  
In the first stage it was performed balancing 

of the samples, in order to determine mass of 
the unworn bearings. There were also taken 
the high magnification photographs of the 
bearing wall in the zone of expected wear 
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occurrence in order to determine wall 
thickness of the unworn bearing. 

The second stage assumes the wearing 
process of specimens under predefined 
conditions. Those conditions are to follow:  

- Radial load of 1 MPa applied onto the 
specimens outer cylindrical surface 

- Sliding velocity of the sleeve in contact 
1 m/s 

- Sliding distance between specimen and 
sleeve during one experiment - 20 km. 

Consequently, the duration of the wearing 
process was 20000 seconds. The experiments 
were conducted under the room temperature. 

Before the second stage, the samples are 
initially lubricated with one single drop of 
lubricant. Besides the experiment runs in dry 
sliding conditions. During the experiments it 
was monitored the temperature in sleeve-
bearing contact, by means of thermocouple 
fixed onto the outer surface of the bearing. It 
was also monitored the friction torque in this 
tribo pair in order to evaluate friction 
coefficient, by means of straingauges. 

After the process of wearing, the samples 
are cleaned in ultrasonic cleaner. As the 
cleaning fluid it was used gasoline at the 
temperature of 50°C. 

In the post-wear stage there were retaken 
the magnified photographs of the worn zone 
and the samples were rebalanced in order to 
calculate worn volume and worn mass. 

 
2.1 Specimen description 

 
PTFE Polyamide combines a thermoplastic 

as a base material, with PTFE additives and 
glass-fibre, which results in self-lubricating and 
low wear performance. They are designed for 
dry operation, but their performance could be 
improved by initial lubrication. With a supply 
of grease, oil, water or other liquid, the 
operating speed of these bushings can be 
increased. These bushings are resistant to 
most lubricating oils and greases. They offer 
many features and advantages such as: 

- Maintenance-free operation  
- Cost efficiency 

- Excellent resistance to corrosive 
conditions 

- Electrically insulating properties 
Dimensions of examined bushings are Ø20x 

Ø23x20 mm. Additional properties of these 
bearings are given in Table 1. 

 
Figure 1. PTFE polyamide bushing 

Table 1. Characteristics of PTFE polyamide bushing 

Permissible load, N/mm2 
(dynamic/static) 40/80 
Permissible sliding velocity, m/s  1 
Friction coefficient µ 0.06..0.15 
Temperature range, °C  -30..+110 
Density, kg/m3 1380 

2.2 Description of the equipment 
 

For the first and third stage of the 
experiment (mass and volume measurements), 
there were used high precision balance with 
accuracy of 1x10-3 g (Figure 2) and 3D 
microscope (Figure 3). 

 

 
Figure 2: Balancing device “RADWAG” (accuracy 

1x10-3 g) 
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Figure 3: HIROX KH-7700 3D Microscope 

 
The second stage, i.e. tribological 

experiments on composite sliding bearings are 
conducted by means of custom made 
equipment USL 5-30. This equipment was 
described in more details in one of the 
previous papers [2]. The principle of its 
functioning could be seen at the Figure 4.  

 
Figure 4: USL 5-30 test rig system 

The shaft which is in contact with specimen is 
driven by means of electric motor and belt 
transmission. The radial load is applied through 
the lever. One end of the lever is in contact with 
nave in which the specimen is placed, while on 
the other end of the lever there are hanged the 
weights. The ratio of lever ends is 10:1. The 
radial load could be varied by applying different 
combination of weights, while the rotation 
speed of shaft could be also varied through the 
frequency inverter. 

   
3. RESOULTS AND ANALYSIS 

 
The masses of 3 bearing samples before 

and after process of wearing is presented in 
Table 2. There can be noticed excellent 

repeatability of the results, but values of the 
worn mass are very low (7-8 mg). Since the 
polymers are usually well-known for high 
humidity absorption, these values should be 
carefully taken into account, since there is 
possibility of mass increase due to liquid 
absorption. In another words it is very likely 
that the worn mass of specimen is partially 
replaced by the amount of mass of the fluids 
(lubricant and gasoline) absorbed by 
specimen. 

Table 2: Measured mass of specimens in different 
stages of the experiment 

Specimen 
Number 

Before wear 
[g] 

After wear 
[g] 

Decrease 
[g] 

1 2.833 2.825 0.008 
2 2.81 2.802 0.008 
3 2.812 2.805 0.007 

 
Analysing the other method of wear 

intensity evaluation, volume method, it could 
also be seen excellent repeatability for all of 
the samples. What was actually measured, it 
was a wall thickness of the sample before and 
after wearing (Figure 5), and through it was 
calculated inclination of the shaft into the 
specimen. Assuming that the profile of worn 
volume is uniform along the specimen, 
measuring inclination makes it possible to 
calculate the worn volume. The flow of this 
method was actually the assumption of the 
uniform wear distribution along specimen. At 
the moment, this assumption cannot be 
confirmed. 

 

 
Figure 5 : Wall thickness after wearing process 

 
Finally, these two methods are comparable 

by connecting appropriate values of mass and 
volume with already known density. 
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                                  m=δ v                                 (1) 

Taking into account values of volume from 
the Table 3 and the density of examined 
bearings ρ=0.00138 g/mm3, it was calculated 
the masses of worn volume and compared to 
masses from Table 2. The compared results are 
presented in Table 4. 

 
Table 3: Wall thickness before and after wearing 
process 

Speci-
men 

Number 

Before 
wear  
[mm] 

After 
wear 
[mm] 

Inclina-
tion 

[mm] 

Volume 
[mm3] 

1 1.544 1.247 0.297 93.99 
2 1.576 1.278 0.298 94.37 
3 1.570 1.260 0.310 98.86 

Table 4: Comparison of measured and calculated 
masses. 

Specim
en 

Number 

Measured 
mass [g] 

Calculated 
mass [g] 

Ratio 
mm/mc [%]  

1 0.008 0.130 6.1 
2 0.008 0.130 6.1 
3 0.007 0.136 5.1 

 
Analysing the results from Table 4, it could 

be noticed huge deviation of masses obtained 
by two different methods. This is explained by 
previously mentioned flaws of each methods. 
Since the “mass method” is giving the lowest 
possible value of wear (probably additionally 
decreased for the value of absorbed liquids), 
and the “volume method” is giving the highest 
possible value of wear (the assumption of 
uniform wear distribution along the specimen 
gives the highest value of wear), this deviation 
is expected in a certain way. What we can claim 
for sure, is that the wear in above specified 
conditions is not less than the one determined 
by “mass method”, and not greater than the 
one determined by “volume method”. 

 
4. CONCLUSION 
 

In this paper it was presented determination 
of wear intensity of polymer based composite 
sliding bearings by two different methods: 

“mass method” and “volume method”. 
Although the repeatability of the results of 
wear determination by two methods is 
excellent, the comparison between them did 
not give good superposition. Anyway, having 
the frame in which the wear intensity is placed 
could be considered for a certain progress.  

Further improvement in wear intensity 
determination is planned for the future 
investigation by means of high precision 3D 
scanner able to scan the worn surface in 3 
dimensions. That will certainly improve the 
“volume mass” results obtained in this 
investigation. 
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Abstract: This paper present a study on the influence of friction coefficient in simulating the impact between 
a bullet and a stratified material. There are compared results obtained for models with and without friction. 
The FEM model used Ansys 14.5. The layer material is introduces as an isotropical material, with maximum 
equivalent plastic strain of 0.06. All materials are considered to have bilinear isotropic hardening behavior. 
The model was designed as isothermal because thermal influence of the impact is considered low for run 
impact velocities (150...400 m/s). The simulation of the impact bullet - stratified panel, using different 
values for the friction coefficient between the layers, pointed out that the bullet top head velocity during the 
impact depends on this parameter, especially for the cases where the bullet make total or partial 
penetration of the panel. For cases where the bullet is rebound after impacting the panel, the friction has a 
low influence, when the bullet slides against the deformed first layer. For all run cases, the model without 
friction has produced the highest value of the top head bullet velocity after impact, for velocity range 
250...400 m/s. These simulated cases suggest that friction increase V50, with 10...30 m/s, at least for the 
studied ranges of the initial velocity of the bullet and the friction coefficient, also the bullet velocity after 
penetration is lowered. 
 
Keywords: bullet impact simulation, friction coefficient, stratified panel, FEM. 

 
 
1. INTRODUCTION  

 
Reports on ballistic impact simulation are 

published, from micro-scale [1, 2, 3] to macro 
one [4, 5, 6, 7], including mezo level as it is the 
models for woven fabrics [8, 9, 10], 
unidirectional ones [11, 12, 13], and laminated 
[14, 15]. Some models are based on 
simplifying hypotheses, as, for instance, 
considering a rigid projectile [16]. The 
influence of friction processes in impact and 

especially in projectile-target impacts was 
comming into research focus in the last 
decades of the XXth century and it has been 
continuing till now because of the interest in 
protecting army and law enforcement 
personel and civilians, also operators and 
equipment involved in industrial processes 
with higher risks of impacts [17, 18]. Complex 
friction processes with different friction 
couples are described and analysed [19, 20, 
21]. Friction couples were systematized in 
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tribology taking into account the contact 
shape and the motion between rubbing 
surfaces. It is clear that the projectile could 
have a sliding and pivotating relative motion 
against the target. Analysing a projectile-target 
system, friction occurs between projectile and 
target, but also among their components. Thus, 
there is friction between the bullet jacket and 
its core. For target made of fabrics, friction 
appears between the fibers of the yarns and 
their coating (if it is added), the microlevel of 
such a system, between yarns - the mezo level, 
between layers, between the projectile and 
the stratified panel, the macro level.  

Today, woven or multi-directional fabrics, 
made of fibers with high impact resistance [4, 
22], are used for individual protection armors 
[23]. The models for impacting a panel with a 
projectile have become more and more 
complex and particularly elaborated to give 
answers to punctual questions (certain threats 
only, certain materials). Grujicic et al. [13, 24] 
modeled a stratified panel at mezo and macro 
level. Narayanamurthy run a simulation for a 
plate impacted by a round top projectile [25], 
but without friction. Velmurugan et al. [26] 
presented an analytical model for stratified 
systems, but they consider that energy lost in 
friction between projectile and composite is 
negligible as well as the  heat generated during 
the projectile composite interaction.  

Models for impacted stratified composites  
were proposed by da Silva [27], Soltani et al. 
[28], Tan et al. [29], Zhu al. et [30] (with 
spherical rigid penetrator), Kreculj [31], Gower 
[32], Sadighi [33], Scott [34]. Lopez-Puentes et 
al. [35] proposed even an analytical model of 
cylindrical projectiles impacting carbon/epoxy 
laminates. 

The aim of this paper is to run a simplified 
simulation of the impact bullet - stratified pack 
for restraining one or more parameters 
involved in the pack testing. 
 
2. THE MODEL 

 
This model is considered isothermal for the 

simulation conditions (bullet velocity and 
mass), based on specialized literature [9, 10, 

13, 26] and it has 6 solid bodies: 4 identical 
layers, considered a group of bodies (with the 
option multiple materials), overlapped and 
rigidly fixed on their contour, and 2 bodies for 
the bullet (also multiple materials) with 
bonded connections (Table 1). The structura 
analysis was solved with Lagrangean method, 
in Explicit Dynamics, using AutoDyn [36, 37, 
38]. The dimensions of one layer is are 6.10-2 
m x 6.10-2 m x 0.6·10-4 m, this thickness being 
similar to advanced fabrics. As the impact 
direction is the same to the symmetry axes of 
the model, the simulation is run for a quarter. 
The contact among bodies takes into account 
the friction. The friction coefficient between a 
layer and the bullet jacket is COF(b-l) = 0.3, 
except for the case without friction when both 
friction coefficients were zero. The friction 
coefficient between layers, COF(l-l), was varied 
in the range of 0.2...0.8, the lower values being 
characteristic for sliding polyethylene against 
itself and the higher for lightly bonded layers. 
But this case could have higher values, 
depending on the adhesive characteristics.  

Table 1. Characteristics of the model 

Body Nodes Elements 
Layer 1250 576 
Pack with 12 layers 18816 8748 
Bullet (jacket + core) 1432 6289 
Bullet jacket 739 2211 
Bullet core 996 4078 

 
Figure 1. Model meshing for a panel with 4 layers. 

Figure 1 presents the mesh for the panel 
with 4 layers. The maximum side of an 
element is 5x10-4 m. Initial condition refers to 
the bullet velocity just before impact (here, 
cases with initial velocity between 150 m/s to 
400 m/s were run). Many recent models 
accepted the rigid clamp on the contour [15], 
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even if, for body armor, the panel is simply 
supported on a visco-elastic material. The 
model was run for a maximum number of 
cycles is 107 and the maximum error for 
energy was 0.9. Materials are modeled as 
being hardening bilinear isotropic. This 
simplifying hypothesis could be justified for 
some fabrics by the arrangement of long 
aramid fibers, at four different angles (0, 90, 
45, -45) [39] and for ceramics and metallic 
materials [40, 41]. After consulting the 
literature [7, 25, 31, 33], the failure criterion 
for layer material was the ultimate plastic 
strain, set for 0.06. The friction coefficient is 
considered as constant and it was set at 0.3 for 
the contact bullet jacket - layer. Thus, this 
study will point out the influence of friction 
between layers on the bullet velocity, stress 
and strain distribution.  

Table 2. Material characteristics used for modeling 
the impact 

Material 
Characteristic 

Layer Copper 
alloy 

Lead 

Young, Pa 7x1010 1.1x1011 1.6x1010 
Poisson ratio 0.35 0.34 0.30 
Bulk modulus, Pa 7.77x1010 1.14x1011 4.44x1010 
Shear modulus, Pa 2.59x1010 4.10x1010 5.55x109 
Yield limit, Pa 6.3x108 2.8x108 3x107 
Tangent modulus 1.9x1010 1.15x109 1.1x108 
 
3. RESULTS AND DISCUSSION 
 

The model was run for different values of 
COF(l-l), in the range 150...400 m/s. The 
selected values for COF(l-l) were 0.0, 0.2, 0.4 
and 0.8. For COF(l-l) = 0.0, also COF(b-l) = 0.0, 
that being the case without friction for all 
bodies in contact. The following figures give 
the same moment for a certain velocity, but 
for different values of COF(l-l).  

At v = 150 m/s, the influence of friction 
intensity is not obvious. Till t = 9x10-5 s the 
maximum stress is increasing than it decreases, 
the bullet begins to be rebound. At t = 1.3x10-4 
s, the panel under the bullet is not significantly 
loaded (30...35 MPa), but high values of the 
stress (715...750 MPa) are still visible on the 
contact periphery. At 1.6x10-4 s, these values 
appear near the fixed edge of the panel. 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

Figure 2. v = 150 m/s, 4 layers, t = 4x10-5 s (contact 
biggins at t = 2x10-5 s, von Mises stress distribution) 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

Figure 3. v = 150 m/s, 4 layers, t = 4x10-5 s (contact 
biggins at t = 5x10-5 s, von Mises stress distribution) 

15th International Conference on Tribology – Serbiatrib ‘17 313



 

For the cases with friction, the stress 
concentration under the bullet seems to be a 
little delay (less than the time step selected for 
running, t = 10-5 s). Analysing Figure 12, the 
bullet rebounds more quickly when there is no 
friction, the rest of the plots v-t overlapping. 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 4. v = 330 m/s, 4 layers, t = 3x10-5 s (contact 
biggins at t = 1x10-5 s, von Mises stress distribution) 

The ballistic limit, V50, is the velocity at 
which the probability of penetration of an 
armor material is 50% [23]. To determine this 
characteristic, numerous ballistic tests are 
done, bullets are fired at higher and higher 
velocities until they start penetrating. Thus, 
V50 is a good measure of the upper limit of 
panel protection, or the "breaking point" for 
an armor. It is easier to approximate this limit 
by simulation and then restraining the tests 
that have to be done.  

For the analysed model, the velocity V50 
was determined as being more than 330 m/s 
and less than 335 m/s, for no-friction case, as 
for the first value the projectile does not break 
the last layer, but for v = 335 m/s, the fourth 
layers is broken (see Fig. 8). But for the cases 
with friction, V50 is higher than 335 m/s and 
lower than 350 m/s, depending on the value 
for friction coefficient.  

At 330 m/s, if the friction intensity 
increases, the layers, even broken, remain 
under the bullet, are compressed and the 
failure of the following layers are a little bit 
delayed (with a time interval of 1...3x10-5 s). 
When COF is higher the bullet deforms more 
rapidly. 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 5. v = 330 m/s, 4 layers, t = 4x10-5 s (contact 
biggins at t = 1x10-5 s, von Mises stress distribution) 
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The friction seems to have effect on the 
layers deformation in time. Without friction, 
layers are waving with higher amplitude. For 
instance, in Fig. 6a, after being broken, layers 2 
and 3, are pushed away and they do not have 
the opportunity to remain under the bullet 
and to increase the resistance of the 
remaining layers, as it happens even when 
considering the COF(l-l) at the lowest analysed 
value (0.2). For higher values the layers remain 
in contact (Fig. 6c and d). 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 6. v = 330 m/s, 4 layers, t = 9x10-5 s (contact 
biggins at t = 1x10-5 s, von Mises stress distribution) 

 

At 335 m/s and moment t = 4x10-5 s 
(contact biggins at t = 2x10-5 s), for the case 
without friction, 3 layers are already broken, 
but for the cases with friction, only the first 
one is failed. At moment t = 7x10-5 s (contact 
biggins at t = 2x10-5 s), the running of the no-
friction case reveals 3 broken layers and the 
high buckling of the first two layers (Fig. 7a).  

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 7. v = 335 m/s, 4 layers, t = 4x10-5 s (contact 
biggins at t = 2x10-5 s, von Mises stress distribution) 

The magnitude of the panel deformation in 
the velocity direction is much greater than that 
obtained for cases with friction (Fig. 8b-d). But, 
as the layers are trapped under the bullet, there 
are initiated high stress concentrator outside the 
contact bullet-first layer, as one may notice in Fig. 
8b that will initiate the rupture of the layer. 
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a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 8. v = 335 m/s, 4 layers, t = 7x10-5 s (contact 
biggins at t = 2x10-5 s, von Mises stress distribution) 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.2 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
d) COF(b-l) = 0.3, COF(l-l) = 0.8 

Figure 9. v = 335 m/s, 4 layers, t = 9x10-5 s (contact 
biggins at t = 2x10-5 s, von Mises stress distribution) 

 
a) COF(b-l) = 0.0, COF(l-l) = 0.0 

 
b) COF(b-l) = 0.3, COF(l-l) = 0.4 

 
c) COF(b-l) = 0.3, COF(l-l) = 0.4 

Figure 10. v = 400 m/s, 4 layers, t = 3x10-5 s 
(contact biggins at t = 1x10-5 s) 

For v = 400 m/s, at moment t = 3x10-5 s 
(contact begins at t = 1x10-5 s), 3 layers are 
broken for the case without friction and with 
low COF(l-l) = 0.2. 
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For COF(l-l) = 0.4, only two layers are broken, 
but the third one is highly tensioned and it will 
probably break at future moments (Fig. 10). 
Figure 11 show that, at t = 5x10-5 s (contact 
begins at t = 1x10-5 s), all 4 layers are broken, 
but the deformation of the panel on impact 
diretion is lower when the friction coefficient 
COF(l-l) increases (from 0 to 0.4). 

 
a) COF(b-l)=0.0, COF(l-l)=0 

 
b) COF(b-l)=0.3, COF(l-l)=0.2 

 
c) COF(b-l)=0.3, COF(l-l)=0.4 

Figure 11. v = 400 m/s, t = 5x10-5 s (contact begins 
at t = 1x10-5 s, von Mises stress distribution, MPa) 
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Figure 12. The velocity of the bullet top head for    

v = 150 m/s 
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Figure 13. The velocity of the bullet top head for    
v = 330 m/s 
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Figure 14. The velocity of the bullet top head for    

v = 335 m/s 
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Figure 15. The velocity of the bullet top head for    

v = 400 m/s 
 
4. CONCLUSION  
 

The simulation of the impact between a 
bullet and a stratified panel, using different 
values for the friction coefficient between the 
layers of the panel, pointed out that the bullet 
top head velocity during the impact depends 
on this parameter, especially for the cases 
where the bullet make a total penetration of 
the panel. For cases where the bullet is 
rebound after impacting the panel, the friction 
has a low influence, when the bullet slides 
against the deformed first layer.  

For all run cases, the model run without 
friction has produced the highest value of the 
top head bullet velocity for velocity range 
250...400 m/s. 

The friction becomes important in energy 
balance of the impact when the layers are 
broken. When the projectile velocity is not 
enough for destroying the layers (or at least 
one), and the projectile is rebound, the 
influence of friction is noticed on a reduced 
time interval, but the velocity plots are not 
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modified at the beginning and the end of the 
impact (Fig. 12). 

These simulated cases suggest that friction 
increase V50, with 10...40 m/s, at least for the 
studied range of the initial velocity of the 
bullet and also the bullet velocity after 
penetration is lowered (Figs. 14 and 15). 
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Abstrakt: The idea of development of modular fixture systems increased level of stiffness and flexibility 
based on modular fixture systems that are in the basic form of framed structures. It is assumed that the 
concept of forming assemblies of modular fixture systems provide greater rigidity and flexibility, greater 
reliability, which is especially important if you take into account the possible use of these accessories when 
processing on modern multi-axis numerical machines in which at once basing and tightening treatment 
performed with a number of different tools. The friction between structural elements of the modular fixture 
systems are analyzed. 
 
Keywords: modular fixture systems, stiffnes, friction, structural elements. 

 
 
1. INTRODUCTION  
 

The concept of modular fixture system 
composed of a number of interchangeable 
components originally developed in England at 
the beginning of World War II [1]. With the 
development of numerical machines 
(Numerical Control machine - NC) 1960 years, 
beginning more and more to develop and 
implement modular clamping accessories in 
the industry. Modular fixture systems play an 
important role in the modern manufacturing 
environment because they reduce the time 
and costs required for the design, and the time 
and costs during the changes fixture systems 
in a variety of manufacturing processes [2]. In 
addition, the modular fixture systems through 
the universal existence of exchangeable 
clamping elements allow for greater flexibility, 

the quality and volume of production. The 
flexibility of modular fixture systems derives 
from a large number of clamping configuration, 
ie. different combinations of clamping 
elements which can be connected to this base 
plate. Modular fixture systems basically consist 
of a base plate on which is placed fixture 
elements standard type and are used for 
different shapes and sizes of workpieces. The 
elements of a modular fixture systems be in 
the form of vertical and horizontal elements 
for the positioning, both vertical and 
horizontal clamping elements with a role to 
base, positioned and clamped the workpiece 
in a given position. A method of designing a 
modular fixture systems may be divided into 
four phases [3]: 

• preparation of input data, 
• planning modular fixture systems, 
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 the design modular fixture systems, 
• verification. 
Generally speaking, the modular fixture 

systems can be divided into two groups 
according clamping surfaces [4]: 

 the surface of the base the T - the 
grooves and, 

 basing surfaces with holes and 
threaded bore. 

Automated design of a modular fixture 
systems means the process in which, without 
human interaction projects a corresponding 
modular fixture systems for the workpiece. 
Considering that the in today's widespread use 
of 3D design software, as input to a system 
that is able to automatically design a modular 
fixture systems to use the 3D model of the 
workpiece, with the technological data such as 
tolerances, surface roughness and other [5]. 
Modular elements of the clamping would need 
to have some level of intelligence is required  
[6]. In previous research, a large number of 
systems for automated design of modular 
fixture systems, or complete automation of 
any system has not been developed. More or 
less essential human interaction in defining 
the input data into the system. 

Previous studies in the field of application 
systems for automated design accessories 
CAFD, globally, can be divided into two 
prominent fields of research include: 
optimization of modular fixture systems and 
the development of modular fixture systems. 
Different techniques were used to optimize 
the modular fixture systems:  

 the method of the finite element [7]–
[9], 

 genetic algorithms [10]–[13], 
 a combination of genetic algorithms 

and neural networks [14], [15], 
 the finite element method, and genetic 

algorithm [16], 
 genetic algorithms and algorithms ant 

colony [17]. 
This type of research, more or less, is 

focused on defining the optimal number of 
necessary elements for positioning and 
clamping the workpiece in a modular fixture 
systems. When we talk about the 

development of modular clamping kit, there 
are several systems that should be noted:  

 a neural network [14], [15], 
 case-based reasoning - CBR [18], [19], 
 an expert system [20]–[23] and 
 knowledge-based systems [24]–[26]. 

Analyzing literature which is directly related 
to this field of research has been observed 
that the systems of modular clamping of 
accessories based on the system console. A 
large number of studies designed to determine 
the performance of positioning, tolerance 
analysis, stability analysis, analysis of possible 
constraints, and optimize the clamping force. 
In addition, previous studies include: a method 
for determining automatic positioning and 
clamping the workpiece on the basis of 
mathematical models, algorithms to select the 
position for positioning and clamping, which 
provides maximum mechanical leverage, the 
kinetic analysis based on the planning of 
clamping tension arrangement and 
dependence shrinkage based on the analysis 
of the accessibility automatically select 
settings taking into account the tolerance 
factor, and the occurrence of possible failures 
of the clamping devices, as well as the 
geometrical analysis based n a 2D planning 
clamping accessories. Principles of clamping 
equipment and research based on the finite 
element method are also the subject of 
considerable research. The finite element 
method, it is in most cases used for analysis of 
the behavior of stress and strain of the system 
the workpiece / chucking device in relation to 
the applied force of processes of cutting and 
clamping process. It also carried out a large 
number of optimization and developed a large 
number of mathematical algorithms in order 
to minimize as much displacement and 
deflection. 

The idea of development of modular fixture 
systems increased level of stiffness and 
flexibility based on modular fixture systems 
that are in the basic form of framed structures. 
It is assumed that the concept of forming 
assemblies of modular fixture systems provide 
greater rigidity and flexibility, greater 
reliability, which is especially important if you 
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take into account the possible use of these 
accessories when processing on modern multi-
axis numerical machines in which at once 
basing and tightening treatment performed 
with a number of different tools. 
 
2. BASIC SYSTEM CONFIGURATION OF 

MODULAR FIXTURE SYSTEMS 
 
The basic configuration of a modular fixture 

systems of frame type is illustrated in Figure 1. 
The frame of the modular fixture systems is 
formed with the outer faces of the base plate 
which can be easily connected with other 
elements which are used for clamping work 
cartwheel within modular fixture systems. The 
above-described basic elements are mounted 
on a base plate which by means of screws 
fixed to the table working machines. The 
supporting structure of this type of modular 
fixture systems consists of a base plate, the 
pillar (guide rail) of the mounting plate and the 
carrier guide rail.  

 
Figure 1. The basic configuration of the modular 

fixture systems 

After defining the dimensions of the 
workpiece, with respect to the base plate, 
approach to the design of the modular fixture 
systems. Pillars can slide along the groove by 
the base plate and clamping elements can be 
fixed anywhere along the groove. Depending 
on your needs can be installed more poles. To 
increase the stiffness of the bearing structure 
of modular fixture systems, if necessary, the 
poles are placed stiffeners. After fixing pillars 
are mounting and fixing of the mounting plate 
by means of the carrier poles at a certain 
height.  
 
3. THEORETICAL INVESTIGATIONS 

 
Under the influence of the transverse 

external load bracket is bent, ie. comes to its 
bending axis. The focus of arbitrary cross 
section at a distance, z, from the left end 
moves perpendicular to the axis of the console 
size, u. This move is known as a deflection. The 
function u (z) is the equation of the elastic line 
bent axis bracket (Figure 5.4). In close the 
cross-section, at an infinitesimal distance dz, 
the deflection will be u + du, where du 
increment of deflection. Given that the 
distance is infinitely small, we can consider 
that the line CD is right, that is. that this line 
coincides with the tangent to the elastic line at 
point C. The angle φ which this tangent forms 
with the original axis of the bracket is known 
as a slope. 

Theoretical consideration deflection and 
slope for a particular case console loaded by 
force F on the free end (Figure 
2).

 
Figure 2. Elastic line console loaded at the free end 

From the strength of materials known to the 
deflection console loaded by force F on the 
free end: 
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At console with variable cross section shown in 
figure 2 at the calculation of the deflection are 
taken into account the moments of inertia of the 
increased moment of inertia of the work and the 
console of circular cross section. Calculation of 
deflection takes place over two fields (field AC and 
CB feld). 

 
Figure 3. Deflection console with variable cross 

section 

On the basis of the previously calculated 
deflection ACu , Cu  and CBu the total deflection, or 
an elastic console line with variable cross section 
shown in Figure 2 would be: 

 1
1 1

2
3

2 1 1

2 2

180
2 sin

2

3 .
6

o

C

Fl
u l l z

B

Fl z z

B l l




     

    
       
     

             (3) 

 
4. EXPERIMENTAL INVESTIGATIONS 
 

The experimental investigations on the 
elements that make up the bearing structure 
of the modular frame of the fixture system are 
sufficient indicator of the impact of different 
sizes load at the behavior of the fixture 
system/ the workpiece.  
During the presentation of experimental 
analyses it is used specially designed device 
that works on a mechanical principle, and to 
check the reading obtained independent 
parameters used coordinate measuring 
machine DEA Global Performance using 
measurement software PCDMIS. 

 
Figure 4. Mechanical measuring device 

It was conducted five experimental tests. In 
conducting out of the experimental tests it 
was carried out by changing the cross section 
of the modular guide elements of the fixture 
system by the addition of stiffening. Each of 
the experimental tests is conducted and 
involved a load side guide to the values of 
normal load Fn, given in table 1. 

Table 1. Experiment plan and program 

Experiment 
no. 

Stiffening 
elements Fn, N 

1. 

 

44.99, 56.76, 68.54, 

80.31, 92.08, 103.85 

2. 

 

44.99, 56.76, 68.54, 

80.31, 92.08, 103.85 

3. 

 

44.99, 56.76, 68.54, 

80.31, 92.08, 103.85 

4. 

 

44.99, 56.76, 68.54, 

80.31, 92.08, 103.85 

5. 

 

44.99, 56.76, 68.54, 

80.31, 92.08, 103.85 
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The result of experimental tests was to 
determine and compare the differences of 
elastic line guides with and without stiffening 
elements. Due to the volume of experimental 
data, the paper will be displayed only static 
processed results. 

 
5.  EXPERIMENTAL ANALYSES  OF RESULTS  
 

According to the experimental analyses 
described in chapter 7, and the results shown in 
Table 4, it was followed by analysis of the 
behavior of deflection under the action of the 
abovementioned loads. The obtained 
experimental results of the elastic line of the 
guide without the stiffening elements and the 
stiffening elements are shown as the diagram in 
Figure 5. The primary result of the experimental 
analyses is to show the real behavior of a 
structural element of the modular fixture 
systems to the effects of stress. It is believed 
that the experimental analyses conducted on a 
moving structural elements sufficient indicator 
of reliability and overall system rigidity modular 
fixture systems.  

Analysis of the experimental results shown 
in Figure 5 a) can clearly see the reduction in 
the deflection f by the addition of stiffeners in 
relation to the guide without stiffeners. 
Reduction in the deflection f observed in the 
percentage of the measured end-point, in the 
guides with stiffening with respect to the guide 
without the stiffener is 37%. The deflection f, 
which is further observed reduction in, with 
two guides of the support in relation to the 
guide without the bracing of 36%. Deflection f, 
three guides with a stiffening element in 
relation to the guide of the support without it 
decreased by 54%, while the decrease of the 
deflection f, in the guides with a complete 
change of the cross-section, i.e. in the guides 
with four stiffening elements smaller in 
relation to the guide without stiffeners 57%. 
Based on the above, it can be concluded that 
the experimental research deflection f in the 
guides with a complete change of the cross 
section into a rectangular shape smaller by 
about 50% in relation to the guide of circular 
cross section. 

 

 
 а) 

 

 
 b) 

 

 
 c) 
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 d) 

 

 

 e) 

 

 

 f) 

Figure 5. Display the experimental results of the 
elastic line guides under load а) 44.99nF N  , 

b) 56.76nF N   , c) 68.54nF N  , 

d) 80.31nF N  ,  

 e) 92.08nF N  and f) 103.85nF N  

Further examination of experimental 
research in fact load Fn is an increase 
deflection f. The increase of the deflection f, 
and increase of the load Fn, expressed as a 
percentage is 26%, 53%, 78%, 104% and 131%. 
 
6. CONCLUSION  
 

Significant improvements in the stiffness of 
frame type modular fixture systems can be 
achieved by choosing an appropriate cross-
section of the structural elements. Theoretical 
considerations, as well as the results in 
conducted experiments confirmed the 
assumption that the stiffness of the guides 
rectangular cross-section greater by 35-40% as 
compared to the stiffness of the guides of 
circular cross section. 
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Abstract: Power loss is the most dominating concern in mechanical power transmission system by any 
types of gear. Power loss is highly influenced by the friction force and friction loss between two gear 
contacts. Friction loss is affected by the energy consumption, gear operating temperatures, lower oil 
oxidation and speed. In the present study power losses minimization was obtained remarkebly by applying 
two main different approaches: using lower modulus of spur gears with significant positive profile shafts 
and using gear lubricant formulations with different types of base lubricants named as 5W30, 10W30, 10W-
40 and 15W50 gear oil on the nylon gear and pinion. 15W30 gear oil indicated the lower power losses, 
friction coefficient and wear loss remarkebly due to higher viscosity effect and the selected geometries also 
minimized the power losses considerably approaching the thermal stabilization. An endurable thin Lubricant 
layer formulated to reduce coefficient of friction, wera rate and power loss as well signficantly that provide 
a positive approach in any gear mechanism.  
 
Keywords: Power loss, Sliding loss, Friction loss, Nylon Spur Gear, lubrication, Temperature. 

 
 
1. INTRODUCTION  
 
The purposes behind utilizing gear 
transmissions incorporate transferring 
secondary torques also evolving the crating 
different motion. The effectiveness of a 
gearbox will rely on upon high losses of the 
energy [1]. Gear lubricant is important 
substance to reduce friction force, 
temperature, corrosion and wear. Rubbing is 
decreased possibly by a dividing oil novel into 
a film alternately by additives transported of 
the rigging network by the ointment. That 
adequacy for cooling relies on the sum of 
ointment what's more entryway great it will 
be transported of the hot gear flanks. Energy 
losses could make divided under no load-
dependent and load losses. Load-dependent 
losses would the individuals from gears what's 

more bearings at torque is exchanged. No-load 
loss happen significantly without at whatever 
load continuously transmitted [2, 3]. They are 
because of the revolution of shafts, which 
reasons bearings and gears to be dragged in 
the lubricant. Energy losses when gears are 
dragged in the lubricant are called churning 
losses and are affected by the oil level, 
viscosity of the lubricant and rotational speed 
[4]. Gear churning losses can be a major 
contributor to the total energy losses in a 
gearbox. Running gearboxes with a lower oil 
level and lower viscosities can reduce these 
losses, but causes worse lubrication and thus 
higher temperatures. Hohn et al. [5] have 
studied possible gear failures due to increased 
temperature. The objective can be reached 
through different perspectives such as rise 
efficiency and cut down gear power loss, 
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minimize gear operating temperature, 
enhance reduce lubricant oil oxidation and 
rising lubricant life or accommodate the use of 
a less lubricant quantity, minimize friction 
force between gear teeth and pinion, 
progressing the resistance to micro pitting and 
scuffing and thus gear longevity, less the 
environmental impact of lubricants oil, using 
biodegrade-able, low toxicity gear lubricant 
oils [6, 7]. Load, geometry, friction coefficient 
would those determinant parameters that 
govern friction power loss and large number 
choices would accessible should control these 
variables. The dominating of the load stress 
and load can be effortless decreased adopt 
larger teeth or growing contact ratio. Friction 
coefficient perhaps limited by surface texture, 
lubrication regime or lubricant oil properties, 
and also by factors as sliding speed and the 
length of the contact path [6, 8]. 
In this study, an attempt is made  to reduce 
the power loss, sliding loss, friction coefficient , 
wear rate etc and select the preferable 
operating conditions and gear oil as the 
lubricant. Moreover, this study can be used as 
a worthy source for the clarification of ongoing 
researches on gears for industrial applications.  
In this context, this study focused different 
gear oil (5W30, 10W30, 10W40 and 15W50) as 
lubricant which indicated different natures on 
the power loss, friction coefficient, wear rate 
and so on. Experimental results has been 
compared to the estimated results that 
provided alomost above 90% fitted in to each 
other. A significant lower friction coefficient, 
power loss and wear rate was attained using 
15W50 gear oil producing stabilized lubricant 
layer in between gear meshing due to higher 
viscous effect rather than the other selected 
gear oils. A stabilized thermal nature in 
lubricant was observed indicating by gear oil 
temprature. 
 
2. METHODOLOGY  

 
2.1 Test equipment 
 
Both running-in and proficiency tests were 
performed in a FZG back to back spur gear test 

rig with a productivity test setup. In all tests, 
gears with the same geometry were utilized as 
a part of the test gearbox (1) and Digital 
Thermocouple (3). To stack the gear, 
deadweights were held tight the load clutch 
(2). The grease tank (4), Inverter (5) torque 
sensor (7), and motor (6) shown in the 
Figure.1 [9]. As new combines of apparatuses 
were utilized as a part of every test, the test 
rig must be dismantled and reassembled once 
more test. To change gears in the slave 
gearbox (1), the motor (5) and speed and 
torque sensor (7) were removed first. Both 
apparatus sets were then changed by 
removing the two front cover on the two 
gearboxes. The inverse system was taken after 
to reassemble the apparatus. The same get 
together methodology was utilized for all tests. 
The performance specifications of the torque 
transducers can be observed from the Table 1.  

Table 1. Performance specifications of the torque 
transducers. 
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a is % of rated output and  b is Compensated. 

 

 
Figure 1. FZG gear test rig 

 
2.2 Test gear box 

 
Figure.2 demonstrates a schematic 
perspective of the test gearbox. This gearbox 
has two shafts where two pinions are 
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mounted. The both shafts are attached by ball 
bearing. The test gearbox permits the choice 
of two distinctive kinematic relations. Table 2 
displayed the main geometric properties of 
the pinions used in the test gearbox.  

Table 2. Geometrical parameters of the pinions in 
the test gearbox 

Parameter Units 
Pinion number 

1 2 

Modulus 

(m) 
mm 10 10 

Number of 

teeth(z) 
 38 50 

Addendum 

modificatio

n(x) 

 0.415 0.3814 

Face 

width(b) 
mm 32 32 

Pressure 

angle (α) 
 20 20 

 

2.3 Lubricants 
 
Four commercial gear oils were selected and 
characterized. The lubricants have been used 
as 5W-30, 10W-30, 10W-40, and 15W-50. The 
physical and chemical characterization of the 
lubricants is displayed in Table 3. 

Table 3. Chemical and Physical Properties of the 
gear oil (synthetic, Mobil Co) 
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Viscosity 

@40°C 

mm2/

sec 

(cSt) 

61.7 78.1 95.9 114 

Viscosity 

@100°C 

mm2/

sec 

(cSt) 

11.7 12 14.7 15 

Pour Point °C -39 -37 -33 -30 

Flash Point °C 230 232 232 236 

Density@1

5.6ºC 
g/ml 0.856 0.86 0.860 0.876 

 
2.4 Power loss analysis  
 
O1 and O2 are two gears and pinion power has 
been transfered from gear O1 to O2 shown by 
the curve line in Figure 2. It was considered 
that both gear and pinion has been come to 
contact at point AB and all gear and pinion 

rotation showing in this figure and transmitted 
force at gear point K. Gear and pinion rotated 
each other as result force shifted at point D 
and generated rolling friction.   

 
 

Figure 2. Schematic diagram of an external 
engagement of gear and pinion 

The contact point does not coincide according 
to the kinematic pitch point at P, the gear has 
been generated at different speed and sliding 
friction therefore produced friction coefficient 
µ at triangle ∆CDF1. Two types of friction has 
been occurred between gear and pinion teeth. 
The force R12 is shifted at point F1 rotating 
way from at P in direction of the driven gear. 
The sliding loss has been calculated by using 
previous researcher at [10, 11]. The following 
equation was used: 

  
     
  

 (1) 

                  (2) 
        (3) 

      ̅̅ ̅̅̅                   (4) 

Where H1 is the power input at gear O1 and H2 
is the power output at pinion O2, ω is angular 
velocity of the gear O1, T1 is the torque of the 
gear O1,  ̅   is the gear interaction force,    is 
the pressure angle and μ is the friction angle. 
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        (5) 
      ̅̅ ̅̅̅                   (6) 

Where ω is angular velocity of the pinion O2, 
T2 is the torque of the pinion O2,  ̅   is the 
pinion interaction force,    is the pressure 
angle and μ is the friction angle. 
 

2.5 Friction coefficient analysis 
 

Friction coefficient has been a valuable parameter 
to determine the power loss and sliding loss 
between power transmitted by the gear and 
pinion [12]. Friction coefficient is dominated by the 
different parameters such as surface roughness of 
the gear and pinion, viscosity of the gear oil, 
loading condition and sliding velocity. A large 
number of research recommended those 
experimental formulas for estimation of the 
friction coefficient [13-16]. In the present study 
misharin et al. [15] formula has been considered 
to determine the friction coefficient of the gear in 
power transmission system. 

                  
      (7) 

Where μ is the friction coefficient, VS is the 
relative sliding velocity, Vr is the sum of the 
rolling velocity and vk is the kinematic viscosity 
of the gear oil. 
 

3. RESULTS AND DISCUSSIONS 

 

3.1  Power loss and sliding loss  
 

Just like oil stabilization temperature hierarchy, 
5W-30 ranked slightly upper than other oils in 
case of power loss in watt for gradual increment 
of RPM [11, 17]. However, for sliding loss, 15W-
50 remains lower significantly due to higher 
viscosity effect for all conditions with straight 
nature in lower torque (4 N-m), while 10W-30 
shows inclined but straight line for highest (8 N-
m) torque. For lower order torques, all types of 
oil tend to show affinity to become horizontal 
with increment of RPM. It also shows good 
agreement for lower RPM operation against 
variable torques. It means that power loss 
remains constantly minimum for low RPM 
torques and RPM. Experimental data as Figure 3 
to Figure 7 and estimated results shown good 
agreement proving the authenticity of test rig 

[9]. As the variation of torque lower power loss 
was observed while lower torque however, at 4 
N-m the experimental results matched with 
estimated results as 100% using 15W50 gear oil 
shown in 6 (d). 

 

 
Figure 3. Power loss with RPM at different gear 

oil grade (a) 4 N-m and (b) 8N-m 
 

 

 
Figure 4. Sliding loss with RPM at different gear 

oil grade (a) 4 N-m and (b) 8N-m 
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Figure 5. Power loss with RPM at different Torque 

(a) 5W30 (b) 10W30  (c) 10W40 and (d) 15W50 
 

 

 

 

 
Figure 6. Power loss with RPM at experiment and 

estimation result at 4 N-m torque (a) 5W30 (b) 
10W30 (c) 10W40 and (d) 15W50 
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Figure 7. Power loss and RPM at experiment and 
estimation result at 6 N-m torque (a) 5W30, (b) 

10W30 (c) 10W40 and (d) 15W50 
 
3.2 Friction coefficient  

 
Figure 8 demonstrated the relations among 
the friction coefficient, RPM and different gear 
oil. Effect of the speed on the coefficient of 
friction of the spur gear pair is studied at 
different operating conditions. In the Present 
study it has been observed that the tendency 
of the variation of the coefficient of friction as 
the speed increases opposite’s case for all 
tested condition. As the rotational speed 
increases of the spur gear, the sliding velocity 
of the tooth interface increased, which 
enhanced the proper shear action of the film 
within the nominal contact zone that results  
decreasing coefficient of friction was obtained.  

 
Figure 8. Friction coefficient with RPM using 

different types of gear oil 

However, once the thermal effect is taken into 
account, as the speed increases, the 
temperature rise increases due to the higher 
sliding velocity, and this would lead to the 
decrease of the fluid viscosity, which further 
causes a increase of the coefficient of friction. 
A minimal friction coefficient is attained using 

15W50 gear oil rather than the other gear oils.  
However, for all gear oil provided to lower 
coefficient of friction with the increase in 
rotaional speed (RPM) which are similar trend 
to previous study [12, 18, 19]. 
 
3.3 Wear rate of gear 

 
From below mentioned Figures 9-11, it is 
obvious that at 500 RPM with variable torques, 
due to use of 5W30 grade lubrication wear 
amount (in mg) per hour rapidly increases 
than usual for terminal hour. However, for 500 
and 1000 RPM, it did not show any regular 
characteristics. Meanwhile, other lubricants 
show little bit deviation for 750 RPM with high 
order torques.  

 

 
Figure 9. Wear rate with time duration using 

different gear oil at 500 RPM (a) 4 N-m torque 
(b) 6 N-m torque 
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Figure 10. Wear rate with time duration using 

different gear oil at 750 RPM (a) 4 N-m torque (b) 6 
N-m torque 

 

 
Figure 11. Wear rate with time duration using 

different gear oil at 750 RPM (a) 4 N-m torque (b) 6 
N-m torque 

 
Figure 10 shows that, wear rate takes a 
straight line shape showing regularity for 
5W30 and 10W40 lubricants especially. High 
viscous effect [20] of 15W50 gaer oil indicated 
the lower wear in all conditions. 
 
3.4 Thermal stabilization temperature effect 

 
Thermal stabilization temperature and torque 
are noticeable parameter of the gear test [21]. 
The torque and stabilization temperatures 
were determined and recorded the testing 
time and the mean value of the last 60 
minutes of the 10 hours test has been 

considered, Figure 12 show the oil sump 
stabilization temperatures (             
     ) from the analysis of Figure 12. It has 
been analyzed that there are highly variety of 
the all tested gear oil. 15W50 always 
promoted lower stabilization temperatures at 
any other of the selected gear oils, while 5W30 
promoted the highest stabilization 
temperatures. Gear oil 10W30 and 10W40 
also better then gear oil 15W50 for the all 
experimental conditions. 

Figure 13 demonstrated the test results in a 
several way. On the abscissa the oil sump 
adjustment temperatures           
      are illustrated. On the ordinate the 
differences between the oil sump and outer 
gear box wall temperatures are determine by 
               . At the point when the 
warm adjust was achieved, the temperature in 
different points of the gearbox outer side was 
assessed utilizing a digital thermometer. This 
system was rehashed for various working 
conditions and it was checked that the 
temperature on the outside wall of the 
gearbox temperature was on steady condition. 
Regardless of the chose the gear oils 
uncovering altogether different oil sump 
thermal equilibrium temperatures, two 
roughly direct and oil independent curves can 
be distinguished in Figure 13. Since this 
connection is oil independent, it can be 
inferred that when the vigorous harmony is 
achieved the impact of the oil thermal 
properties on the plotted thermal balance 
temperatures is negligible, prompting a 
roughly uniform oil sump temperature. 
Because of the trial conditions the wind 
stream around the test gearbox for the most 
part relies on upon the air flow made by the 
turning shafts at low speeds. Several 
researchers have been study on the effect of 
thermal temperature of the gear oil and Hohn 
et al. [22] expressed that for low velocities 
around the test gearbox the oil thermal 
properties have little impact prompting a 
roughly uniform oil sump temperature. 

All types of liquid dissemination brought about 
by the moving mechanical components in a 
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gearbox is firmly identified with the revolution 
of the pinions somewhat inundated in grease 
and the gearbox inside geometry. Gear oil 
course in a gearbox is created by the 
collaborations between the flow advanced by 
every one of the pinions and moving 
components inside the gearbox [20]. The heat 
that courses through the gearbox lodging is 
reliant on the way of the liquid flow close to 
the dividers which is pondered the 
temperatures.  

 

 
Figure 12. Oil sump stabilization temperature 

(                ) at (a) 2 N-m and (b) 3 N –
m for nylon gear 

 
Figure 13. Difference between oil sump and 

external wall temperature of the housing 
                of the test gearbox against 

the difference between oil sump and room 
temperatures                 

 

 

 

 
Figure 14. Difference between oil sump and 

external wall temperature of the housing of the 
test gearbox against the difference between oil 
sump and room temperatures (emphasizing the 

speed dependence) at (a) 5W30, (b) 
10W30,(c)10W40 and (d)15W50 

 
Higher heat exchange coefficients are related 
to turbulent flow, so a move from a laminar to 
a turbulent stream inside the test gearbox may 
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prompt the outcomes shown in Figure 13 and 
Figure 14. After these contemplations it was 
expected that the flow administration inside 
the gearbox coming about because of the 
turning gears halfway submerged in oil could 
be accessed through the investigation of the 
conduct of the thermal adjust temperatures. 
 
4 CONCLUSION  

 
As the lubricant, different types of gear oil was 
used in this work. Using 15W50 provided the 
lower power loss and sliding loss as well due 
to higher viscosity effect at increasing 
temperature rather than other gear oils.There 
is the approximately same trend of 
experimental value with estimated value 
regarding power loss analysis was found in this 
study. A significant lower trend of coefficient 
of friction and wear rate have been identified 
using 15W50 gear oil as compared to other 
tested gear oils. Stabilization temperature 
nature was found under 750RPM using the all 
tested gear oils. Estimated results fitted in to 
experimental results above 90% approximately 
regarding power loss, especially 100% at 4 N-
m using 15W50 gear oil.  
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Abstract: In this study, we evaluate the lubrication characteristics of the reciprocating plunger pump by 
hydrodynamic lubrication analysis considering elastic deformation of a barrel. The lateral motion of the 
plunger during plunger sliding barrel inside is called secondary dynamics.  
This paper presents effects of elastic deformation of a barrel on the piston secondary motion in 
hydrodynamic lubrication. The rigid ringless piston and deformable cylinder-shaped barrel were considered. 
We use the two-dimensional Reynolds equation to evaluate lubrication characteristics with a variation 
clearance for an incompressible, unsteady state flow. Moreover, we use the equilibrium equation of 
moment and forces in the vertical and horizontal directions to determine the secondary motion of the 
plunger. Through numerical analysis, the orbit of plunger eccentricity and minimum film thickness are 
calculated for given conditions. We investigate the lubrication characteristics of the pump by comparing the 
minimum film thickness and surface roughness. After cyclic convergence, complete hydrodynamic 
lubrication conditions are achieved while plunger-barrel contact occurs for others. Through lubrication 
analysis, we found that there is optimum clearance between plunger and barrel, which depends on 
operation conditions. As barrel deforms as much as clearance scale, it is important to consider barrel 
deformation to figure out the secondary motion of plunger pump. 
 
Keywords: plunger, barrel, lubrication, elastic deformation, clearance 

 
 
1. INTRODUCTION  
 

The fuel injection pump is one of the main 
components of the marine diesel engine. This 
pump is the device that pumps fuel into the 
cylinders of a diesel engine. High pressure and 
low viscosity of fuel cause scratches of the 
running surfaces and leads to accelerated 
wear or sticking in reciprocating fuel pumps. 
Thus, needs for understanding and design 
optimization are increasing to prevent wear 
and stick in the plunger pump, and that are 
compatible with the increased fuel pressure in 
modern medium-speed diesel engines.  

The lateral motion of the piston during 
piston sliding cylinder inside is called 
secondary dynamics. This paper presents 
effects of elastic deformation of a barrel on 
the piston secondary motion in hydrodynamic 
lubrication. The rigid ringless piston and 
deformable cylinder-shaped barrel were 
considered. We use the two-dimensional 
Reynolds equation to evaluate lubrication 
characteristics with a variation of clearance for 
an incompressible, unsteady state flow. 
Moreover, we use the equilibrium equation of 
moment and forces in the vertical and 
horizontal directions to determine the 
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secondary motion of the plunger. Through 
numerical analysis, the orbit of plunger 
eccentricity of top and minimum film thickness 
are calculated for given conditions. After cyclic 
convergence, complete hydrodynamic 
lubrication conditions are achieved. 
 
2. ANALYSIS MODEL 
 
2.1 Geometry and Conditions 
 

The numerical model of the fuel pump is 
simplified, as shown in Fig. 1. This system is 
consisted of plunger that has a reciprocal 
motion and deformable barrel. It is assumed 
that the center of moment in the plunger is 
placed on the bottom of it, and this point 
moves only on the center line of the barrel 
because the guide is installed the lower end of 
the plunger.  

Plunger and barrel geometry parameters 
are shown in Table 1. The clearance between 
the plunger and barrel is 5 ㎛. The barrel 
pressure and plunger stroke is dependent on 
crank angle. Maximum value of plunger stroke 
and barrel pressure are 30 ㎜ and 800bar. 
0.02Pa*sec oil is considered as lubricant. 

Table 1. Geometry parameter 

Parameter Value Unit 
Plunger  length 150 mm 

radius 10 mm 
Barrel length 100 mm 

outer radius 20 mm 

 
Figure 1. Geometry of pump 

2.2 Numerical Methodology 
 

The equations of motion in lateral direction 
are solved using the calculated oil film 
hydrodynamic pressure, hydro-frictional force, 
contact force, cylinder gas pressure and inertia. 
To calculate the hydrodynamic pressure acting 
on the piston, unsteady-state two-dimensional 
Reynolds equation is solved by finite 
difference method using a rigid piston-cylinder 
assumption as formula (1). Reynolds boundary 
conditions are used to consider cavitation 
boundary. 
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The cylindrical coordinates of center of the 
top plunger are shown in Figure 1.(b) The film 
thickness equation is expressed as formula (3). 

  ,cos),( yhcyh d        (3) 

The equilibrium equation of moment at the 
O point in Figure 1. and the equilibrium of 
forces in the vertical and horizontal direction 
are used, as shown in formula (4) to determine 
the motion of the plunger. The moment at the 
O point is calculated with formula (5).  

 
Figure 2. Analysis flow chart [2] 
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To satisfy the moment equilibrium at the 
bottom of the plunger, eccentricity of plunger 
is updated using the Newton Raphson method. 
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2.3 Barrel deformation 
 

When plunger reciprocates, barrel go 
through elastic deformation and this 
displacement changes oil film thickness 
between plunger and barrel. We considered 
elastic deformation of barrel surface to 
examine the effect of elastic deformation on 
plunger secondary motion.  

When radial point load is forced on specific 
spot A of barrel inner surface, the components 
of elastic displacement ux, uy at any point B on 
the barrel inner surface is dependent on the 
distance between A and B as shown in Figure 3. 

We calculated elastic displacement ux, uy 
for all node using ANSYS APDL, which is used 
as influence function, f(ξ,ψ). ξ and ψ are 

relative coordinate of forced spot from 

deformed point. Therefore, the radial 
displacement(u) of specific point on barrel is 
expressed as below. 

  
L

rdzdfpu
0

2

0
,*


       (6) 

We assumed that plunger is rigid and 
displacements of outer surface of barrel is 
constraints for all direction. 

 
Figure 3. Distribution of dimensionless elastic 

deformation on surface for point load 

 

3. RESULT 
 

We compared minimum film thickness at 
the top of the plungers with different radial 
clearance after plunger motion stabilizing. The 
results are shown in Figure 4-5. Dimensionless 
time, T=0, 1 at BDC and T=0.2 at TDC. 

Figure 4 presents (a) eccentricity ratio at the 
top of the plunger and (b) minimum film 
thickness during reciprocating motion. When 
radial clearance increases, plunger tilts more and 
maximum eccentricity ratio increases. However, 
minimum film thickness for plunger with 10um 
radial clearance was the smallest. Figure 5. 
demonstrate variation of minimum film 
thickness with dimensionless time for different 
radial clearance conditions. It can be shown that 
there is optimum clearance. The optimum 
clearance is about 5㎛ at given conditon. 

 

 
Figure 4. Plunger secondary motion for a cycle 
(a)eccentricity ratio (b)minimum film thickness 

 
To evaluate the effect of barrel deformation 

on plunger lubrication properties, transition of 
eccentricity of plunger top and minimum film 
thickness in a cycle are presented on Figure 6-
7. In both cases, plunger top is set in same 
position at BDC (T=0). 
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Figure 5. Minimum film thickness with clearance 

 
Figure 5. Effect of barrel elastic deformation on 

eccentricity ration of plunger top. 

 

 
Figure 6. Effect of barrel elastic deformation on 

minimum film thickness 

For rigid barrel condition, plunger approach 
to barrel wall during ascending stroke and film 

thickness become minimum at TDC(T=0.2). For 
the deformable barrel condition, however, 
plunger tilts more than rigid conditions and 
recovers oil film thickness before TDC. After 1 
reciprocating motion, eccentricity ratio for 
elastic deformable barrel condition is larger. 
We can guess that after plunger motion 
stabilizing, plunger with deformable barrel 
condition would have less eccentricity ratio 
and larger film thickness.  
 
4. CONCLUSION  
 

In this study, the secondary motion of 
plunger pump is simulated and the lubrication 
characteristics of the plunger were 
investigated with various clearance. There is 
optimum radial clearance ratio, which was 
5um for given conditions. 

We considering barrel elastic deformation 
as well. For rigid plunger-deformable barrel 
condition, minimum film thickness increase 
and eccentricity ratio of plunger top is 
decrease compared with stabilized result of 
rigid barrel condition.  
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Abstract: Present study concerns with a multi-parameter experimental and statistical analysis of surface 
texture in turning of stainless steel flakes reinforced cast aluminum matrix particulate composite (AMPC). 
Spindle speed, n (rpm) and feed rate, f (mm/rev) were assigned to an L9 Taguchi orthogonal array as 
independent variables whilst depth of cut was kept constant. The response/output (performance 
characteristic) was an increased number of surface roughness parameters including amplitude, hybrid, 
statistical and fractal ones. The multi-parameter analysis of surface finish was selected since the evaluation 
of the roughness with one or two only parameter is ambiguous. The correlation of these parameters with 
the machining conditions was investigated. Then, statistical analysis and was applied to quantitatively allow 
exploration of the effect which each machining input yields on roughness outputs. Regression equations 
were constructed then, in order to develop  prediction models with the possible lower estimation error.  
 
 
Keywords: surface roughness, aluminum matrix particulate composite; stainless steel flakes; turning; multi-
parameter analysis, regression equations.  
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1. INTRODUCTION 
 

Metal cutting operations are widespread in 
manufacturing industry and the prediction 
and/or the control of relevant machinability 
parameters always attracts interest. A basic 
machinability parameter is the surface texture, 
as it is closely associated with the quality, 
reliability and functional performance of 

components [1, 2]. Turning is the primary 
operation in metalworking industry for 
producing axisymmetric components. These 
components, typically, possesses critical 
features that require specific surface finish and 
the best possible functional behaviour. Due to 
inadequate knowledge of the complexity of 
the process and factors affecting the surface 
integrity in turning operation [3], an improper 
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decision may cause high production costs and 
low machining quality. The proper selection of 
cutting tools and process parameters for 
achieving high cutting performance in a 
turning operation is a critical task [2-4]. 

The various manufacturing processes 
applied in industry produce the desired shapes 
of the components within prescribed 
dimensional tolerances and surface quality 
requirements. Therefore, any proposed 
description of a technological surface should 
take into account the features of the profile 
imparted by the machining process performed. 
This is a crucial point because the process can 
be controlled through surface texture 
recognition which also can be used to 
generate suitable profiles for tribological 
functioning [5]. 

In the common industrial practice surface 
roughness is evaluated by profile amplitude 
parameters such as Ra, Rt etc., which, however, 
do not provide information on the shape of 
the profile. Characteristics like inclination and 
curvature of the surface roughness asperities, 
“emptiness” or “fullness” of the profile, 
distribution of the profile material at various 
heights are included in the profile shape. The 
essential tribological aspects (e.g. friction, 
wear, conditions of lubrication) are highly 
dependent on profile shape [5, 6]. In this 
regard, the characterization of machined 
surface shapes is necessary; this can be 
achieved only, through multi- parameter 
statistical analysis [6-10]. 

The present study concerns with a multi-
parameter experimental and statistical 
analysis of surface texture in turning of 
stainless steel flakes reinforced cast aluminum 
matrix particulate composite (AMPC). Spindle 
speed, n (rpm) and feed rate, f (mm/rev) were 
assigned to an L9 Taguchi orthogonal array as 
independent variables whilst depth of cut was 
kept constant. The response/output 
(performance characteristic) was an increased 
number of surface roughness parameters 
including amplitude, hybrid, statistical and 
fractal ones. The multi-parameter analysis of 
surface finish was selected since the 
evaluation of the roughness with one or two 

only parameter is ambiguous. The correlation 
of these parameters with the machining 
conditions was investigated. Statistical analysis 
was applied to quantitatively allow exploration 
of the effect which each machining input 
yields on roughness outputs. Regression 
equations were constructed then, in order to 
identify prediction models with the possible 
lower estimation error. 

It should be noted that for the study of the 
influence of operational parameters on 
machining performance during turning, 
besides statistical methods, soft computing 
techniques such as artificial neural networks 
and genetic algorithms can be applied see for 
example Refs [3, 11, 12] and [13] respectively. 
 
2. SURFACE ROUGHNESS PARAMETERS 
 

Surface roughness evaluation is very 
important for many fundamental problems 
such as friction, contact deformation, heat and 
electric current conduction, tightness of 
contact joints and positional accuracy. For this 
reason surface roughness has been the subject 
of experimental and theoretical investigations 
for many decades. The real surface geometry 
is so complicated that a finite number of 
parameters cannot provide a full description. If 
the number of parameters used is increased, a 
more accurate description can be obtained. 
This is the main reason for introducing new 
parameters for surface evaluation [5, 7, 10]. 
More than one hundred parameters have 
been proposed in the literature, owing to the 
fact that a real profile shape is usually very 
complicated, and the functional requirements 
for the components are very high in today’s 
industry [5]. Since the estimation of the 
roughness performed with one parameter is 
ambiguous, the multi-parameter estimation of 
roughness is recommended [2, 5, 14]. Surface 
roughness parameters are normally 
categorized into three groups according to its 
functionality. These groups are defined as 
amplitude parameters, spacing parameters, 
and hybrid parameters [7]. The surface 
roughness parameters under study were: 
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• the arithmetic average, Ra; 
• the maximum height of the profile; Rt or 

Rmax; 
•  the ten point height, Rz;  
•  the root mean square (RMS) roughness, Rq; 
• the skewness of the amplitude distribution, 

Rsk; 
• the kurtosis of the amplitude distribution, 

Rku; 
• the bearing or Abbott curve parameter at 1 

μm under the highest peak, Rtp; 
•  the fractal dimension, D. 
 
3. EXPERIMENTAL 
 

In this study for the fabrication of 
composite rod, an Al-Mn alloy containing Mg 
was used as matrix material. The purity of the 
matrix alloy was 96.6 %. Stainless steel 316L 
flakes (SSF) were used as reinforcing fillers. Al-
Mn/SSF composite rods with SSF content 
equal to 0.25% wt were produced. The 
fabrication of the aluminum/stainless steel 
flakes composite by casting was reported in 
[15]; therefore it is not presented here, see 
also Ref. [16] for additional details on the 
fabrication technique. 

Cutting experiments were performed on a 
Mondiale Gallic® 14 conventional lathe 
equipped with a NC positioning unit. The ISO 6 
L1616 P20-grade brazed carbide cutting tool 
(PVD TiN coated) from Sandvic Coromant® 
with 0.8 mm tip radius for continuous turning 
was employed. Coolant was not used during 
the tests. 

Spindle speed and feed rate were treated 
as the independent machining parameters 
whilst a number of roughness parameters (see 
section 2) were treated as the responses on an 
L9 Taguchi orthogonal array design. The depth 
of cut was kept constant for all turning passes 
at a=1.0 mm. 

The surface roughness analysis was 
performed using a Rank Taylor-Hobson® 
Surtronic 3 profilometer equipped with the 
Talyprof® software. The cut-off length was 
selected at 0.8 mm whilst three 
measurements were conducted on every pass 
at the longitudinal direction. Measured 
average values for all surface roughness 
parameters under study together with the 
corresponding cutting variables are tabulated 
in Table 1. 
 

Table 1. Measured values for surface roughness parameters. 

Exp. n 
(rpm) 

f 
(mm/rev) 

Ra 

(μm) 
Rt 

(μm) 
Rz 

(μm) 
Rq 

(μm) 
Rsk Rku RTp 

(%) 
D 

1 200 0.05 1.86 12.88 11.27 02.30 00.11 02.92 01.86 1.22 
2 200 0.27 8.43 46.53 41.80 10.33 00.52 02.79 00.67 1.10 
3 200 0.60 8.57 44.10 38.53 10.06 00.27 02.45 00.60 1.07 
4 800 0.05 0.65 04.85 04.35 00.83 -00.21 03.10 07.71 1.36 
5 800 0.27 8.20 45.67 41.03 10.05 00.04 02.48 00.63 1.07 
6 800 0.60 7.77 47.00 39.80 09.65 00.54 03.67 00.63 1.01 
7 1600 0.05 0.88 06.54 05.42 01.09 -00.19 02.84 03.80 1.37 
8 1600 0.27 7.96 50.13 39.23 09.63 00.38 03.33 00.33 1.12 
9 1600 0.60 8.49 51.50 43.30 10.51 00.44 03.33 00.56 1.10 

 
 
4. RESULTS AND DISCUSSION 
 
4.1. Experimental observations 
 

The variation of Ra, Rt and Rz values with 
feed rate for all three spindle speeds applied is 
presented in Figures 1, 2 and 3 respectively. 
When turning under the lowest level for feed 
rate (i.e. f=0.05 mm/rev), Ra is kept low for all 

spindle speed levels, therefore it is deemed as 
the most influential parameter affecting Ra. 
Lowest value for Ra was obtained for spindle 
speed equal to 800 rpm with 0.05 mm/rev 
feed rate. For the same feed, Ra slightly 
increases when spindle reaches 1600 rpm. 
Experimental observations for Rt and Rz as well 
as for Rq are quite similar to those for Ra, as it 
is expected. Moreover, variation patterns 
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presented in Figures 1 and 2 are quite 
different from the ones observed in turning of 
pure Al-Mn alloy (matrix material) under the 
same experimental conditions; see Ref. [17]. 

Note, that arithmetic average roughness 
(Ra) is by far the most commonly used 
parameter in surface finish measurement and 
for general quality control. Despite its inherent 
limitations, it is easy to measure and offers a 
good overall description of the height 
characteristics of a surface profile.  On the 
other hand, Rt is very sensitive to the high 
peaks or deep scratches. Rq (RMS) is more 
sensitive to peaks and valleys than Ra, but less 
robust whilst Rz is the most versatile process 
control parameter, very sensitive to process 
changes and relatively robust. 

 

 
Figure 1. Variation of Ra in relation to operational 

parameters 

 
Figure 2. Variation of Rt in relation to operational 

parameters 

Skewness parameter (Rsk) is typically used 
to measure the symmetry of the profile about 
the mean line and is sensitive to deep valleys 
or high peaks. A symmetrical height 
distribution, i.e. with as many peaks as valleys, 
has zero skewness. Profiles with peaks 
removed or deep scratches have negative 

skewness. Profiles with valleys filled in or high 
peaks have positive skewness. 

 

 
Figure 1. Variation of Rz in relation to operational 

parameters 

The variation of Rsk with feed rate for all 
three spindle speeds applied is presented in 
Figure 4. Rsk reaches its highest value when 
turning the composite rod using a spindle 
speed equal to 800 rpm with a feed rate equal 
to 0.27 mm/rev. 

 

 
Figure 4. Variation of Rsk in relation to operational 

parameters 

Kurtosis (Rku) typically describes the 
sharpness of the probability density of the 
profile. When Rku < 3 the distribution curve is 
said to be platykurtoic and has relatively few 
high peaks and low valleys. When Rku>3 the 
distribution curve is said to be leptokurtoic 
and has relatively many high peaks and low 
valleys. The variation of Rku in relation to 
operational parameters is presented in Figure 
5. Measured values of this parameter are in 
the range of around 3 indicating normally 
distributed high peaks and low valleys. 

Bearing (Abbott) curves and bearing ratio 
parameters are useful tools for analyzing 
surface morphology in relation to tribological 
performance [18]. The Rtp (Abbot) parameter 
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representing the cross-section of surface 
material at 1 μm under the highest peak was 
determined for all conditions examined; see 
Figure 6. Note that Rtp is used primarily for the 
analysis of load carrying surfaces. 

 

 
Figure 5. Variation of Rku in relation to operational 

parameters 

 
Figure 6. Variation of Abbott curve parameter Rtp 

vs. operational parameters 

 
Figure 7. Variation of fractal dimension D with 

operational parameters 

Fractal-based methods for describing 
surface texture have attracted great interest 
since they can provide information that 
conventional surface roughness parameters 
cannot [9]. The fractal dimension D was 
calculated via the power spectrum method 
and it appears rather insensitive to operational 

parameters; see Figure 7. Note that fractal 
analysis has not been introduced so far in ISO 
surface metrology standards; see for example 
ISO 4287: 1997, but it is used and calculated 
via in-house and commercial software [9]. 
Moreover, application of fractal analysis to 
machined surfaces obtained by tool of defined 
geometry, as in the case of turning, is still 
open to discussion. 

 
4.2. Statistical analysis 
 

Statistical analysis was performed in order 
to examine the effect of spindle speed and 
feed rate upon roughness parameters under 
examination. The statistical software 
MINITAB® 17 was used for conducting the 
corresponding analysis and to obtain the 
outputs for results interpretation. Main effects 
and interactions plots were generated to study 
the influence among parameters’ levels and 
their combinations respectively, on Ra and Rt 
roughness parameters. Figure 8 shows that 
average roughness (Ra) is greatly affected by 
feed-rate, followed by spindle speed whilst 
significant interactions are noticed mainly 
between the second and the third level for 
spindle referring to the second level for feed-
rate; see Figure 9. 

 

 
Figure 8. Main effects plot using the data means 

for Ra 

Similar analysis was performed to interpret 
the effect of cutting conditions on maximum 
roughness (Rt). Figures 10 and 11 illustrate the 
main effects of independent variables and 
their interactions. According to these outputs, 
Rt is strongly affected by feed-rate which exert 
the largest influence against spindle speed 
considering the experiment’s preset levels. 
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Figure 9. Interactions plot using the data means for 

Ra 
 

 
Figure 10. Main effects plot using the data means 

for Rt 

 

Figure 11. Interactions plot using the data means 
for Rt 

More accurate results concerning the 
effects of machining parameters on the 
responses of Ra and Rt can be obtained by 
conducting ANOVA analysis; see for example 
Refs [12, 19]. 
 
4.3. Prediction models for roughness 

parameters 
 

Based on the experimental results 
presented above; see also Table 1, several 
prediction models of different types can be 
formulated. These models typically include: a) 
the general linear model for first-order; b) the 
least squares approach – second order model 
and c) the exponential one [17]. 

During present investigation full quadratic 
models were developed for all roughness 
responses; see Table 2 whilst exponential 
models were implemented for Ra and Rt; see 
Table 3. 

By examining coefficient of determination 
(R2 values in Table2 it is evident that Ra, Rz, Rq, 
Rt and D parameters are highly correlated to 
their corresponding coefficients and 
independent parameter values; whilst the 
opposite is revealed for Rsk Rku and RTp. These 
parameters remain uncorrelated and their 
models cannot be employed. 

Exponential models; see Table 3, are 
characterized by lower coefficient of 
determination (R2); therefore their use for 
prediction is not reccomended. 
 

Table 2. Full quadratic regression equations for the prediction of roughness parameters. 

Response Regression model R2 (%) 
Ra = -0.107-0.0027×n+49.68×f+10-6×n2-57.97×f2+10-2×n×f 99.75 
Rt = 0.85-0.014×n+268.5×f+6×10-5×n2-324.7×f2+0.016×n×f 99.54 
Rz = 1.57-0.011×n+230.6×f+3×10-5×n2-279.1×f2 +0.013×n×f 99.62 

 Rq = -0.12-3×10-3 ×n+59.8×f+10-5×n2-70.6×f2+2×10-3 ×n×f 99.78 
Rsk = 0.114-7×10-4×n+2.3×f-2.8×f2+6×10-3×n×f 80.46 
Rku = 2.8+6×10-4×n-2.1×f+2.3×f2+10-3×n×f 49.32 
RTp = 32.7+0.074×n-267×f-4×10-4×n2+326×f2-0.017×n×f 76.55 
D = 1.33+4×10-4×n-1.41×f+0.01×n2+1.62×f2-12×10-3×n×f 92.62 

Table 3. Exponential equations for the prediction of Ra and Rt roughness parameters. 

Response Regression model R2 (%) 
Ra 4.7×104×n-18.17×f15.82 75.00 
Rt 1.12×104×n-13.04×f11.47 62.80 
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5. CONCLUSIONS 
 

A multi-parameter experimental and 
statistical analysis of surface texture in turning 
of a new aluminum matrix steel particulate 
composite was presented. Spindle speed (n) 
and feed rate (f) were treated as the 
independent machining parameters whilst 
roughness parameters including Ra, Rt, Rz, Rq,  
Rsk Rku, RTp and D were treated as the 
responses on an L9 Taguchi orthogonal array 
design.  

Variation patterns of roughness parameters 
for the composite rod tested are in same cases 
different from the ones observed in turning of 
pure Al-Mn alloy (matrix material) under the 
same experimental conditions 

The correlation of responses with cutting 
variables was successfully achieved for Ra, Rz, 
Rq, Rt and D parameters by using full quadratic 
regression equations. On the contrary, it was 
shown that Rsk, Rku as well as RTp remain 
uncorrelated according to experimental results. 
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Abstract: Presented in this paper are the results of experimental investigations of influence on friction in the 
stripe ironing process with double thinning. Applied was modified mathematical model for evaluating 
influence of lateral force, contact pressure and average absolute roughness height on friction coefficient. 
Classical model in not suitable for small lateral and drawing forces, and give unreal negative friction 
coefficient values. Previously proposed and applied here, modified model is more appropriate. Calculated 
friction coefficient values in that model are more according to reality. 20 mm wide and 3.0 mm thick strips 
of AlMg3 alloy sheets were used in the single and three-phase process with a maximum thinning 
deformation of 27%. Appropriate lubricating grease was used in conditions of lower speed of 20 mm/min. 
Three phase process was realized with variable lateral force of 4, 8 and 12 kN. The applied experimental test 
procedure enables the precise quantification of lateral force, contact pressure and roughness influence on 
friction  to be established. Test also enables  evaluation of lubricants quality. 
 
Keywords: modified stripe ironing test, Al alloy, friction coefficient. 

 
 
1. INTRODUCTION  
 

Ironing is metal forming  process which 
combine characteristics of sheet metal 
forming and massive (bulk) forming. Thinnig 
strain reach over 25%, and contact pressure 
over 1000 MPa [1]. It is well known application 
of the ironing process in manufacturing 
different kinds of thin walled cans. World 
annual production (especially for beverage 
cans) are more than billion pieces. In the 
tribologycal sense, ironing process is one of 
the  most severe, owing to the high surface 
expansion, large plastic strains and high 
normal pressure at the tool-workpiece 
interface. Considering previous notice more 
researchers still interested in ironing. During 

the last decade significant attention is paid on 
investigation of environmentally friendly 
lubricants application [1, 2, 3].  

In order to quantify the performance of the 
individual lubricants, a different experimental 
test methods has been developed.  Wide 
applying have double (or single) sided thinning 
stripe ironing test in different variations [4, 5, 
6, 7, 8]. Following mathematical model is 
mainly so called Schlosser model [4]. Despite 
its evident deficiency or inaccuracy was 
indicated yet in article [5], and in [9] detailed 
motivated, however that model is applying 
even in recent extensive researches [8]. In 
authors investigations [9, 10, 11] proposed 
was different, or corrected mathematical 
model usable in all conditions with real results. 
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In this paper presented is another verification 
of above mentioned authors model. It is 
experimental investigation of process 
parameters (lateral force, nominal pressure, 
roughness) influence on friction coefficient in 
double sided ironing of AlMg3 alloy stripes.  
 
2. EXPERIMENT 

 
2.1 Device description, physical and 
mathematical model 
 

The special device for physical modeling the 
symmetrical contact between  the sheet strip 
and die was used for experimental 
investigation (Fig. 1 and Fig. 2). The sheet 
metal sample (strip 2) is placed in the jaws (1) 
vertically. In the initial phase the thinning 
makes such that the right-hand sliding tool 
element (6 right) acts upon the strip by lateral 
force FD (Fig. 2). Due to the fixed left side tool 
element (6 left) and the action of right 
element, the even double sided ironing of the 
strip is realized. 

 

 
Figure 1. Experimental device scheme 

After the initial thinning deformation was 
realized, the tensile force F (Fig. 2) begins to 
act, and the ironing process continues until the 
sample length is executed. The main action of 

the ERICHSEN 142/12 laboratory hydraulic 
press is used as the tensile force across the 
range of 0-20 kN at speed of 20 mm/min. The 
lateral force is realized by the hydro-cylinder 
(8). The maximum range of the lateral force is 
0-50 kN. The piston pushes right hand element 
(6) which is coupled to the sliding element (7). 
The hydro cylinder (8) is powered by the 
independent hydraulic aggregate (9), which 
contains the filter, electric motor, pump, two 
position directional control valve, adjustable 
control valve for lateral force and manometer. 
The data acquisition system measures drawing 
force dependence on the sliding length or time 
and the constant intensity of lateral force [10, 
11, 12]. 

 
Figure 2. Forces acting scheme 

 

 
Figure 3. Tool elements geometry 

 
Geometry of the tool elements are shown 

at Fig. 3. Physical appearance of elements and 
assembly can be seen at Fig. 4a and 4b. 
For the contact elements material chosen was 
alloyed tool steel X160CrMoV12 with 62 HRC 
hardness after thermal treatment. Active 
surfaces are fine ground and polished with 
average absolute roughness height Ra≈0,06 μm. 
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Figure 4a. Tool elements physical appearance 

 
Figure 4b. View of tool assembly 

According to established model [9] 
obtained are following formulas for friction 
coefficient and average calculated (nominal) 
pressure: 
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Parameter "a" is determining distribution of 
side force FD between inclined and small 
vertical contact surface and his value is in the 
range 0 to 1. It was adopted a=0.7 in this case. 
Change of parameter "a" is very small (about 
1%). Inclination angle α is 10o as can be seen in 
Fig. 3. 
Formulas (1) and (2) with current data for this 
experiment, are: 
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2.2 Strip material properties 
 

Geometry of the strip is shown in Fig. 5 and 
Tab. 1. 

 

Figure 5. Strip geometry 

Table 1. Strip dimensions 

Мaterial l0 
[mm] 

b0 

[mm] 
s0 

[mm] 

AlMg3 
min 100 17,79 3,05 

average 100 18,03 3,06 
 

 For experimental investigations in this 
paper chosen was the aluminium alloy AlMg3. 
Specimens for mechanical properties were 
prepared accordin to standards SRPS EN ISO 
6892 - 1.2012. Determined material 
characteristics are shown in Tab. 2. 

 
Figure 6. Tensile force - strain curves 

Experimental tensile force - strain curves 
(Fig. 6) were obtained for six specimens with 
excellent repeatability. As can be seen, force 
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(or stress) curves have oscillatory dependence 
on strain which is common for Al alloys. 

In Tab. 2 Rp0.2 is yield strength, RM is tensile 
strength, A is percenage elongation et fracture 
and "n" is strain hardening exponent. 

Table 2. Mechanical properties 

Мaterial Rp0,2 
[MPa] 

Rm 
[MPa] 

Rp0,2/ 
Rm 

A 
[%] n 

AlMg3 
min 190,16 253,17 0,751 15,17 0,144 

aver. 191,31 253,56 0,754 16,29 0,150 
 

3. RESULTS AND DISCUSSION 
 
Within results of this experiment, diagrams 

of tensile forces are presented first (Fig.7, Fig.8, 
Fig.9). In the first case (Fig. 7) used are one 
phase process. Each stripe sliding process 
needs separate specimen with appropriate 
lateral force (FD). Values are chosen according 
to empirical recommendation (4kN; 8 kN and 
12 kN). Lateral force of 12 kN is above limiting 
and strip break occurs at sliding path of about 
50 mm. 
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Figure 7. Tensile force vs sliding length curves 

Fig. 8 represents more severe conditions. 
There is three phase process realized on the 
single specimen. First sliding is performed with 
lateral force of 4 kN at the path length of 
about 54 mm. Second phase is performed on 
the same specimen but ironing starts 20 mm 
after stripe path beginning. Lateral force was 
higher: 8 kN. Third sliding passage take place 
on the same strip also, after 40 mm path. 
Conditions was to severe and brake occur after 
about 18 mm sliding length. 
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Figure 8. Tensile force vs sliding length curves 

Lubricant in the process was grease (signed 
PRESS 626) of domestic producer, intended to 
drawing operations. Kinematic viscosity of that 
lubricant is 330 mm2/s at 40o C. 
Fig. 9 shows tensile force diagrams for three 
phase ironing process with constant lateral 
force of 8 kN in each phase. Second and third 
phase starts with 20 mm offset like in previous 
case. Sliding process is relatively smooth and 
no brake occurs. 

0 10 20 30 40 50 60 70

Sliding length [mm]

0

500

1000

1500

2000

2500

3000

3500

4000

4500

T
e
n
s
ile

 f
o
rc

e
 [

N
]

AlMg3

v=20 mm/min

Lubricant: Grease

Three phases - process 2

FD=8 kN

I phase

II phase

III phase

 
Figure 9. Tensile force vs sliding length curves 

 
Figure 10. Strips after multi phase ironing 

 
In Fig. 10 is the strips appearance after multi 
phase ironing. 
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Figure 11. Friction coefficient dependence on 

lateral force 

In this study investigated are the influences 
of lateral force, calculated (nominal) pressure 
and average roughness on the friction 
coefficient (Fig. 11, 12 and 13). 

Dependences given at the. Fig. 11 determined 
are according to terms (1) and (3). For tensile 
force F intensities was adopted average values. 
For one phase process friction coefficient (μ) 
have relatively small values, even in case of 12 
kN lateral force where break occurs. 

Diagrams for three phase processes clearly 
shows that μ increase, and it is in accordance 
with heavier process conditions. Especially in 
the three phase process with lateral force 
increasing (proc. 1 in Fig. 11), μ reached 
maximum value. 
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Figure 12. Friction coefficient dependence on 

calculated pressure 

Fig. 12 shows friction coefficient  
dependence on calculated pressure according 
to terms (2) and (4). For that parameter must 
be noticed that it is only calculated or nominal 

parameter, which inversely depends on strip 
thinning strain. Because of that, pressure 
values are reached unreal intensities for very 
small thinning. So, calculated pressure need to 
be considered like parameter related to 
thinning strain, rather than real pressure. 
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Figure 13. Friction coefficient dependence on 

average roughness 

For diagrams at Fig. 12 need to be notice 
that the process starts at the high calculated 
pressure values and goes to lower values 
(from right to left side of diagram). As can be 
seen from Fig. 12 friction coefficient increasing 
with thinning strain increasing, or calculated 
pressure decreasing. 

Relation between friction coefficient and 
average roughness Ra (Fig. 13) gives somewhat 
unexpected values in one phase and three 
phase (process 1) cases. In third stage μ 
increases while Ra decreases. Expectation is 
opposite. Possible explanation is in the way of 
μ calculation and Ra determination. μ is 
calculated according to formulas (2 and 4) and 
depends only of tensile force F and lateral 
force FD . In other side Ra is determined 
experimentally, by measuring. Also, it is 
possible to occur polishing effect in the third 
stage and deceasing Ra and the calculated 
higher μ values at the same time. 
 
4. CONCLUSIONS  
 

Two types of analysis was accomplished in 
this study. First was application and testing of 
authors previously proposed formulas for 
coefficient of friction and calculated pressure 
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determination in strip ironing test. Results of 
this study, like in some other cases, confirms 
usableness of proposed formulas and model,  
in the lubricants evaluation par example. 
Proposed formulas have special significance in 
conditions of relatively small tensile and 
lateral forces intensities. That is the case in 
aluminium ironing process. 

Second was particular experiment with 
intention to evaluate process parameters 
influence on the friction coefficient. Results 
shows the following annotations: 
a) increasing of lateral and drawing forces 
both, influence on friction coefficient 
increasing (process type 1), 
b) thinning strain increasing, i.e. calculated 
(nominal) pressure decreasing, caused friction 
coefficient increasing, 
c) known influence of average roughness Ra is 
confirmed, but polishing effect occurred in the 
third stage of processes with high lateral force 
intensities. 

For further evaluations of different 
influences on the Al alloys ironing process 
(especially multi phase) needs to continue 
extensive experiments in different conditions. 
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Abstract: In wire drawing process, the high carbon including of 0.65 C% steel wire rods were 
coated with phosphate before drawing  to make drawing process easy and gain corrosion 
resistance. Thickness of coating has many effects on drawing process. The most important effect of 
the coating thickness is about die wears. In this study, two different wire rods which have different 
coating thicknesses were investigated. Wire rods coated with phosphate by changing immersion 
time in phosphate bath so the thickness of coating was different. The coating thicknesses were 
measured by weigh difference method. The wire rods which were coated 5,28 g/ m2  and 10,16 g/ 
m2 have observed after cold drawn. The expansion of dies measure by digital micrometer. The first 
wire rod which was coated 5,28 g/ m2  made the diameter of dies bigger average 18,1%. However 
the second wire rod which was coated 10,16 g/ m2 made the diameter of dies bigger average 
12,1%. This results Show us that the thickness of coating is so important in wire drawing process. 
The more thickness of coating means the more die life and less die wear per unit time. 
 
Keywords: coating thickness, die wears, wire drawing, spring wire, phosphate coating  
 
 
1. INTRODUCTION  
 

Wire drawing process is one of the most 
common process in metal working.Wire drawing 
process can be defined as thinning of thick-
sectioned wire by going through the die [1]. 

Wire enters many dies which are placed  
consecutive to reach the final diameter. In 
wire drawing machine, the wire firstly goes 
into of the lubrication box and next it goes to 
the die box. After the die box wire is wrapped 
on the block. The blocks transfer the wire to 
another steps. In additon to this, the surface of 
blocks cool the wire. These steps are repeated 
for the number of blocks [2].  

 
Figure 1. A section of wire drawing die 

When two surfaces contact each other 
frictional force occur and this frictional force 
causes wearing on the surfaces [3]. It is 
impossible that you eliminate frictional force 
completely. However, it’s not possible to 
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prevent wearing caused by friction for now the 
frictional force can be minimized by some 
methods. Thismeans that the reducing 
frictional force is to have more die life without 
wear on dies. 

 
Figure 2. Technical drawing of die section 

 
Figure 3.Wire drawing schematic representation 

The wire drawing process is based on 
thinning wire through the die so there occur 
serious contact area between wire and die [4]. 
To reduce the friction because of 
contact,some additional things are used to 
reduce the frictional force caused by the 
contact. One of them is powder lubricants 
known as soap [5]. Another important method 
is to coat the surface of the wire rod with 
phosphate. Phosphate coating interacts with 
the soap and this ensures the wire more 
slipperness. However, the phosphate coating 
increases the corrosion resistance of the 
drawn wire. 

With the development of technology high-
speed wire drawing machines produce for 
more efficient production by increasing the 
production volume per unit time. However, it 

is not enough to have only fast machines to 
achieve this. There will be many obstacles to 
overcome with high speed [6]. A faster process 
means more friction and more temperature 
formation. These parameters affect the 
wearing in a short time [7]. Therefore the most 
suitable equipment and technology should be 
provided for the working conditions and some 
improvement should be made. 

The process of increasing the thickness of 
the phosphate coating on the surface of the 
wire rod is the first improvement on the 
coating side.In the wire drawing process, the 
coating thickness has certain limits determined 
by the plant’s standard. It’s expected that the 
wire which is coated according to the standart 
and under the limit of standard affect the 
wearing of die will be different. The wearing 
time rises with increasing coating thickness to 
a certain point. However, after a certain value, 
the curve of wear duration continues 
constantly. 

 
2. COATING PROCESS 
 

Before wire drawing, the wire rods go 
through a preliminary setup for he drawing 
process. This preliminary setup contains the 
cleaning of surface and coating. To get the 
good coating the first thing should be done is 
cleaning the surface of wire rod [8]. There are 
two different methods to clean the surface 
from the rust, scale etc. One of them is 
cleaning by mechanical desclaing and the 
other one is cleaning by chemicals[9]. It is 
generally use hydrocloric (HCl) acid and 
sulfuric acid (H2SO4). In this paper, the 
experiments made by using HCl. Hence wire 
rods immerse the HCl baths to clean the 
surface. After cleaning the surface, the wire 
rods go to the rinsing bath to get rid of the 
excess acid on surface. The wire rod which is 
cleaned by acid goes to the activation bath. 
Activation bath prepares the surface of wire 
rod to coating. Next step after activation, the 
bath is the most important one, phophate 
bath. The wire rod immerses the phosphate 
coating bath and stay here for a couple of 
minutes. The thickness of coating depends on 
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immersing time. The thickness of coating 
increases by immersing time in the bath but 
after a value it stays constant.If the rod stays 
overtime then the thickness of coating 
decrease because of the reverse reaction. The 
last step of this prosess is to immersing the 
rinsing and notralization bath. When these 
steps are completed the wire rod is ready to 
drawing. 

 

 
Figure 4. Phosphate coating bath 

Table 1. Ideal phpsphate bath parameters of a 
wire drawing plant 

Total acidity point (a) 60 

Phosohate point (b) 30 

Stability of bath (a/b) 2 

Temperature of bath 75 oC 

Thickness of phosphate coating 8-12 g/m2 

 
3. EXPERIMENTAL TESTS 

In this study, in order to obtain a coating 
thickness of 8-12 g/m2, which is normally 
idealized in the operating conditions, two 
different wire rods observed which is stayed in 
the phosphate bath in 1 and 6 minutes. 
Because of the different immersing time these 
two wire rods have different phosphate 
coating thicknesses. While drawing these rods, 
some parameters measured to understand the 
effects of the coating thickness on the die 
wear. The coating thickness of wire rod which 
is stayed in the phosphate bath for 1 minute is 
measured as 5,28 g/m2. On the other hand 
thickness of other wire rod which is stayed in 
the phosphate bath for six minutes is 
measured as 10,16 g/m2. 
 

Table 2. The measurement parameters 
ofphosphate coating  
Rod Properties 1. sample 2.sample 

Diameter (mm) 5,57 5,76 

Length (mm) 1080 880 

Initial weight (gr) 20,0177 16,8528 

Final wieght (gr) 19,9985 16,8444 

Immersing time (min.) 6 1 

Coating thickness (g/m2) 10,16 5,28 

 
In order to determine the relation of the 

coating thickness to the immersing time, the 
coating thickness was measured by immersing 
for 6 different periods in 6 different samples of 
phosphate coating bath. This experiment was 
repeated twice to ensure that the hypothesis 
was correct about the relations between 
immersing time and coating thickness and the 
results were recorded as shown in Fig.5. 

 
Figure 5. Relation between immersing time and 

phosphate coating thickness 

The thickness of phosphate coating on wire 
rod was measured by the difference of weights 
[10]. 
 
3.1 Measurement method of phosphate 
coating thickness 

First of all a special chemical soluion should 
be prepare. Thesolution is prepared by mixing 
the chemicals below. 

1. 100 gr 0,1N NaOH 
2. 90 gr EDTA 
3. 4 gr TEA ( treatonomil) 
4. 1000 ml pure water 

Next step is to put this solution in a beaker. 
After that some wire rod samples which is 
phosphate coated cut about 100 mm 

15th International Conference on Tribology – Serbiatrib ‘17 359



 

length.The special solution which is prepared to 
measure the coating is heated to 75 oC.While 
the solution is heating, the weight of phosphate 
coated samples can weigh (initial weight) and 
record by using sensitive scale. Then the 
samples put the solution inside of the beaker 
and leave here for about five minutes. This 
solution helps to remove the coating on surface. 
After five minutes, the samples are taken out 
and rubbing the surface with a tissue to remove 
the coating on surface. Black colour is seen on 
the tissue after rubbing. The rubbing is 
continued until the black color is disappear. The 
coating is compeletely rinsed then the samples 
are washing with water and dried with air or 
some other tools to prevent any water on 
surface.As last step the samples are weigh 
again by using sensitive scale and record. 

 
Figure 6. Wire rod samples after rubbing 

By using the parameters recorded, the 
thickness of phosphate coating is calculated 
with the Equation (1).  

                          2

m gr
mA

A m

 
  

 
                (1)                  

Equation 1. The formulation of weight 
difference 
Δm= Initial weight (gr)-Final weight (gr) 
A=π.d.l 
Π=3,14 
d=diameter of wire rod sample (mm) 
l= length of wire rod sample (mm) 

The three wire rods which were left in the 
phosphate bath for one minuteused a wire 
drawing machine which has 9 blocks and 
drawn with 18 m/s from 5,50 mm to 2,38 mm. 
The phosphate coatings of these three rods 
are 5,28-5,93-7,05 gr/m2,respectively. Before 
using these wire rods the diameter of wire 

rods were measured and recorded. When 
these tree wire rods finish the diameter of dies 
measured and compared the initial 
measurement. The same process (same 
machine, same speed, same inlet and outlet 
diameter ) repeated for other wire rods which 
were left in the phosphate coating bath for six 
minutes. The coating of this wire rods are 
8,09-8,53-9,56 gr/m2. The results shown at the 
Tables 3 and 4. 

Table 3.The measurements of dies after using the 
wire rods which were left the phosphate bath for 1 
minute. 

Thickness of 

coating 5,28 

gr/m2

Thickness of 

coating 5,93 

gr/m2

Thickness of 

coating 7,05 

gr/m2
Measurement-2 

(After using 

1.wire rod)

Measurement-3 

(After using 

2.wire rod)

Measurement-4 

(After using 

3.wire rod)

1 4,880 4,888 4,891 4,891 22,5%
2 4,348 4,350 4,353 4,353 11,5%
3 3,900 3,900 3,902 3,902 5,1%
4 3,520 3,502 3,523 3,523 8,5%
5 3,200 3,201 3,204 3,203 9,4%
6 2,940 2,940 2,941 2,942 6,8%
7 2,704 2,706 2,707 2,723 70,3%
8 2,507 2,509 2,510 2,512 19,9%
9 2,372 2,368 2,372 2,374 8,4%

Block 

numb

er

% die 

diamet

er 

growth 

(in the 

end of 

the 

Measurements of die's diameter (mm)

Measur

ement-

1 

(before 

the trial 

)

 

Table 4.The measurements of dies after using the 
wire rods which were left the phosphate bath for 6 
minute. 

Thickness of 

coating 8,09 

gr/m2

Thickness of 

coating 8,53 

gr/m2

Thickness of 

coating 

9,56gr/m2

Measurement-2 

(After using 

1.wire rod)

Measurement-3 

(After using 

2.wire rod)

Measurement-4 

(After using 

3.wire rod)
1 4,892 4,893 4,9 4,901 18,4%
2 4,363 4,365 4,366 4,367 9,2%
3 3,910 3,912 3,911 3,912 5,1%
4 3,534 3,533 3,535 3,536 5,7%
5 3,212 3,211 3,213 3,214 6,2%
6 2,954 2,953 2,955 2,955 3,4%
7 2,710 2,722 2,721 2,721 40,6%
8 2,525 2,525 2,527 2,528 11,9%
9 2,375 2,375 2,377 2,377 8,4%

Block 

numb

er

% die 

diamet

er 

growth 

(in the 

end of 

the 

Measurements of die's diameter (mm)

Measur

ement-

1 

(before 

the trial 

)

 
 
4. CONCLUSION 

The wire rods which are immersed in the 
phosphate coating bath for different times are 
coated with different thickness. One wire rod 
approximately 1500 kg. In this study,there are 
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two groups of wire rods. First group left the 
phosphate coating bath for one minutes and 
second group left the phosphate coating bath 
for six minutes. Each group has three wire rods 
and these wire rods were finished abut two 
hours in the wire drawing machine which 
worked 18 m/s. 

For first group, the results shown that the 
diameter of dies grown up avarage %18,1 in 
two hours. Beside this for second group, the 
diameter of dies grown up avarage %12,1 in 
two hours. 

It has been confirmed that the increase of 
coating thickness make the contact between 
die surface and wire rod by decrease the 
coefficient of friction while drawing. Because 
of this situation the wearing of die period 
extend. Thus the hypothesis was confirmed by 
experiments. 
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Abstract: This paper studied about the effect of contact stiffness in the coupling system by the surface 
roughness parameter. Coupling is connected elements between the axes. It is mainly used in motors, 
generators and decelerators, and so on. Coupling application can not only reduce the stiffness of the overall 
system, but it also changes dynamic behaviour. The roughness profile of the contact surface is the most 
important parameter to determine the contact stiffness. Many studies have been carried out from GW 
(Greenwood and Williamson) statistical model related to the contact behaviour. This study also had been 
applied to the contact and bending stiffness analysis by using the GW model and Hertz contact theory. The 
GW model assumed the contact of rough asperities to the contact of spheres which has the same radius. 
Based on the results of Nayak's random processor study, the contact stiffness is calculated by using three 
characteristics of rough surface: average radius of asperity, density of asperity and standards derivation of 
the asperity height distribution. We have investigated the changes in contact stiffness in the elastic and 
elastic-plastic regions according to the three surface parameters mentioned above. In addition, the GW 
model applied to RFR (Rod-Fastened Rotor) in this paper. In RFR, a Cuvic coupling is widely used in which the 
contact area is widened by machining gear teeth on the contact surface. Therefore, this research is to bring 
off the contact and bending stiffness analysis method of the Curvic coupling. For exact analysis, we 
calculated the tangential force on the contact surface due to the slope by dividing into two conditions: a slip, 
and no slip and considered exact orthogonal projection along with the geometric shape of 
the Curvic coupling. The result show that the Curvic coupling has bigger contact stiffness and lower bending 
stiffness than plane coupling. 
 
Keywords: Contact stiffness, Bending stiffness, GW model, Curvic coupling model, RFR, roughness 
parameter 

 
 
1. INTRODUCTION 
 

Coupling is connected elements between 
the axes. It is mainly used in motors, 
generators and decelerators, and so on. 
Coupling application can not only reduce the 
stiffness of the overall system, but it also 
changes dynamic behaviour. The roughness 

profile of the contact surface is the most 
important parameter to determine the contact 
stiffness. The contact stiffness is calculated by 
using three characteristics of rough surface. 
We have investigated the changes in contact 
stiffness in the elastic and elastic-plastic 
regions per the three surface parameters. Also, 
Curvic model were compared to plain model 
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2. THEORY 
This study had been applied to the contact 

stiffness analysis by using the GW model and 
Hertz contact theory. The GW model assumed 
the contact of rough asperities to the contact 
of spheres which has the same radius. Based 
on the results of Nayak's random processor 
study, the contact stiffness is calculated by 
using the three characteristics of rough surface: 
average radius of asperity, density of asperity 
and the standards derivation of the asperity 
height distribution. 

 
2.1 Standard deviation of summit height, σs 

The distribution of surface height is 
assumed Gaussian distribution in GW model. 
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The standard deviation of rough surface 
heights and summit height and the relation of 
the two parameters are Eq 2[7]. 
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The standard deviation of summit height is 
an important parameter to determine gap d  
between two surfaces. 

 

2.2 Average summit radius, R 

One of assume at GW model is that all 
summits have the same radius. Many summits 
have Average summit radius and the height is 
randomly distributed. 

 

 /3/8,/1 4mwhereR mm   (3) 
 

 

2.3 Density of summit, η 

The density of summit means the number 
of summits on unit area of contact surface. It is 
an important parameter to determine number 
of contact summits when two surfaces contact. 
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3. CURVIC MODEL 
 
3.1 Projected area 

 The projected area of Curvic model 
represented in Fig. 1. It was considered shape 
and position of machining tool. We can 
calculate exactly contact and bending stiffness 
by calculating the exact projected area. 

 
3.2 Contact stiffness 

Curvic model has a contact angle so that it 
must be considered. Due to this contact angle 
the contact surface can easily slip. Therefore, 
tangential stress is calculated dividing into 
stick region and slip region. The contact angle 
and stresses were represented in Fig. 2. 
Contact stiffness can be calculated by Eq (5~6). 
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3.3 Bending stiffness 
At very small area, very small load is same 

as Eq (7). Where AP is projected area, An is 
contact real area, δ is displacement. Also, very 
small moment is same as Eq (8). For dividing 
into stick and slip region total moment and 
bending stiffness calculated by Eq (9~10). 
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Figure 1. Contact angle, displacement and stresses 

of Curvic model 

 

 
Figure 2. Projected area of Curvic model 

 

4. MODEL 

 

Figure 4. Projection area of contact surface 

 

Table 1. Surface parameter 

Element R [µm] η [1/m2] σs [µm] 
Value 11.59 1.525E10  0.761 

 

Table 2. Shape and analysis condition 

Element ri  
[mm] 

ro  
[mm] 

rtm  
[mm] 

Fz  
[kgf] 

Value 105 113.5 238.5 28,000 
 

5. RESULT 
5.1 Contact stiffness per surface parameter 

 
Figure 5. Contact stiffness per surface parameter 

 

Figure 6. Elastic and Elastic-plastic contact stiffness 
per standard deviation of summit height 

 
Figure 7. Elastic and Elastic-plastic contact stiffness 

per average summit radius 
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Figure 8. Elastic and Elastic-plastic contact stiffness 

per density of summit 

 
5.2 Contact and bending stiffness (Curvic model) 
 

 
Figure 9. Contact stiffness plain and Curvic model 

(Elastic and Elastic-plastic region) 

 

 
Figure 10. Bending stiffness plain and Curvic model 

(Elastic and Elastic-plastic region) 

6. CONCLUSION 
 

In this study, contact and bending stiffness 
per surface roughness parameters were 
calculated for elastic and elastic-plastic 
method. The results about two methods are 
same when the value is increasing for the 
standard deviation of summit height and 
average summit radius. The change of contact 
stiffness per standard deviation of summit 
height is high when the it has low value. 
Contact stiffness of Curvic model is higher 
about 3~4 times comparing with plain model 
and Bending stiffness is lower about 0.7 times. 
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Abstract: This paper presents experimental results concerning the surface roughness variation at plasma 
cutting plate of structural steel St 52-3 N 4 mm thickness. For measuring roughness used Talysurf 6 device. 
The correlation between surface roughnes and the process input parameters is analyzed. The paper shows 
the effect of traverse rate, current intensity, gas pressure, and distance between the nozzle exit and the 
material on surfaces roughnes. Conclusions and theoretical considerations of other authors who 
investigated topography and quality of the surface after plasma cutting are presented. 
 
Keywords: Plasma arc cutting, experiment, quality of cut, process parameters, surface roughness. 

 
 
1. INTRODUCTION 
 

Plasma arc cutting is a non-conventional 
manufacturing process capable of processing a 
variety of electrically conducting materials. 
Stainless steel, manganese steel, titanium 
alloys, copper, magnesium, aluminums and its 
alloys and cast iron can be processed [1]. 

The interest in plasma arc cutting 
applications have increased due to the 
capability of this process to compete with laser 
cutting (higher quality but also more 
expensive) and oxygen-fuel cutting which is 
less expensive but lower cutting quality. Most 
of plasma arc cutting process was supported 
by the CNC attachment which benefits wide 
industries. 

This method can be used with both 
economical and technical advantages, but this 
involves the development of full studies and 
amply theoretical and experimental 

researches among all the technological 
system’s links, in order to establish (chose) the 
optimal processing variant. 

As in the case of other machining methods, 
at the plasma arc cutting, in order to obtain 
good results, [2] it is very important to well 
know the process, this meaning to exactly 
know what are the parameters involved in the 
process and their influences. Input parameters 
are those parameters that can be controlled, 
and their values are known and can be set by 
the operator. In this study our intention was to 
study the effects of plasma arc cutting 
parameters, such as traverse rate V mm/min, 
current intensity I A, gas pressure P Bar and 
distance between the nozzle exit and the 
material L mm, on surface roughness. Aim of 
the work was to find a better combination of 
these four parameters to achieve better 
surface roughness. 
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2. SOURFACE ROUGHNESS  
 

Surface roughness is the measurement of 
the surface texture based on the vertical 
deviation of a real surface from its ideal form. 
The surface roughness test is conducted to 
determine the irregularities of the cutting 
surface, and gives information on whether the 
need for further processing. 

Surface roughness is a function of material 
thickness defined [3] by ISO 9013, based on 
which can see that the thinner material have 
lower roughness. Surface finish by this 
standard is described as Rz5, the mean of 5 
maximum peak-to-valley roughness depths in 
5 successive sampling lengths. Unit is μm. 

 
Figure 1. Influence of material thickness on Rz5 

by standard "EN ISO 9013" 

Researchers to analysed surface roughness 
mainly used Ra. Ra is the arithmetical mean of 
the sums of all profile values at evaluation 
length. Despite its inherent limitations, it is 
easy to measure and offers a good overall 
description of the height characteristics of a 
surface profile. 

In experimental research [4] was developed 
mathematical model which also, shows that 
the thickness of the material has the greatest 
influence on surface roughness. This is logical 
because current and cutting speed is functions 
of material thickness.  

Experimental research [5] showed that the 
surface roughness is inversely proportional 
MRR (material removal rate). Higher MRR will 
have lower surface roughness. This research 
also showed that dimensions of the dross 

determine the quality of plasma arc cutting in 
terms of surface roughness. Small dimension 
of dross resulted better surface roughness. 

Surface roughness is influenced by more 
input parameters, but the most influential are: 
traverse rate, current and material thickness.  

In try to improve surface roughness by the 
concrete problems, thickness of the material 
can not be change, so the solution must be 
sought in other input parameters, therefore it 
is necessary to know the effect of these 
parameters on Ra. 

Many experiments show that the most 
influential variable on Ra is traverse rate, but 
that does not mean that the optimal value of 
the surface roughness obtained only by 
changing speeds. The optimal value of Ra is 
generally receives with corresponding 
combination of traverse rate and current 
intensity, provided that less significant 
parameters are good (dimenzion of nozzles, 
gas pressure, nozzle distance from the work 
piece ..). Developed a lot of software and 
mathematical models which application may 
be input parameters that give optimum 
conditions for the corresponding Ra. 

Experimental research [6] demonstrated 
that higher values of pressure gives lower 
values of Ra. The following factors such as 
traverse rate of plasma torch and plasma gas 
pressure have the most significant impact on 
the machined surface roughness. Other factors 
that are less important are diameter of the 
nozzle and the distance between the nozzle 
exit and the material. From the experimental 
results can be conclude that it is 
recommended to use higher pressures of 
plasma gas and appropriate traverse rate of 
plasma torch in order to reach higher quality 
of cut surface. It is known that surface 
roughness of the cut is not same by depth. 
This study showed that diameter nozzle has a 
larger effect on surface roughness on upper 
reaches of cutting (1 mm from the top edge) 
than in the lower zones (5 mm from the top 
edge). 

Experimental research [7] shoved that 
surface roughness is different for the left and 
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right sides of the cut. Surface on the right are 
about 25% rougher than on the left side. 

 
3. EXPERIMENTAL EXAMINATION AND 

DISCUSSION 
 
In the experiment were done 26 samples of 

80 mm length. Steel plate material St 52-3 N 
(Č0563) was 4 mm thick. 

Cutting was performed at the Faculty of 
engineering in Kragujevac on FlameCut-2513 
machine, manufacturers by Arpel. Width of 
the opening at the nozzle exit was 1.2 mm. 

 

Figure 2. FlameCut-2513 plasma machine 

In order to investigate the effect of each 
analysed input parameters, on surface 
roughness, an experiment was planned that 
when varying one input parameter, the three 
others will be constant. 

Table 1. Used parameters and measured values 

No. 
of 
Exp
.  

I, A V , 
mm/
min 

L, 
mm 

P, 
Bar 

Ra, μm Rtm
, μm 

1 60 2000 1,5 6 2,24 12,9 
2 60 2500 1,5 6 3 14 
3 60 3000 1,5 6 3,5 15 
4 60 3500 1,5 6 3,53 18,9 
5 60 3800 1,5 6 3,8 19 
6 80 2000 1,5 6 1,24 7,3 
7 80 3000 1,5 5 2,09 13,1 
8 80 3000 1,5 5,5 2,18 12,9 
9 80 3000 1,5 6 2,3 12 
10 80 3000 1,5 6,5 2 11 
11 80 3000 1,5 7 2,3 12 
12 80 3000 1 6 1,88 10,6 
13 80 3000 2 6 2,465 13,2 
14 80 3000 2,5 6 2,4 13 
15 80 3500 1,5 6 2,6 13,4 
16 80 4000 1,5 6 2,77 14,2 

17 80 4500 1,5 6 2,73 14,9 
18 100 2000 1,5 6 1,18 6,2 
19 100 2500 1,5 6 1,21 5,9 
20 100 3000 1,5 6 1,61 7,2 
21 100 3500 1,5 6 1,43 8,2 
22 100 3800 1,5 6 1,75 8,6 
23 100 4000 1,5 6 1,64 8,6 
24 100 4500 1,5 6 1,65 8,8 
25 100 5000 1,5 6 1,74 10,1 
26 100 5500 1,5 6 1,767 10,2 

 
Surface roughness was analyzed by Ra and 

Rtm – medium value of maximum height 
profile of the reference length, the length of 
the evaluation. Roughness was measured on 
the Talysurf 6 device. Measurements were 
performed at the middle of cut cross section. 

 

Figure 3. Talysurf 6 device  

Figure 4 displayed analysis of the surface 
roughness when changes traverse rate at 
different current intensity. Pressure gas and 
distance between the nozzle exit and the 
material are constant. 

 
Figure 4. Surface roughness depending on changes 
traverse rate at different current intensity P=6bar, 

L=1,5 mm 

Parameters Ra and Rtm have a bigger value 
by increase traverse rate. For better 
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understanding this effect, it's necessary to 
connected roughness of the cutting edge with 
stability of process. 

When the traverse rate increases the torch 
moves fast and plasma arc loses stability with 
view to the cutting front. Therefore plasma arc 
can not remain perpendicular to front surface 
of the work piece, which is on surface cutting 
formed lynx. On the other side too low 
traverse rate lead to excessive melting in a 
work zone, resulting appearance of furrows. 

Figure 4 also show that by increasing the 
current intensity surface roughness has a 
lower value. This result is logical because with 
increasing the current intensity, process 
becomes more stable. Thereby a larger 
quantity of heat, melted tips of micro 
irregularities and thereby obtain smaller 
values of Ra and Rtm. 

So increase or decrease traverse rate and 
current intensity have different effects on 
surface roughness. 

 
Figure 5. Surface roughness depending on changes 

distance between the nozzle exit and material 
I=80A, V=3000 mm/min, P=6 bar 

When analysis experimental data at 
Figure 5 it has been found that by increase 
distance between the nozzle exit and the 
material gets worse Rtm parameters. The 
substance of the problem should be sought 
on connection between stability of process 
and this parameter. When the torch is too 
high positioning from work piece plasma arc 
is a long and curve. This phenomenon leads 
to the formation of surface waves, and lynx, 
and therefore to a higher Rtm. Changes in 
parameter Ra is very small, so it can say that 
input parameter distance between the 
nozzle exit and the material almost no 
influence on Ra. 

Varying the pressure (Fig. 6), while the 
other input parameters are constant, almost 
do not have influence on Ra.  

By increasing the pressure, the greater part 
of the melt products were blowing, which 
resulting in reduced Rtm. 

Samples 18 have the lowest value of Ra, 
while the lowest value of Rtm has samples 
number 19. Which means that the best surface 
roughness achieved at maximum current 
intensity and of at two least traverse rate. This 
result is fully in accordance with theoretically 
consideration and earlier research. 

 
Figure 6. Surface roughness depending on gas 
presure I=80A, V=3000 mm/min, L=1,5 mm 

 
4. CONCLUSION  
 

Plasma cutting is technical system that 
represents the best relation between cost and 
quality value for most of the standard ports 
and small series production types. In addition, 
the processing speed is far greater than the 
technology of machining, and quality is 
comparable to the laser cutting technology. 

The cut surface from the plasma arc process 
is normally rougher than that achieved by oxy-
fuel cutting on carbon steels, and it is 
definitely rougher than most machining 
processes. In most metals, this roughness 
usually appears as a ripple along the cut 
surface. This is partly due to the output 
waveform of the dc power supply (the 
smoother the output, the smoother the cut), 
but it is also determined to an extent by the 
gases used and the torch design.  

For a better analysis of the surface 
roughness is necessary to connect analysed 
parameters with the stability of process and 
with the input heat to the zone of the cut.  
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Based on the experimental results it can be 
concluded that traverse rate and current 
intensity have different effects on surface 
roughness. 

Varying the pressure and distance between 
the nozzle exit and material, while the other 
input parameters are constant, almost do not 
have influence on Ra. On the other side, 
variation of these two parameters have 
opposite effect to Rtm. 
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Abstract: This paper deals with the research of friction coefficient in tribopairs made of the polymers that 
are the most commonly used in rapid prototyping technologies. Parts manufactured with the use of a 3D 
printer with different settings of printing were chosen as samples for the experimental research. Friction 
coefficient and the temperature in the contact area during the runtime were measured using a universal 
friction machine MTU-1. The machine allows us to carry out tribological experiments using different contact 
schemes with or without lubricants. For this research, the scheme “plane to plane” was chosen. No 
lubricants were used. Wear of the samples was estimated after the experiments. Analysis of the 
experimental data has shown that changing of 3D printing settings has significant influence not only on the 
strength and stiffness of the parts, but also on the quality of the surface that affects the tribological 
properties of the tribopairs. The results of this research allow us to choose optimal settings for 3D printing 
depending on the required tribological properties of the parts, such as friction coefficient and wear.  
 
Keywords: friction coefficient, tribological properties, wear, temperature in the contact area, rapid 
prototyping technologies, 3D printing settings, universal friction machine. 

 
 
1. INTRODUCTION 
 

Recently, rapid prototyping technologies, or 
3D printing, also called additive manufacturing, 
have been widely used for design and 
manufacturing of various parts of systems and 
mechanisms [1]. These methods and 
technologies are used both in industry and 
academic institutions [2]. In medicine, additive 
manufacturing helps us design implants, 
individual prostheses, as well as the parts for 
various mechatronic systems for robotic 
rehabilitation, such as orthoses and 
exoskeletons [3].  

A wide range of research has been carried 
out in the field of 3D printing in order to 
investigate mechanical properties of the parts 
manufactured with the use of such 
technologies. Strength, stiffness, weight and 
other properties of these parts depend on 
various conditions of 3D printing, such as 
layers’ thickness and height, shell thickness, fill 
density, etc. Mechanical properties of 3D 
printed parts were investigated by Bellini et al. 
[4]. Song et al. paid attention to the 
measurements of the mechanical response of 
3D printed parts made of PLA plastic [5]. 
Mechanical properties of coloured PLA plastics 
were described by Wittbrodt et al. [6]. Es-Said 
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et al. considered the influence of layer 
orientation on the mechanical properties, such 
as tensile strength, modulus of rupture, and 
impact resistance, for the parts made of ABS 
plastic [7]. Part orientation during 3D printing 
has its influence on the surface finish [1] and, 
therefore, it affects the tribological properties 
of the tribopairs. However, tribological 
properties of such parts have not been 
investigated well enough, which may lead to 
uncontrolled wear of tribopairs surfaces [8]. 
Dawoud et al. investigated the tribological 
properties, such as friction coefficient and 
wear, for the samples 3D printed with the use 
of ABS plastic. 

In this paper, the tribological behaviour of 
the samples made of PLA plastic with the use 
of 3D printing with different settings is 
considered.   
 
2. RAPID PROTOTYPING AND ADDITIVE 

MANUFACTURING TECHNOLOGIES 
 
Most rapid prototyping technologies are 

based on the addition of material layer by 
layer according to the previously developed 
computer model. There are a lot of methods 
and technologies for additive manufacturing. 
Basic methods are: three dimensional printing 
(3DP), fused deposition modeling (FDM), 
stereolithography (SL), powder bed and inkjet 
3D printing, selective laser sintering or melting 
(SLS or SLM), direct metal laser sintering 
(DMLS), laminated object manufacturing 
(LOM) and ultrasonic consolidation (UC) [9]. 
The most common methods for additive 
manufacturing and rapid prototyping are 3DP 
and FDM. These methods are based on the 
melting of the filaments that are usually made 
of thermoplastics. After being melted by the 
hot extruder, the material is deposited layer 
by layer through the nozzle that can move in 
vertical and horizontal directions. After 
extrusion from the nozzle the material hardens 
immediately due to the temperature change. 
The most commonly used materials for these 
methods are ABS (acrylonitrile butadiene 
styrene) and PLA (polylactic acid). No binders 
between layers are required.  

Other additive manufacturing technologies, 
such as selective laser sintering, can use 
powders made of various materials, including 
plastics, metals or ceramic. In these methods, 
lasers are used to fuse the particles of the 
powder, therefore, binders are not used. The 
use of binders is required for other methods 
working with powders, such as powder bed 
and inkjet 3D printing [9]. 

Another rapid prototyping method is 
stereolithography. This technology is based on 
the use of liquid materials that are sensitive to 
the influence of light or ultraviolet. Layers 
harden being irradiated by the laser or 
ultraviolet due to the phenomena of 
photopolymerization.  

All these methods allow us to produce parts 
with different inner structure and mechanical 
properties [10]. This diversity can be obtained 
by the use of different settings and various 
materials for additive manufacturing. Using 3D 
printing or fused deposition modeling it is 
possible to change some parameters, such as 
layers’ thickness, fill density, porosity, layers’ 
orientation, etc. These parameters affect the 
surface finish and, therefore, not only 
mechanical properties, but also tribological 
behaviour of the parts. 
 
3. UNIVERSAL FRICTION MACHINE “MTU-1” 

 
Recently, a wide range of measurement 

machines and methods have been developed 
for the estimation of tribological behaviour in 
various conditions [11]. 3D printing technology 
allows us to manufacture parts with varying 
accuracy [12] and degree of filling of the inner 
layers of the part. Deviations of the shape and 
roughness of the surface have significant 
influence on various properties of the part, 
including its reliability and wear [13]. 

Roughness of the surface layers, as a rule, 
does not depend on the filling factor. 
Therefore, it is of interest to investigate the 
tribological properties of tribopairs after 
abrasion of the surface layers. A universal 
friction machine MTU-1 was used for testing. 
(Fig. 1). 
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Figure 1. Universal friction machine “MTU-1” 

In Figure 1, the following parts of the 
universal friction machine “MTU-1” are 
presented: 1 – the part used for the control of 
rotation speed; 2 – the power button; 3 – the 
speed control button; 4 – the friction torque 
measurement system with the elastic sensing 
element; 5 – the strain gauge for axial load 
measurement; 6 – the handle for fast loading; 
7 – the handle for fine loading; 8 – the chuck 
for the upper sample; 9 – the lubricant 
reservoir; 10 – the handle for the 
displacement of coordinate table. 

The structure of the universal friction 
machine “MTU-1” allows us to save the 
parallelism of the contacted surfaces, which 
increases the accuracy of measurements. The 
machine is resistant to the environmental 
influence, such as vibration, electromagnetic 
interference, dust, humidity and temperature 
fluctuations. 

The testing method for “MTU-1” is based 
on a relative rotational movement of the 
upper sample to the lower stationary sample 
with or without lubricants using different test 
schemes, such as disc to disk, sphere to ring, 
pin to disk motion, etc.  

The upper sample rotation speed without 
the load is adjustable up to 2500 rpm, the load 
on the samples can be varied from 50 to 1000 
N [14]. 

 

4. EXPERIMENTAL RESULTS 
 
Samples for the experimental research 

were made of various PLA plastics with 
different filling factor with the use of a 3D 
printer Picasso. 

The samples for the first tribopair were 
made of plastic REC PLA with 100% filling. 
Experimental conditions: rotation speed is 300 
rpm, starting load is 500 N. 

In Fig. 2, the samples for the first tribopair 
before the experiment are shown. 

 
Figure 2. Samples of REC PLA with 100% filling 

Figure 3 shows the graph of friction torque 
versus time for the samples made of REC PLA 
with 100% filling. 

 
Figure 3. Graph of friction torque versus time for 

REC PLA with 100% filling 

It can be observed from the graph in Fig. 3 
that at the beginning of the experiment 
friction torque changed sharply, which is 
connected with the beginning of the process 
of running-in in the tribopair due to plastic 
flow of the samples. 

In Fig. 4 and 5, respectively, the graphs of 
the temperature in the contact area and 
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friction coefficient versus time of the 
experiment are presented. 

 
Figure 4. Graph of the temperature in the contact 

area versus time of the experiment 

It can be seen from the graph in Fig. 4 that 
after approximately 40 seconds of the friction 
process the temperature in the contact area 
starts to rise. This is due to the jump of the 
friction torque, as well as the partial reflow of 
the material at the points of the real contact. 

 
Figure 5. Graph of the friction coefficient versus 

time 

It can be noticed from the graph in Fig. 5 
that the maximum value of friction coefficient 
is 0.6. It is observed at the end of the 
experiment. The presence of extremum points 
on the graph is explained by the considerable 
plastic flow of the samples, as well as by the 
appearance and destruction of molecular 
cross-links between the samples. 

Figure 6 shows the photographs of the 
surfaces of the samples before (Fig. 6, a) and 
after (Fig. 6, b) the experiment. 

 
a) 

 

b) 

Figure 6. Photographs of the surface of the sample 
before (a) and after (b) the experiment 

(magnification is 88x) 

In Fig. 6, b, the areas of scoring and fusion 
of the surface are clearly visible. 

The second set of experiments was devoted 
to the research of the tribopairs made of REC 
PLA plastics with two different filling factors: 
75% and 100%. The sample with 100% filling 
has different layers’ orientation from the 
sample investigated in the first set of 
experiments. Experimental conditions are the 
following: rotation speed is 300 rpm, the 
starting load is 250 N. 

In Fig. 7, the graphs of the friction torque 
versus time for two samples are shown. 

 
a) 
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b) 

Figure 7. Graphs of the friction torque versus 
time: a) for the sample with 75% filling; b) for the 

sample with 100% filling 

In Fig. 7 a, the results for the sample with 
75% filling is presented. Fig. 7 b shows the 
results for the sample with 100% filling. 

It can be seen in Fig. 7 that the friction 
torque for the samples with 100% filling after 
running-in changes smoothly, which is due to 
the more regular surface of the samples. 

In Fig. 8, the graphs of the temperature in 
the contact area versus time for the samples 
made of REC PLA with 75% and 100% filling are 
shown. 

 
a) 

 
b) 

Figure 8. Graphs of the temperature in the 
contact area versus time: a) for the sample with 
75% filling; b) for the sample with 100% filling 

It can be seen from the graph in Fig. 8 that 
the temperature in the contact area is 
gradually increasing, which indicates the 
absence of scuffing in the tribopair. For the 
sample with 100% filling, the temperature in 
the contact area is higher, which is apparently 
due to a greater number of points of real 
contact in the tribopair. 

In Fig. 9, the graphs of friction coefficient 
versus time for the samples with 75% (a) and 
100% (b) filling are presented. 

 

a) 

 
b) 

Figure 9. Graphs of friction coefficient versus time: 
a) for the sample with 75% filling; b) for the sample 

with 100% filling 

It can be seen from the graph in Fig. 9 that 
friction coefficient for the sample with the 
filling factor 75% has extremum points, which, 
apparently, is due to the porosity of the 
material. When the surface layer is abraded, 
the contact is between inner layers of the 
material. These inner layers have the porosity 
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that is different from the porosity of the 
surface layer. 

Friction coefficient for the sample with 
100% filling changed more smoothly during 
the experiment. At the beginning of the 
experiment, friction coefficient decreased, 
which is due to the process of plastic flow in 
the tribopair. After that, friction coefficient 
increased, which is due to wear of the surface 
layers of the sample. 

Figure 10 shows the photographs of the 
samples made of REC PLA with the filling 
factors 75% (Fig. 10 a) and 100% (Fig. 10 b) 
after the experiments. 

 

a) 

 
b) 

Figure 10. Photographs of the samples made of 
REC PLA with 75% (a) and 100% (b) filling after the 

experiments 

It can be observed from the figure 10 that a 
sample with 75% filling has more uneven wear 
than a sample with 100% filling. This is due to 
the greater porosity of the sample. 

Figure 11 shows the photographs of the 
surface of the samples after the experiment. 

 
a) 

 

b) 

Figure 11. Photographs of the surfaces of REC PLA 
samples with 75% (a) and 100% (b) filling after the 

experiments. Magnification is 88x. 

In Fig. 11, the areas of plastic flow and 
reflow of the material surface in the contact 
area can be noticed. 

 
5. CONCLUSION 
 

Experiments have shown that the 
tribological properties in the tribopairs made 
of plastics for 3D printing depend on the filling 
factor. The presence of plastic flow in the 
contact area increases friction coefficient; and 
the temperature in the contact area exceeds 
the melting point of the material. 
Porosity of the material has a significant 
influence on the process of friction and wear 
of the samples. 

Friction coefficient in the tribopair with 
100% filling changes smoothly, which makes it 
possible to predict the behavior of the 
tribopair more accurately. The results of the 
research allow us to make a conclusion that it 
is preferable to use parts with 100% filling for 
design of tribopairs in mechanisms and 
systems. 
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In future work, it is of interest to investigate 
the influence of layers’ orientation on the 
tribological properties of 3D printed parts 
made of PLA and ABS. 

 
REFERENCES 
 
[1] D.T. Pham, R.S. Gault: A comparison of rapid 

prototyping technologies, International 
Journal of Machine Tools and Manufacture, 38 
(10-11), pp. 1257-1287, 1998. 

[2] A.P. Nyaluke, D. An, H.R. Leep, H.R. Parasaei: 
Rapid prototyping in academic institutions 
and industry, Computer and Industrial 
Engineering, Vol. 29, pp. 345–349, 1995. 

[3] K.F.Gretsch, H.D. Lather, K.V. Peddada, 
C.R.Deeken, L.B. Wall, C.A. Goldfarb: 
Development of novel 3D-printed robotic 
prosthetic for transradial amputees, 
Prosthetics and Orthotics International, Vol. 
40, No.3, pp. 400-403, 2016. 

[4] A. Bellini, S. Güçeri: Mechanical 
characterization of parts fabricated using 
fused deposition modeling, Rapid Prototyping 
Journal, Vol. 9, No. 4, pp. 252-264, 2003. 

[5] Y. Song, Y. Li, W. Song, K. Yee, K.-Y. Lee, V.L. 
Tagarielli: Measurements of the mechanical 
response of unidirectional 3D-printed PLA, 
Materials and Design, Vol. 123, pp. 154-164, 
2017. 

[6] B. Wittbrodt, J. M. Pearce: The Effects of PLA 
Color on Material Properties of 3-D Printed 
Components, Additive Manufacturing, Vol. 8, 
pp. 110–116, 2015. 

[7] O.S. Es-Said, J. Foyos, R. Noorani, M. 
Mendelson, R. Marloth, B.A. Pregger: Effect of 

layer orientation on mechanical properties of 
rapid prototyped samples, Materials and 
Manufacturing Processes, Vol. 15, No. 1, pp. 
107-122, 2000. 

[8] M. Dawoud, I. Taha, S.J. Ebeid: Effect of 
processing parameters and graphite content 
on the tribological behaviour of 3D printed 
acrylonitrile butadiene styrene, 
Materialwissenschaft und Werkstofftechnik, 
Vol. 46, No. 12, pp. 1185-1195, 2015. 

[9] S. Kumar, J.-P. Kruth: Composites by rapid 
prototyping technology, Materials and Design, 
Vol. 31, pp. 850–856, 2010. 

[10] I. Gajdoš, J. Slota: Influence of printing 
conditions on structure in FDM prototypes, 
Tehnicki Vjesnik, Vol. 20, No. 2, pp. 231-236, 
2013. 

[11] V.P. Sel’kin, S.V. Kopylov: Friction machine for 
testing materials under boundary lubrication, 
Journal of Friction and Wear, Vol. 37, No. 2, 
pp. 184-186, 2016. 

[12] D. Dimitrov, W. Van Wijck, K. Schreve, N. De 
Beer: Investigating the achievable accuracy of 
three dimensional printing, Rapid Prototyping 
Journal, Vol. 12, No. 1, pp. 42-52, 2006. 

[13] V.A. Pechenin, M.A.Bolotov, N.V. Ruzanov: 
Technique of decomposition of form deviation 
for freeform surfaces, Key Engineering 
Materials, Vol. 685, pp. 334-339, 2016. 

[14] S. Perepelkina, P. Kovalenko, R. Pechenko: 
Investigation of Tribological Properties of 
Metallic Materials with the Use of the 
Universal Friction Machine “MTU-1", Procedia 
Engineering, Vol. 176, pp. 301-309, 2017. 

 
 

 

15th International Conference on Tribology – Serbiatrib ‘17 377



 

 

 
Serbian Tribology 

Society 

SERBIATRIB ‘17 
15th International Conference on 

Tribology 
 

Faculty of Engineering  
University of Kragujevac 

Kragujevac, Serbia, 17 – 19 May 2017 

ACTIVE TRIBOLOGY SYSTEMS 
 

Velibor KARANOVIĆ1,*, Mitar JOCANOVIĆ1, Marko OROŠNJAK1  
1University of Novi Sad, Faculty of Technical Sciences, Novi Sad, Serbia 

*Corresponding author: velja_82@uns.ac.rs 
 
 
Abstract: Recently, there was introduced a new tribology development direction, so called active tribology 
or tribotronics. Active tribology concept implies integration of tribology and electronics, which enables real-
time control of machines and mechanisms based on energy losses, caused by friction and wear. Friction 
leads to energy loss and lower machine efficiency, while wear is responsible for shortened machine service 
life, machine failure and enormous losses due to degraded performances. Present tribological contacts are 
passive, which means that their components (such as geometry, material or lubricant characteristics) 
cannot adjust to the working conditions change. With possibility to adjust tribological system parameters in 
order to minimize losses due to friction and wear, we can significantly improve safety level, flexibility, 
working performances and reliability of tribological systems. Continuous tendency to make machines with 
high level of energy density, with high controllability, flexibility and presence of artificial intelligence, 
opening a high possibilities for smart tribological systems development and implementation. The concept of 
active tribology is presented and discussed in this paper. Also there are given some illustrative examples 
that show the feasibility of an active approach. 
 
Keywords: active tribology, tribotronics, friction, wear, energy losses. 

 
 
1. INTRODUCTION 
 

Modern society have continuous demand 
for more reliable, safe and energy efficient 
machines. On the one hand we are obligated 
by laws and regulations, and on the other 
competition in the market. All machines 
(agricultural, industrial, transportational, for 
mining etc) that we use every day, involve 
numerous mechanical contacts between 
various surfaces. When surfaces are in motion 
relative to each other, these contacts will 
result in friction and wear. Friction leads to 
functional disturbances and energy loss that 
adversely affects machine efficiency and wear 
is responsible for failure and break down of 
machine assembly parts. To minimise this 

problems, different solutions are used, but the 
most common choice is lubrication.  

Generally, with the application of the 
tribology principles, we achieve significant 
energy savings, a reduction in noise, vibration 
and the emission of harmful substances in the 
environment, and it extends the life of the 
machines. However, if one wants to provide an 
even greater contribution of the tribology, it is 
necessary to think about active systems that 
are capable of constant monitoring and 
adjustment according to the working 
conditions.  

 
2. DEFINITION AND ELEMENTS OF AN ACTIVE 

TRIBOLOGY SYSTEM  
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Active tribological system, which is 
popularly called tribotronic system, is a system 
that integrates elements of tribological, 
electrical and IT systems [1]. While working it 
acts like a mechatronic system. Unlike 
mechatronic, tribotronical system is operated 
according to the parameters representing the 
losses, such as friction, temperature, vibration, 
fluid leakage, pressure drag, wear, and the like. 
Based on mentioned before, the purpose of 
tribotronic concept is to manage the system 
on the basis of operating parameters and loses 
in a way that will improve work performances, 
efficiency and reliability of tribological pairs 
and machines in general. 

The design of such a system includes 
components such as sensors, actuators, 
control units and tribo-pairs (Figure 1).  Based 
on the collected signals by sensors, the control 
unit, using tribological algorithms, determines 
what action should be taken, and the selected 
action is executed by triboactuator. After the 
measures taken, there is comparing of the 
parameters of the previous and the current 
situation, and accordingly new corrective 
action is taken. This allows "on-line" 
adjustment of the tribosystems, which is why 
these systems can be characterized as 
autonomous or self-aligning. 

 
Figure 1. Tribotronic system configuration. 

The correct choice of sensor is very 
important. The sensors used for equipment 
condition monitoring, if adequately adapted, 
could be used in tribotronic system. Their 
adaptation should provide more reliability and 
resistance to interference (noise) emitted by 
industrial equipment such as electro-magnetic 
field, vibrations, etc. Also, it is wise to think of 

sensors as modules which within themselves 
have the ability of measuring multiple 
parameters simultaneously, as well as the 
possibility of self-supply by converting 
mechanical energy into electricity [2,3]. 

Algorithms and computer units applied in 
tribotronical system should have a high degree 
of flexibility and quick response.  

Selection of triboactuators represents the 
greatest challenge because there is no concept 
of their construction. Actuators for tribotronic 
application should be elements that have 
adequate size, strenght and especially 
adequate (fast) speed of reaction and accuracy.  

 
3. EXAMPLES AND DISSCUSION 
 

The usual method of friction and wear 
control is by elimination of direct contact 
between the surfaces of the tribo-elements 
with thin film lubrication. In this case, the wear 
of contact surfaces is minimized, while the 
friction is limited to the existence of viscous 
forces in the lubricant film. The problem that 
appears here is the problem of retaining 
lubricant in the contact zone which under the 
actionof load force is squeezed out. A classic 
example of this tribosystem is hydrostatic 
bearing (Figure 2).  

 
Figure 2. Hydrostatic bearing. 

Parameters such as capacity and thickness 
of the lubricant film, can be managed by 
adjustment of pressure and lubricant flow into 
the hydrostatic bearing. In accordance with 
the possibility of online adjustment of flow 
and pressure, hydrostatic bearing may be 
considered as active tribological system.  
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Another significant problem with the 
systems, using lubricant as a means to reduce 
friction and wear, is the degradation of its 
properties during service. Lubricant condition 
has a very significant impact on performances, 
reliability and durability of elements of 
technical systems in which they are used. 
Therefore, it is quite clear that the 
implementation of the diagnostic system, for 
real-time monitoring and analysis of lubricants, 
is necessary if we want to increase the 
contribution tribosystems. In case of change of 
lubricant properties outside of the tolerated 
limits, corrective measures must be conducted. 
Those measures are realized with active 
conditioning systems, which include heaters, 
coolers, filter systems etc. 

Another example of tribotronic system is a 
tilting-pad bearing (Figure 3). The tilting-pad 
journal bearing is a fluid-film bearing in which 
the shaft is supported by a number of stator 
pads. The pads independently tilt in response 
to the motion of the shaft. Additionally, the 
pivots supporting the pads may be adjustable 
in the radial direction thus changing oil film 
geometry. This method use change in oil film 
wedge at the inlet and outlet, to affect system 
performance. Another way to influence the 
work performance is the flow pattern control 
in the contact area. For this purpose can be 
used electro- and magneto-rheological fluids, 
which react to the formation and change of 
electric, or magnetic fields, with reverse 
possibility of changes in their rheological 
properties. In a strong field, the viscoelastic 
properties of the fluid are changing rapidly as 
the magnetic or electric field [4]. Such active 
control has the potential to compensate for a 
suddenly induced shaft imbalance or 
misalignment or a change in shaft speed and 
loading. It may further improve the stability 
and load capacity of the bearing system, 
reduce wear and power loss, and enable 
better tolerance of lubricant contamination 
and viscosity changes [5]. Active changes in 
the radial position of the bearing plate, are 
achieved with hydraulic cylinders or 
piezoelectric actuators customized for this 
application.  

 
Figure 3. Tilting-pad journal bearing. 

For its own needs, NASA developed 
solutions that provide the lubrication of 
bearings during the entire mission. Knowing 
that the losses of lubricant are related to its 
evaporation, degradation or leakage out of the 
contact zones, it was necessary to find a 
solution that will eliminate these problems. 
One of the solutions that can be said to fall 
within the scope of active system, are oil 
reservoirs in the form of cartridges that are 
made of porous material – Figure 4 [6]. In the 
pores of the reservoir is stored lubricating oil 
that is released by heating. Heating provides 
the heat produced due to increased friction, or 
by the micro-heater, which activates when the 
sensor detects an increase in the coefficient of 
friction. In this case, the role of the 
triboactuator has a micro-heater. 

 
Figure 4. In situ, on demand oil lubricator for 

the ball-bearing rings. 

Another approach is to provide bearing 
lubrication on demand with solid lubricants 
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such as indium, lead, silver, molybdenum 
disulphide. Micro-heater, as triboactuator, is 
activated depending on friction measured by 
the friction sensor. As a result of this action 
solid lubricant evaporates and lubricates the 
bearing thus lowering friction (Fig. 4). 

 
Figure 4. Conceptual image of a self-restored 

lubrication system for ball bearing with a micro 
evaporation source for tribo-coating [7]. 

Besides bearing applications, there are 
many other applications where it is possible to 
apply the active tribological concept, for 
example vibration control, friction control in 
transmission systems, tire pressure 
adjustment, etc. For example, mechanical 
vibrations are caused by mass imbalance and 
they are associated with fatigue, which can 
lead to a catastrophic failure. Therefore, 
vibrations must be attenuated. Active 
vibration control can be applied by introduce 
of a control force which is produced by 
magnetic bearings or piezoelectric stacks et 
cetera [8]. 

All these examples point to the fact that the 
implementation of tribotronic concept in 
future would be inevitable in order to achieve 
a higher level of self-sustainability of smart 
machines and next generation mechanisms. 

 
4. CONCLUSION 

 
Some examples of active tribology concept 

are presented in this paper. Environment, 
operational aspects so as reliability are three 
main reasons that motivate us to move away 

from the old technological solutions, to more 
efficient and modern alternatives. The purpose 
of introducing active tribology concept is to 
make technical systems more reliable, 
controlable, self sustainable and safer. Active 
tribology systems are complex but enables 
many improvements that extends life of the 
machines. 
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Abstract: During high pressure die casting process of aluminium alloys molten metal severely damages the 
tool surfaces, hampers the casting ejection, reduces the casting quality and decreases the overall production 
efficiency. One of the wear mechanisms that induces such behaviour is cast alloy soldering which develops 
bonding between the cast alloy and tool material. Although a die lubricant is applied on tool surfaces it is 
removed by erosion effects of liquid metal and consequently the tool surfaces become exposed to cast alloy. 
In order to combat these issues thin ceramic PVD (physical vapour deposition) coatings are applied on tool 
surfaces. These hard coatings have high oxidation resistance and chemical inertness to liquid aluminium 
alloys. However, their performance greatly relies on surface topography which is usually overlooked. This 
investigation employed ejection test for the examination of soldering tendency of EN X27CRMOV51 steel, 
plasma nitrided EN X27CRMOV51 steel and CrN and TiAlN duplex PVD coatings, in contact with Al-Si-Cu 
alloy. Duplex PVD coatings were prepared to a range of surface roughness and morphologies. Ejection tests 
were performed by tensile testing machine and the sample surfaces were evaluated by profilometry, 
confocal optical microscopy and scanning electron microscopy. Contrary to the findings published so far, it 
was found that the ejection force is independent of the chemical composition of investigated materials. 
After the ejection, the cast alloy soldering layer was found on surfaces of all tested materials. This built-up 
layer formed by effects of mechanical soldering, without corrosion reactions. The coated samples displayed 
a pronounced dependence of ejection force on surface roughness and topography. By decreasing the 
roughness, the ejection force increased, which is a consequence of intensified adhesion effects. Presented 
findings are a novel information important for efficient application of PVD coatings in protection of high 
pressure die casting tools. 
 
Keywords: Aluminium alloy casting, Die casting tool, Plasma nitriding, Duplex PVD coatings, Cast alloy 
soldering, Surface topography 

 
 
1. INTRODUCTION 
 

In production of aluminium alloy castings by 
high pressure die casting process the tool 
surfaces are exposed to severe environment 

which cause tool wear [1]. Due to wear, tool 
operation becomes difficult, production 
efficiency is reduced, castings lose tolerances 
and the quality of their surface finish is 
reduced [2]. By continuing the production with 
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worn tools both castings and tools integrities 
are endangered. Although a die lubricant is 
applied on tools surfaces, the tool wears by 
erosion, soldering and thermal fatigue which 
commonly occur simultaneously [1,3].       

Nowadays the cast alloy soldering becomes 
a major concern in the industry [2]. Therefore, 
diffusion layers, thin ceramic coatings and 
their combinations are applied for increasing 
the wear resistance of high pressure die 
casting tools [1,3]. Coatings produced by 
physical vapor deposition (PVD) have a range 
of required mechanical properties and high 
chemical inertness in molten metals [1,3,4]. 
Ceramic coatings efficiently suppress different 
types of wear and especially the corrosion 
caused by molten aluminium [1,4]. However, 
PVD coatings are also prone to formation of 
cast alloy built-up layer (sticking) on their 
surfaces [2]. Such cast alloy built-up layer 
hampers the castings ejection and increase the 
tool maintenance. Therefore, it is essential to 
further investigate and develop PVD coatings 
tailored for application on high pressure die 
casting tools.  

In this study ejection test is employed for 
the evaluation of soldering (sticking) tendency 
of Al-Si-Cu alloy toward EN X27CRMOV51 (AISI 
H11) steel, plasma nitrided EN X27CRMOV51 
steel, CrN and TiAlN duplex PVD coatings. The 
effects of surface roughness on the 
performance of duplex coated samples are 
detailly evaluated. 
 
2. EXPERIMENTAL 
 

Investigation concerned quenched and 
tempered EN X27CRMOV51 hot-working tool 
steel, plasma nitrided EN X27CRMOV51 steel, 
CrN and TiAlN PVD coatings produced as 
duplex layers on plasma nitrided samples. 
Cylindrical pin-shaped samples (φ15×100 mm) 
were produced by procedures regularly 
employed in production of high pressure die 
casting tool parts (Figure 1 a).  

Plasma nitriding was performed using ION-
25I (IonTech) unit, CrN coating was deposited 
by BAI730 (Balzers) unit and TiAlN coating by 
CC800/7 (CemeCon) unbalanced magnetron 

sputtering system. In order to accurately 
compare the performance of different 
materials, samples were produced applying the 
same surface finishing treatments. However, 
the coated samples were prepared with two 
additional degrees of surface roughness. 
Samples used in this investigation are denoted 
as follows: EN X27CRMOV51 steel samples as 
H11, plasma nitrided samples as PN, PVD 
coated samples were denoted with their types 
as CrN and TiAlN. Additionally, suffixes are 
added after sample names to distinguish the 
samples with different surface roughness: 
rough-R; smooth-S; post deposition polished-PP.   

Cast alloy soldering (sticking) tendency was 
practically evaluated by ejection test. In this 
test, pin sample is used as a core for 
production of simple casting with a hole 
(Figure 1 b, c). As a result of a casting process a 
pin-casting assembly is obtained (Figure 1 c). 
Using a tensile testing machine ZDM 5/91 
(VEB) the pin sample is ejected from the 
casting and a force displacement curve is 
recorded (ejection curve). This test imitates 
the process of core removal from a casting 
produced by high pressure die casting 
technology. Therefore, the force recorded 
during the test carry information about the 
soldering tendency of cast alloy.  

 
Figure 1. a) Pin sample, b) experimental casting die, 

c) pin-casting assembly 

Casting process was performed by gravity 
melt pouring of EN AC-46200 alloy, at 
temperature of 730 °C, into a specially 
designed steel die, preheated to temperature 
of 320 °C. After each casting (solidification) 
cycle, the process is repeated for next sample.  

Surface topography of samples was 
acquired by 3-D-profilometer (Taylor Hobson 
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Talysurf). Instrumented hardness tester H100C 
(Fischerscope) was employed for the 
evaluation of mechanical properties of layers 
and thin coatings, employing 100 mN 
indentation loads. After the ejection tests 
samples surfaces were evaluated by confocal 
optical microscope Axio CSM700 (Zeiss). 
 
3. RESULTS AND DISCUSSIONS 
 

All samples were produced of quenched and 
tempered EN X27CRMOV51 hot working tool 
steel with hardness of 455 HV30. For plasma 
nitrided samples a maximal surface hardness of 
1300 HV0.01 was achieved, while the CrN and 
TiAlN coatings have 2575 HV0.0025 and 3600 
HV0.0025 respectively. The hardness of 
investigated layers and coatings are appropriate 
for application on tools with increased wear 
resistance. Surface roughness parameters of all 
investigated samples are presented in Table 1. 
Roughness of all investigated samples belongs to 
the range of low surface roughness. In table 1 
samples having nearly the same roughness are 
circled with dashed lines. 

Table 1. Average values of surface roughness 
parameters of investigated samples 

Sample group Ra [µm] Rsk Sdr 
[%] 

Rough samples (R) 
CrN-R 0.145 -0.179 0.055 
TiAlN-R 0.153 0.990 0.157 
Smooth samples (S) 
H11-S 0.198 -0.889 0.039 
PN-S 0.183 -0.026 0.075 
CrN-S 0.032 0.491 0.021 
TiAlN-S 0.059 4.562 0.363 
Post deposition polished samples (PP) 
CrN-PP 0.027 -1.162 0.020 
TiAlN-PP  0.059 -0.947 0.016 

 
Average values of maximal ejection force 

obtained for samples with comparable 
roughness are for different materials 
presented in Figure 2. Generally, values of 
measurement standard deviations (SD) are 
averagely less than 10 % of a measured value, 
which indicate a satisfactory experimental 
repeatability for this kind of examinations.  

A small difference in ejection force, which is 
observed for investigated materials, falls in the 
range of test deviations. This means that 
investigated materials have nearly the same 
value of ejection force and the same soldering 
tendency. Therefore, the casting ejection 
performance from the die casting tool with a 
PVD coating would be the same as from the 
those made of X27CRMOV51 steel.  

 

Figure 2. Average values of maximal ejection force 
recorded for different pin materials, error bars 

represent ±1 SD 

 Such finding is not in agreement with 
results published so far in literature, as in 
papers [1,3]. In their case, a considerably 
higher force was recorded for X27CRMOV51 
steel and plasma nitrided X27CRMOV51 steel 
than for PVD coated samples. However, in 
these investigations the comparison between 
materials is not made on samples with the 
same roughness. Considering that surface 
topography affects the initial pin-casting 
interlocking conditions and the tribological 
performance during sliding [2], disregarding its 
influence could lead to inaccurate results 
interpretations. The effect of surface 
roughness on the ejection performance is in 
more detail elaborated by results obtained for 
coated samples with different roughness.  

Surface morphology of pin samples after 
the ejection tests holds qualitative information 
about the soldering tendency of cast alloy 
toward pin material and galling processes that 
develop during the pin ejection. Macroscopic 
appearance of samples and confocal optical 
microscopy (CFM) images of surfaces with 
built-up layer are presented in Figure 3.  
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The cast alloy built-up layer is present on 
the surfaces of all investigated materials. It is 
distributed mostly inside the pronounced 
grinding marks, cavities, around asperities or 
coatings nodular defects (detail in Figure 3). 
For H11, CrN and TiAlN samples the built-up 
typically agglomerates inside grinding grooves. 
This is not typical for PN samples where the 
built-up distributes in form of lumps around 
asperities on the surface. For coated samples 
the built-up piles up around the nodular 
defects and on the sides of cavity defects. This 
suggests that both kind of coating defects 
(surface irregularities) have their own effect 
on distribution of cast alloy on pin surfaces. 
During ejection, nodular defects plough 
through the casting material and aggregate 
the cast alloy in front of them. On the other 
side, the cast alloy present in cavities, or in 
coating pinholes, is cut off the casting due to 
the shear stresses generated on pin-casting 
interface, during the ejection process. This 
means that both surface features also have 
their effect on the stress concentration during 
ejection and accordingly on the values of 
ejection force [2].  After examinations, the cast 
alloy was dissolved by NaOH solution and no 

remnants of built-up layer remained on the 
surfaces. This indicates that conditions in the 
employed test promotes only the effects of 
mechanical soldering (sticking). 

Further, the investigation is directed 
toward performance evaluation of hard nitride 
coatings, as materials with highest corrosion 
resistance and great importance for practical 
application on die casting tools. A special 
attention is given to the influence of surface 
roughness on their ejection performance. The 
maximal ejection force measured for coated 
samples with different surface roughness are 
presented in Figure 4. It can be seen, that 
decrease in average surface roughness (Ra) 
induce a considerable increase of ejection 
force. The highest values of ejection force 
were recorded for post deposition polished 
samples of both kinds of coatings (CrN, TiAlN). 
However, a small difference in Ra parameter 
between the smooth (S) and the post polished 
(PP) samples resulted with a considerable 
difference in ejection force. This is a 
consequence of a large difference in surface 
morphology of these samples, which can be 
distinguished by other roughness parameters 
like skewness (Rsk) (Table 1, Figure 4). 

 

 

Figure 3. Appearance of the samples with built up layer, a) macroscopic images, b) confocal optical 
microscopy images of pin areas submerged 5 mm in the casting, image inserts with higher magnification; 

areas circled with dashed lines are typical locations around coating defects 
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Figure 4. Average values of ejection force recorded for coated samples (CrN, TiAlN) prepared to a different 
degree of surface roughness, error bars represent ± 1 measurement standard deviations 

By examining the representative 
topographies of coated samples, shown in 
Figure 5, it is clear that a great difference 
exists between the smooth and post polished 
samples. Surfaces of smooth coatings are 
characterized by a large quantity of peaks 
(nodular coating defects) and accordingly high 
values of Rsk, while the surfaces of post 
polished coatings are smooth, characterized by 
numerous cavities (wrenched defects) and 
accordingly negative values of Rsk. Surfaces of 
CrN coatings are generally smoother than of 
TiAlN coating. For CrN samples a decrease of 
roughness (Ra) is followed by almost gradual 
decrease of (Rsk) parameter and continuous 
increase of ejection force (Table 1, Figure 5). 
On the other side for TiAlN coatings a 
somewhat different behaviour is observed. 
The TiAlN-S samples have lower Ra parameter 
than TiAlN-R samples, but a considerably 
higher Rsk parameter. Accordingly, the values 
of ejection force for TiAlN-S are almost similar 
as for the TiAlN-R samples.  

Explanation concerning the revealed 
behaviour could lie in the pin-casting 
interlocking conditions or in the nature of 
stress concentration that develops on the pin 
casting interface during ejection process. By 
cross sectional evaluations, not presented 
herein, it has been shown that casting exhibit 
a fully interlocked contact with CrN and TiAlN 
samples.  Therefore, it is concluded that the 
ejection force required for pin release depends 
predominantly on the stress conditions in the 
pin-casting contact. During the ejection 

process, asperities of rough surfaces (CrN-R, 
TiAlN-R, TiAlN-S) induce shear stress 
concentrations on the pin-casting interface, 
which reduce the force required for the initial 
pin release. The morphology of built-up layer 
around surface features (marks, defects) 
undoubtedly support this theory (Figure 3). 
However, on very smooth surfaces (CrN-PP, 
TiAlN-PP), due to high tangential forces [5], 

 
Figure 5. Surface topography images of TiAlN 

coated samples 
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adhesion is enhanced and consequently higher 
forces are needed for pin release.  

Application of very smooth tool surfaces is 
beneficial for obtaining narrow casting 
tolerances and highest surface finishes. 
However, considering the results of presented 
investigation, together with the fact that 
coatings provide adequate protection against 
effects of cast alloy, coatings with post 
polished (very smooth) surfaces are not 
beneficial for efficient application on a high 
pressure die casting tool. 

 
4. CONCLUSIONS 

 
Presented investigation employed ejection 

test for the evaluation of Al-Si-Cu alloy 
soldering tendency toward different tool 
materials, layers and PVD coatings intended 
for application on high pressure die casting 
tools. The performance of PVD coating is 
evaluated on samples prepared to a range of 
surface roughness.  

Mechanical characteristics of investigated 
plasma nitrided layer and duplex CrN and 
TiAlN coatings are adequate for the 
application of high performance high pressure 
die casting tools. 

For investigated materials, prepared to the 
same degree of surface roughness it was 
found that the ejection force is independent of 
their surface chemical composition. This is a 
novel information revealed by considering the 
effect of surface roughness.  

It was found that all investigated materials 
are prone to mechanical soldering by Al-Si-Cu 
alloy. The identified built-up layer of cast alloy 
formed by the effects of mechanical soldering.  

The ejection performance of samples with 
CrN and TiAlN coating greatly depends on their 
surface roughness. The ejection force increase 
with decrease of their roughness. The highest 

values were recorded for post deposition 
polished surfaces for both kinds of coatings.   

Performance of PVD coatings on high 
pressure die casting tools, beside surface 
chemistry greatly rely on surface roughness 
and surface morphology of tool parts. 
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Abstract: All metal forming processes have some common features (one of the contact pairs is significantly 
plastically deformed, tool is always in contact with new surfaces, etc.), but still, certain processes differ from 
one another, both in terms of the contact geometry and of the values of process parameters (speed range, 
specific pressures, operating temperatures, etc.). Change of friction parameters is reflected in different 
intensity of the tool wear and damage of the workpiece surface. 
Experimental studies presented in this paper were performed on the original tribo-model of ironing process 
and aimed to point out the changes that occur during the ironing process, as well as to consider the 
influence of certain factors (tool material, lubricant on die and punch) on the damage of sheet metal and 
tool surfaces. 
 
Key words: ironing, galling, steel, aluminum, roughness, die, punch 
 
 

1. INTRODUCTION  
 

Basic factors that have influence on 
tribological phenomena in metal forming can 
be divided into five groups:  
1. Geometric factors (macro- and micro-

geometry of the contact, deformation of 
macro- and micro- zones of contact, 
surface of actual contact), 

2. Kinematic factors (type and character of 
movement, speed, duration of contact), 

3. Dynamic factors (distribution and value of 
normal pressures, character and change of 
the load), 

4. Physic-chemical factors (type of contact 
pair material, chemical affinity of contact 
pair material, crystalline structure, type of 
oxide, type of lubrication) and 

5. Energy factors (temperature of micro- 
zones of contact, energy balance in macro- 
and micro-zones of contact, results of the 
energy processes). 

Factors 1 and 4 characterize the basic 
properties of contact pairs (internal factors), 
while others define the basic parameters of 
the friction process (input factors). 

Assessment of the influence of various 
factors on the friction force value and the 
friction itself is required primarily for practical 
reasons. Depending on the change of friction 
characteristics the process characteristics are 
changing, and that is necessary to know for 
more accurate selection of equipment and 
technological process. 

In practice, a number of factors 
simultaneously change, so despite the fact 
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that each of them has an influence on the 
process, it affects the change of some other 
factors’ influence as well. For example, speed 
change affects the temperature change of 
contact pairs, change of specific pressure is 
closely related to the degree of deformation, 
and so on. 

In other words, besides the individual 
influence of each factor there is also an 
interaction between some factors. Therefore, 
the value of friction coefficient is determined 
according to collective influence of all 
interconnected factors. 
 
2. DAMAGE AND DESTRUCTION OF METAL 

SURFACE IN METAL FORMING 
 

The question of optimal contact pairs 
according to their type of material was and still 
is the subject of many detailed tests, that have 
been carried out mostly on mechanical 
elements so far. The selection of optimal 
contact pairs also has the great influence in 
metal forming process. However, in the case of 
pairs of mechanisms contact elements can be 
chosen quite freely, while in the case of metal 
forming, the free choice is almost impossible 
since one of the contact pair materials, the 
one that is plastically deformed, has already 
been determined and represents an 
independent factor. Only material of the tool 
can be changed, and the choice of materials 
that could be used for creating the tool is quite 
limited (carbon or alloyed steel). 

In the case of conventional plastic forming 
of steel the unfavorable contact pair is steel 
against steel, while in case of forming of non-
ferrous metals, unfavorable contact pairs are: 
tool steel – nonferrous metal (for example Fe-
Al, Fe-Zn, Fe-Cu, etc.). Intensive wear of the 
tool used for metal forming indicates that 
reduction of roughness and increase in tool 
hardness do not always give satisfactory 
results. In order to manage selection of 
contact materials and thus the process of tool 
wear one should know physical and chemical 
processes that occur in friction zones. 
 

2.1 Micro-fractographic analysis of surface 
topography in the friction process 

 
 Specific (closed) system of the contact 

kinematic pair prevents direct observation of 
the contact zone and thus monitoring the 
phenomena that occurs there. Therefore, 
indirect tests of change of force or moments 
of friction are performed, and the effects of 
friction manifested as wear or damage of the 
contact surfaces are monitored. Based on the 
intensity and character of these changes, the 
type of friction is selected. 

Analysis of the change of surface 
topography due to the effects of friction 
performed at the moment of big increase can 
provide a very detailed detection of 
phenomena that occur in the contact zone, as 
well as the evaluation of friction mechanism 
[1]. 

This analysis aims to show the mechanism 
of deformation in micro-zones of contact and 
transfer of material, as well as the way of its 
removal from the contact surfaces, i.e. 
introduction of the specific mechanisms of 
friction for higher values of pressure as well as 
developing a physical model of the friction 
process. Since the crystal structure is 
considered to be one of the main factors that 
affects the tribological properties of the metal 
and the friction mechanism, it is necessary to 
analyze the change of surface topography 
after friction in case of metals that are 
crystallized in various crystallographic systems.  
 
2.2 Damage and destruction of metal surface 

in case of same material pairs  
 

In order to examine the effect of the 
crystalline structure to the mechanism of 
metal transfer in micro-zones of contact and 
to present the friction mechanism between 
same metals it is interesting to consider a 
contact pair Fe-Fe. 

Contact pair Fe-Fe. Examples of damage of 
mild steel specimens in friction process show 
visible plastically deformed adhesion 
compounds wherein the smaller elongation of 
micro-zone of the contact is observed 
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(compared to Al and Cu), indicating a greater 
reinforcement of the metal. This also leads to 
the notching (galling) and breaking the oxide. 
Micro cracks at the edges of the notches 
indicate the local metal reinforcement in the 
zones of contact with friction. 
 
2.3 Damage and destruction of metal surface 

in case of different material pairs  
 

Analysis of the change of surface 
topography in the friction process due to 
contact between two different metals is 
carried out considering the influence of the 
crystal structure and the chemical affinity of 
the micro kinematics of material transfer in 
the contact zone. Analyzed pairs are: Cu-Ni, 
metals that crystalize in the same 
crystallographic system (grid A1

1), then metals 
that crystallize in different crystallographic 
systems, for example Fe-Al, Fe-Cu (grid A1-A2) 
as well as the pairs where one of the metal has 
a hexagonal structure, for example Cu-Zn (grid 
A2-A3) and Fe-Zn (grid A1-A3). 

Contact pair Fe-Al. In case of this contact 
pair the adhesion of aluminum on the steel 
surface can be observed. Adhesives of 
aluminum have the form of a very elongated 
strips, which indicates the great plasticity of 
the metal.  

In case of these pairs destruction of 
adhesion compounds occurs in outer layer of 
aluminum, not on the initial contact surfaces. 
This shows that the resulting compound is 
characterized by higher strength regardless 
the low chemical affinity of these two metals. 
Mechanism of destruction of the adhesion 
compounds is analogous as in the case of 
regular metal grid A1, A2, which means that 
micro-zones of contact are strongly plastically 
deformed and then are separated without 
clearly visible slip planes. As a result of 
significant plastic deformation of adhesion 
compounds a relatively slight increase of the 
surface roughness occurs. Metals of this 
contact pair are significantly apart in the 

                                                      
1
 In crystallography, A1 denotes face-centered cubic grid, 

A2 – body-centered cubic grid, A3 compact hexagonal 

grid. 

periodic table, have different values of atomic 
radius and are not soluble in the solid state. 
These characteristics suggest that the intensity 
of formation of friction compounds is small. 
However, in the case of this contact pair 
extreme adhesion of aluminum on the steel 
workpiece surface is observed. 

X-ray examinations [1] indicate that these 
are no fusion joints. Formation of no fusion 
compounds instead of diffusion ones is a result 
of a high tendency of aluminum to oxidation. 
The obtained aluminum oxides are very hard 
(approximately 1800 HV) and thus very brittle, 
so the destruction occurs even in the case of 
shear stress of 2MPa, which causes direct 
metal contact. 

Contact pair Fe-Zn. Adhesives of the contact 
pair Fe-Zn have a layered character. 
Regardless of the relatively low chemical 
affinity of the metal of this contact pair, the 
destruction of adhesion compound does not 
take place on the surface of the initial contact, 
but in the outer layer of weaker Zn, where the 
layered character of the material transfer in 
micro-zones of contact is visible. 

In the case of these metals, traces of pulling 
have not been observed but only the shear of 
adhesion compounds associated with a small 
strength to shear of Zn, which is a property of 
the metal with a hexagonal shape of crystal 
grid.  

Given the small strength to shear of Zn, the 
frictional resistance is small, though transfer of 
the metal is significant, which cause a 
significant increase in surface roughness. 

Summarizing the test results of contact 
pairs of the same and different metals it can 
be concluded that the crystal structure shows 
a substantial influence to frictional resistance 
and mechanism of deformation, as well as to 
destruction (shear) of adhesion compounds, 
mostly in the case of similar metals. In the case 
of a pair of dissimilar metals, the influence of 
the crystal structure and mutual chemical 
affinity of contact pair metals should be 
considered. The greater tendency to the 
formation of adhesion compounds occurs in 
the case of dissimilar metals. This is the result 
of a significant approaching of surfaces under 
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the influence of higher normal pressures and a 
significant increase in real contact zone. The 
result of such interaction is significant 
adhesion of one metal to another, whereby, as 
a rule, metal with lower melting point is 
pasted on the metal with higher melting point 
which can be explained by higher chemical 
activity of the first one. 

Great adhesion leads to the fact that the 
resistance of adhesion compounds is higher 
than the resistance of at least one metal of 
contact pair regardless of the chemical affinity 
of these metals. Destruction of the compound 
occurs mainly in the outer layers of metal with 
lower strength and not on the initial contact 
surface. In contrast, the mechanism of micro 
deformation of adhesion compounds, and the 
way of their destruction (shear), are greatly 
dependent on the crystal structure, although 
there is some influence of the chemical affinity 
of contact pair metals. 

In the case of metals with face or body 
centered grid (A1 and A2) which have a higher 
plasticity, the resulting adhesion compounds 
reach a significant plastic deformation during 
the friction as evidenced by the elongation of 
micro-zone of the contact. In contrast, quite 
different character of movement in micro 
zones of the contact occurs in the case when 
one of the metals of contact pair has a 
hexagonal grid. Then deforming of the metal in 
micro-zones of contact has a layered character. 
In the case of these contact pairs destruction 
of compounds is carried out always in the 
outer layers of the metal’s hexagonal grid, 
regardless of the chemical affinity of metals of 
contact pair, which results from the low 
strength to shear of metal with A3 grid, and 
great number of smooth zones is observed on 
a surface. 

Effect of the chemical affinity to mechanism 
of surface damage can be observed in the case 
of contact of metals with cubic grid, body or 
face centered. If the metals of the contact pair 
have higher chemical affinity then the 
resistance of resulting compounds is greater 
than both of the metals of contact pair (those 
are always diffusion compounds), so in 
addition to plastic deformation, deep pulling 

can be observed, followed by the increase of 
surface roughness. In the case of small 
chemical affinity of metals of contact pair 
classical deformation dominated in micro-
zones of contact, and there is no pulling during 
the shear of adhesion compounds. The 
increase of surface roughness in that case is 
insignificant. [1]. 

From abovementioned considerations, it 
follows that, the crystal structure, as well as 
the chemical affinity of the contact pair metals 
belong to the factors that have a very large 
impact on: 
 Friction resistance, 
 Mechanism of destruction of adhesion 

compounds and consequently the way of 
moving the material, 

 Type of damage of contact surfaces and in 
particular the increase of roughness, 

 Intensity of wear. 
 
3. EXPERIMENTAL RESEARCH 
 

Experimental studies presented in this 
paper were performed on the original tribo-
model of ironing process, which bilaterally 
symmetrically imitates the contact zone of die 
and punch. This model enables the realization 
of high contact pressures and respects the 
physical and geometrical conditions of the real 
process (material of die and punch, 
topography of contact surfaces, angle of die 
cone - , etc.) [2].  

The bent sheet metal band, U-shaped test 
piece, is assembled on the ’’punch’’. Holding 
force FD acts on test piece by dies. Dies are 
assembled in supports, where the left support 
is motionless and the right support is movable 
together with the die. The test piece slides 
between the dies under the force that is 
applied at the punch head, whereby the 
thinning of the test piece wall thickness occurs. 
During ironing process, the outer surface of 
the test piece slides against die surface 
inclined by an angle , and the inner surface of 
the test piece slides against plates attached to 
the punch body. 

The device was realized with the compact 
construction of high rigidity, with the possibility 
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of easy changes of contact-pressing elements 
(die and plate), with simple cleaning of contact 
zones and suitable assembling of test pieces. 

Plates and die can be made of various 
materials and with various roughnesses, and 
dies can also have a various inclination angle . 

For experimental tests in this paper 
material is selected from Al-alloys, in the form 
of sheet, mark AlMg3(.43)2 (old mark: AlMg3-
24; mark according to DIN: AlMg3 F24, mark 
according to EN AW-5754: AlMg3). This 
material is very important in modern industry. 
Mechanical properties of the tested material, 
determined for samples cut in the rolling 
direction of the sheet are: Rp=201.1 MPa, 
Rm=251 MPa, A=12 %, n=0.13545, r=0.40510, 
E=0,701×105 MPa. 

Contact pairs ("die" and "punch") are made 
of alloy tool steel (TS) with high toughness and 
hardness, with mark Č4750 (DIN17006: 
X165CrMoV12). This steel is resistant to wear 
and is intended for operation in the cold 
conditions. Oil quenching and tempering is 
carried out before the mechanical treatment 
by grinding.  

Hard coating of TiN is applied to one set of 
tools made from heat treated alloy steel Č4750. 
 
4. RESULTS OF EXPERIMENTAL RESEARCHES 
 

In case of deep drawing with thinning of the 
wall thickness, depending on the type of the 
contact pair (tool-die, the punch/sheet metals) 
and used lubricant, creating the adhesives on 
the tool can occur. Every adhesion on the tool 
deteriorates the surface quality (adhesion on 
punch, dies, etc. is reflected in the drawn 
parts) and is one of the main problems in 
technology of deep drawing with thinning of 
the wall thickness, both regarding the product 
quality as well as the wear of the tool. This 
phenomenon is often referred to as "galling" 
in literature and represents the subject of 
detailed study of many authors [3, 4, 5, 6]. 

Appearance of smooth and notched 
surfaces made by scratching due to aluminum 
adhesives is shown in Figure 1. 
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a)                                    b) 

Figure 1. Smooth and notched surface Al samples 
and their roughness 

As previously stated, adhesives especially 
occur in case of drawing of aluminum alloys, 
both on the punch and on the side of the die, 
Figure 2. 

 
 

 
Figure 2. Aluminum adhesives on the punch and 

die surfaces 

EDS analysis of the surface of the punch 
and the die with a TiN coating confirmed the 
presence of aluminum adhesives, Figure 3. 

Adhesives Al 

Adhesive
s Al 
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Figure 3. EDS analysis of aluminum adhesives on 

punch made from tool steel with TiN coating 

Using inadequate lubricants, followed with 
the effect of greater holding force, in the 
process of deep drawing, regularly leads to the 
formation of adhesives and significant 
disruption of contact conditions, and therefore 
at each subsequent phase ironing force 
increases significantly (Figure 4). 
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Figure 4.  Change of ironing force at multiphase 

drawing of steel sheet metal and AlMg3 alloy 
samples 

5. CONCLUSION  
 
In the case of deep drawing process with 

thinning of wall thickness it is characteristic 
that if the coupled contact pair (tool-Fe, 

Ti/sheet metals-Al) is made from different 
metals (tool - Fe, Ti / sheet - Al), there is an 
intensive formation of aluminum adhesives on 
the surface of the tool. 

As a result of preponderance of the 
adhesion forces to the resistance to plastic 
flow of adhesion layer, plastic deformation of 
formed adhesions occurs, i.e., their pulling and 
smudging. In the case of a sufficiently large 
thickness of adhesion layers, as a result of 
many times repeated process of their plastic 
deformation, the process of separating formed 
adhesives from the base metal (tool) begins, 
by means of flaking (shear) or pulling, whereby 
there is a considerable damage to the tool 
surface, and therefore an increase of the 
surface roughness of the workpiece. Such 
processes are especially typical in deep 
drawing with thinning of the wall thickness of 
sheets if adequate lubricant is not used. 
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Abstract: In this work contactless electrical spark deposition (LESD) with polycarbide composite electrodes 
based of WC and TiN is used to enhance the durability of turning tools from high speed steel. The complex 
influence of the electrical parameters of the deposition process, the electrode materials, (respectively the 
morphology and composition of the coatings) and of the cutting speed and feed onto the wear, the contact 
processes, the power and average temperature during cutting were investigated. From the results obtained 
it was found that the effect after the LESD varies far too widely. Depending on the used processes 
parameters, the wear of the layered tools is 1.3 to 2.4 times lower than that of the uncoated. Relatively 
constant effect after the LESD -1.8- 2 times lower wear is obtained in the speed range above the 30 m / min. 
However, for various cutting conditions optimum results are obtained at different values of the process 
parameters of LESD, i.e. it is not possible to determine a single material and regime, in which the wear of 
the layered instruments in all investigated cutting speeds and feeds to be minimized. It has been found the 
impact of different electrode materials on the quality characteristics of the resulting coatings and on the 
wear of layered tools. The wear analysis show that the LESD can successfully be used for increasing wear 
resistance of cutting tools, but in order to obtain maximum a durable and reliable tribological effectiveness 
is needed preliminary optimization parameters of the regime and materials for deposition according to the 
specific cutting conditions. The knowledge gained in this work can be used for obtaining advanced know-
how for improvement of the wear resistance of cutting tools, for optimizing their qualities and prediction of 
their reliability and life. 

 
Keywords: contactless electro-spark deposition, (W,Ti,Ta,Nb )C, friction, wear resistance, microstructure, 
microhardness, cutting tools, cutting speed. 
 

 
1. INTRODUCTION 

 
Electrical spark deposition (ESD) is one of 

the progressive, dynamically developing 
branches of the metal science, which is 
distinguished by its low cost, simplicity, 
compactness and reliable equipment and 

allows being deposited locally coatings from 
any and onto all electrically conductive 
materials. 

ESD is a simple, cheap and universal means 
of local deposition of single and multilayer 
coatings of any and on all kinds’ conductive 
materials. 
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ESD coating has a high strength of adhesion 
to the substrate, the absence of heating and 
deformation of the material of layering device, 
simplicity and accessibility of the technology, 
simple, cheap and compact equipment, with 
low operation cost, low cost of materials and 
low energy consumption of the process. It 
process allows the deposition of coatings on 
strictly certain places without the need for 
means and measures to protect the rest of the 
surface overlay coating product. It is a 
promising high universal tribological resource 
for improving the wear resistance of any 
friction metal surfaces. Among its other 
applications, ESD creates prerequisites for 
deposition of wear resistant coatings that can 
potentially improve the efficiency of the 
cutting tools and   the tool life. 

Metal cutting is one of the most 
complicated tribological processes. It occurs at 
much higher pressures than in the most 
loaded friction parts / e. sliding bearings /. In 
the contact surfaces are realized normal 
stresses up to 1200 MPa and tangential 
stresses to 200-400 MPa, the temperature 
may reach up to 1000oС. 

In these conditions occur intensive friction, 
adhesion and diffusion processes, sometimes 
chemically. Under these conditions it is not in 
force and the law of Amonton-Kulon for 
friction, the actual relationship between the 
friction force and pressure has exponential 
character, and the system of friction in cutting 
is thermodynamic unbalanced [1,2]. 

Currently, the process of shaping by cutting 
are  specialized part of tribology. Tribology of 
metal cutting studyied the processes of 
interaction between the instrument and 
processed materials, the mechanism of wear, 
the influence of the physicochemical 
properties of the cultivated materials, 
geometric parameters of the tool, cutting 
conditions / kinematic scheme and parameters 
of the cutting / and the external environment 
on the wear and durability of tools, 
productivity processes. 

Notwithstanding the advent of improved 
tool materials, HSS tools are the most common 
tool materials because of their low price and 

better strength characteristics. The main 
disadvantage of HSS is their lower hot 
hardness, which limits the use of HSS tools for 
high cutting speeds. For increasing tool life and 
allowable cutting speeds of HSS tools currently 
most commonly are used Surface engineering 
methods to deposit single and multilayer 
wear-resistant coatings. 

The widespread and approved with its 
efficiency chemical vapor deposition (CVP) and 
physical vapor deposition (PVD) coatings from 
hard and superhard materials such as TiN, AlN, 
TiCN, CrN, TiAlN, TiS and others have a higher 
qualities than the electrical spark coatings. 
PVD and CVD the methods are expensive and 
require expensive equipment and high 
investments, until ESD unlike them, is cheap 
and accessible process and along with the 
many other applications he could also be used 
of strengthening of machine tools. 

The experimental data in the literature and 
existing theoretical developments on the issue 
of ESD tools are in most cases defragged and 
have multidirectional and unsystematic 
character. Тhe used in most studies  
presumptions of the influence the composition 
and structure of the resulting coatings on their 
properties do not reflect the actual 
dependencies as they does  not consider the 
effects of multiple technological constituting 
factors and also the type of equipment for ESD. 

Some authors reported absence of effect or 
minimal one, and others [3-6] for 50 - 400% 
increase in tool life. In [7] reported for five-times 
increase tool life of drill bits, and in [8] – for a 20-
times increase in  life of the layered tools. 

Furthermore, some authors indicate that 
the durability of the instruments with tungsten 
carbide coatings [5-7]  is higher than that of 
the ESD with other electrodes, and the others 
– [8,9,10] - that the tool life of coated with 
electrodes T15K6 and those based on TiN, 
TiCN, TiB2 etc. is higher than that of the 
layered with tungsten carbide electrodes. 

The reason for these differences is that 
these tests do not take into account the 
simultaneous impact of all factors influencing 
the process of wear - materials and conditions 
for electrical spark deposition, geometric 
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parameters of the cutting tool, the cutting 
conditions and properties of processed 
material defining the specificity of different 
contact processes and phenomena between 
the chip and the layered surface. This is mainly 
related to the lack of sufficient knowledge 
about the process of friction and wear 
mechanism of layered instruments. 

In this regard, the objective of this work is 
to study the wear and to improve the surface 
properties and increase the working ability 
and tribo-efficiency of HSS tools by contactless 
electro-spark deposition with carbide 
materials based on WC, TiC and TiN and 
formation of wear-resistant surface structures.  

 
2. METHODOLOGY 

 
The effectiveness of LESD tools are essential 

many factors, the most important of which are 
the parameters of the regime and material for 
LESD and parameters of cutting modes. This 
study examine the complex influence of 
electrical parameters of the ESD process, the 
type of electrode material and the qualitative 
characteristics, composition, and structure of 
the resulting coatings  on the wear properties 
of model cutting tools for turning at different 
speeds and feeds in order to achieve a hard, 
strong and endurance surface of tools. 

For a comprehensive assessment of the 
qualities of the tools has been accepted their 
operational durability, whose main 
characteristics are wear and tool life, the force  
and temperature of cutting. Under tool life be 
understood the operating  time until reaching 
the accepted criterion for wear. 

 

2.1 Materials and Apparatus for ESD 
 

Used in the vibration installations pulse 
energy to 5J [3,5-10] allows obtaining coatings 
with higher thickness, but with higher and in 
most cases unacceptable roughness and 
degree of unevenness. For obtaining uniform 
coatings with less roughness has been a 
necessary the use of mechanical equipment 
with low energy and duration of the pulses.  
These are machines for contactless ESD /LESD/ 

type "Elfa 541" Fig.1a [11,12]. The application 
of the coatings is carried out with a cylindrical 
rotating electrode – 1- Fig. 1b, with a diameter 
of 1÷1.5mm, trapped in the laminating head. 
Working pulses with energy E=10-3÷10-2J and 
frequency up to 66 kHz are lodged by a pulse 
generator - 2 (Fig. 1b). Automatic regulator of 
inter-electrode distance - 3 maintain the 
necessary gap in which plasma spark discharges 
run and ensures high stability of the process. 
Mechanisms 4 provide moving of details with 
controlled speed along the X and Y axes during 
the drawing of the cover with the top surface of 
the laminating electrodes (Fig. 1b, c). It 
provides also automatic control over the inter-
electrode distance at stratification with the 
lateral surface of the electrode– Fig. 1d. 

The lamination product, fastened on the 
machine table is moved in the X and Y axes at 
controlled rates. The performance of the 
deposition is up to 0.5÷0.6 mm2/s.  
During the experiments the following primary 
adjustable parameters of the regime for LESD 
were used: 
- Pulse current amplitude - I = 8-16А; 
- System voltage /Circuit voltage/ - U = 90V; 
- Pulse duration - Ti = 3, 5 8,12, 20; μs;  
- Capacity – C = 0.2, 0.5, 0.7, 1 μF; 
- Coefficient of filling of the pulses - τ = 0.1and 
0.2 - τ = Ti/T, where T=Ti+Tp is the period of 
the pulse, and Tp- pause between the pulses; 
1/T = f- frequency of the pulses;  
- Speed of deposition /coverage rate/- V = 0.6 
mm/s; 
- Number of passages of the electrode - n = 2. 
Apply coatings are single with two passes of 
hard facing electrode 
 
2.2 Materials of electrodes 
 

The next quick hard metal composite 
electrode materials with indications 
respectively P25 and TiN were selected and 
developed for wear-resistant coatings 
deposited on a steel substrate.  

1. P25 -16%TiC+4.5 % (Ta, Nb) 
C+10.5%Cо+WC. The presence of TiC, TaC and 
NbC suggests increasing resistance to wear 
and tear. 
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Figure 1  Machine for contactless local electro-spark deposition type "ELFA -with semi-automatic 
control 

Тable 1. Parameters of coatings 

№ Elect 
rode 

I, 
A 

C, 
F 

Ti, 

s 
 
- 

Ra, 
m 

, 
m 

HV, x103MPa 

1   P25 14,4    1 12 0,1 1,38 6,8 15.7 

2   P25 14,4 0,68 12 0,1 1,22 5.9 14.4 

1  TH 14,4    1 12 0,1 1,15 5,7 12.7 

   2  TH 14,4 0,68  8 0,1 0.92 4.6 12.3 

 

2. TiN  - 80%TiN + Ni, Cr, Mo with micro 
additives of B, Al2O3 and Cu. TiN has a low 
coefficient of friction and high wear resistance. 
Moreover, it is chemically active, at least with 
respect to iron and may be an excellent barrier 
against the adhesion and diffusion wear. 

 
2.3 Regimes for LESD 
 

For the current research were selected two 
modes for LESD - medium and high for 
Machinery «Elfa» energy of a single pulse. 
LESD modes and values of roughness Ra, the 
thickness δ and HV hardness of the damage to 
the electrodes P25 and TiN coatings are given 
in Table.1 

In LESD electrode P25 and TiN the main 
phases in the coating composition [4,13 to 15] 
are modified anode carbides of the type: Fe 
(WMo)4C; Fe3W3C; W2C, TiN1-x; Ti (CN) 1-x; 
martensite (Fe-α) and modified austenite (Fe-γ).  

The characteristic X-ray lines of austenite 
and martensite are broadened and shifted, 
which is indicative of the presence of solid 
solutions, crystal defects and internal stress. 

By increasing the energy of the pulses (I, C, Ti) 
increases the amount of carbides, the amount 
of austenite and its degree of alloying. Grows 
and the degree of dispersibility of the coatings 
as at high energies (I≥14.4 A, C ≥1 μF and Ti≥ 
12μs) at LESD with electrode P25 is observed 
austenitic, martensitic structure containing 
microcrystalline and amorphous metastable 
phases saturated with superdispersed carbides 
[13,14]. At LESD with electrode TN in the 
coatings are additionally observed in small 
quantities TiN, TiCN1-x  and traces from Fe2Ti, 
and Fе2O3, Fe3O4. The amount of the iron-
tungsten carbide is less than those obtained 
with the electrode P25 coatings and is 
comparable to that of the substrate. 

At the regime 1 in the coatings inflicted 
with electrode P25 in the white layer is 
obtained austenite-martensite structure of 
high heterogeneity saturated with super 
dispersed carbides up to amorphous state. 
Operational characteristics of pseudo 
amorphous coatings are not well studied and 
represent a significant interest due to they are 
included in these studies. 
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2.4 Scheme for deposition of coatings 
 

The coating is deposit  to the front surface of 
the major and minor cutting edges of the (inserts) 
plates in the form of line width 2.5-3 mm (see 
Fig.12) with two passes of hardfacing electrodes. 
 
2.5 Machine tool 
 

The experiments are carried out on a 
universal lathe trademark C10MB with 
stepless variation of speed. 

 
2.6 Cutting tools 
 

Used model cutting tools with square 
inserts type SPGN 120308 from high speed 
steel HS6-5-2 (1.3343) - / 6% W, 5% Mo, 4.2% 
Cr, 1.8% V, 0.9% C / with hardness of HRC 61-
63. The inserts are polished to a roughness Ra 
= 0.63 µm. The radius at the tip of the cutting 
edges is 0.8 mm. The inserts are attached in 
toolholder with section 25x25mm and 
following geometrical parameters: front 
corner γ 50, rear angle α 60, chief Adjusting 
corner χr 750 auxiliary Adjusting angle 150. 

 
2.7 Processed material 
 

Processed material is from st.45 (0.45% C) 
with a hardness of 210-220 HB, an external 
diameter of 160mm and length of 500 mm. 
Used forced cooling with a 5% solution of 
boryol in water. 

 
2.8 Methods of measurements 
 

 Tests of coatings 
The surface roughness Ra, µm and 

thickness  δ, µm of the resulting coatings are 
measured  by using profilometer -"Pertometer 
S5P"(Germany). 

The microstructure and microhardness Hv 
of the coatings have been studied by optical 
microscopy on cross-sectional and micro-
hardness tests under indentation load of 5 and 
10 g by metallographic microscopes "Neofot 
2" and "Metaval"(Germany). Microhardness of 
the layer, the sub-layer (in depth to the base) 
and the base itself has been measured. 

Wear - the size of the craters are measured by 
instrumental microscope "BMI -1" or a place 
with Brinel pipe accuracy of reporting 0,01mm. 
 

 Tool-life test procedure 
For complex evaluation of the qualities of 

the tools has been accepted is tool wear and 
tool life. For the study of wear on cutting tools 
are carried out single-factor experiments. 
Explores is the effect of the cutting time factor t 
on the parameters of wear (hi). Controlled are 
the flank wear land width on the back surface -
VB (the average width of the flank wear land) 
and depth of the crater on the front surface Kt 
(the depth of the crater given in µm). This 
indicator displays the most exact the role of the 
coating as a specific type a barrier for 
development of wear not only in front but on 
the back surface. The measurements are 
performed at regular intervals. Work up to the 
wear VB = 0.4 mm, but in some cases, this value 
may be smaller or larger. 

The main cutting force Fz is measured by 
threecomponent electricinductive differential 
dynamometer, previously calibrated. 

The temperature θ of the contact surfaces 
of cutting wedge tool is measured by natural 
thermocouple.  For to be the results 
comparable, the strength and temperature of 
the cutting  are measured simultaneously. The 
measurements are performed early in the first 
minute of the process  immediately after 
stabilizing the testimony of instrumentation. 

The levels of varying parameters of the 
cutting are: 

Cutting speed V - 10 to 55 m/min, pass 
( feed) f - 0.11 - 0.37 mm/rpm. Because the 
cutting depth does not significantly affect  on 
the wear, in all experiments it is assumed to be 
constant - 1 mm. 

These types of conditions are seen as kinds 
of processing, characterized the contact of the 
cutting edge of the tool with the material being 
processed. Thus, the selected range of modes 
of cutting includes features and of other kinds 
of processing in which   the shearing metal layer 
is a permanent   and the cutting process is 
continuous. Is thus also the cutting modes are 
selected not as the typical for turning process, 
but as a real cutting data and of other kinds of 
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operations reporting the attainment of similar 
in types wear. The analysis of the possible 
combinations of speed and feed allows you to 
choose particular tools that given combination 
is appropriate and the resulting effect of LESD 
be valid  for these instruments. 

In the tests is study the influence of 
parameters of the regime for ESD and 
electrode material, i.e. the qualitative 
indicators, composition, structure and 
properties of coatings onto wear of tools. 

The studies were conducted in three series 
of covered and standard (uncovered) 
instruments depending on the time of cutting. 

At regular time intervals is measured wear 
of tools along the front and wear main 
surfaces - Kt and VB and built curves "Time-
wear” - Kt, VB = f(t, V, f ).  

Under criteria of wear VB = 0.2 and 0.4 mm 
are reported relevant durability and are built 
speed – durability dependencies - T = f (V) for 
uncoated and layered with electrodes P25 and 
TiN tools. 
 
3. RESULTS AND DISCUSSION 

 
3.1. Coating characterization. Roughness Ra 

and thickness  of coatings 
 

The general appearance of the layered 
surface and the relief of coatings are shown in 
Fig. 2. Homogeneous, dense, smooth and 
adherent coating layers with good repeatability 
of the qualitative characteristics have been 
obtained during LESD experiments.  

 
Figure 2. General View of coating from electrode 

P25 -I=14.4 A, Ti= 12μs C=1µF, τ = 0.1 

The coating layers produced by the LESD 
with the two examined electrodes are 
illustrated in Fig. 3. 

 

P25/HSS 

 

TiN/HSS 

Figure 3. Cross-section photomicrograph of the 
coatings inflicted by LESD on HSS steel under a 

regime I = 14.4A, τ = 0.1, C=1, C=1µF, n =2 
passes of electrode 

Surface layers were clearly seen after the 
etching of the samples. Тhe coatings have a 
compact and uniform microstructure- white 
layer with a low degree of porosity and does 
not mix with the substrate. Microscopic 
unevenness is observed on different locations 
on the surface of the coatings in the cross 
section. However, is seen uniform, equal, 
dense layers with about 6 μm thickness are 
seen, snugly connected with the substrate 
without visible microcracks and omissions. 
Could be seen, the prints from the 
measurement of the microhardness in a 
coating of TiN electrode are larger than those 
of the coating of electrode P25. Microhardness 
of the coatings is significantly improved 
compared with the substrate (Tabl.1).  

Figure 4 shows the change of tool wear 
over time in cutting speed V = 30 m / min and 
feed f = 0.37 mm / rpm.  
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a) Development of flank wear VB in time 

 
b) Development of Depth of crater Kt in time 

Figure 4. Development of wear of uncoated and 
coated with P25 and TiN electrodes tools at 

regimes 1 and 2 in time= Cutting speed V=30 
m/min, feed f=0.37 mm/rpm. 

Fig. 5 shows an amendment of the tool 
wear in time at cutting speed of V = 40 m / min 
and feeding f = 0.37 mm / rpm.  

Figure 6 shows the variation of wear of 
uncoated and layered with Р25 electrode in 
modes 1 and 2 - Table 1 tools at different 
cutting speeds. 

 
a) Development of flank wear VB in time 

 
b) Development of Depth of crater Kt in time 

Figure 5. Development of wear of uncoated and 
coated with P25 and TiN electrodes tools at 
regimes 1 and 2 in time. Cutting speed V=40 

m/min, feed f=0.37 mm/rpm 

 

Figure 6. Development of wear of uncoated and 
coated with P25 electrode tools at regimes 1 and 2 
at different cutting speeds V, feed f=0.37 mm/rpm 

Figure 7 a, b, c, d shows the change of the wear 
of the tools in time at cutting speeds V = 30 and 
35 m / min and feeding f = 0.21 mm / rpm. 

 
a) Development of flank wear V=30m/min 
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b) Development of Depth of crater V= 

30m/min 

 
c) Development of flank wear V=35m/min 

 
d) Development of Depth of crater V=35m/min 

Figure 7. Development of wear of uncoated and 
coated with P25 and TiN electrodes tools at 

regimes 1 and 2 in time- Cutting speed V=30 and 
35 m/min, feed f=0.21 mm/rpm 

From Figure 4, 5, 6 and 7 it is seen that in all 
studied cutting data, the nature of wear of the 
LESD tools is like that of  the uncoated.  The 
differences are in the lower values of the 
parameters characterizing the wear. From the 
obtained curves it was found that the coating 
system reduces the wear of the tools both in 
the front and the back surfaces. 

Wear of deposited tools under the front 
surface takes place in two stages. At the first 

coating is destroyed due to abrasion and 
delaminating from the substrate. 
 In the second phase wears out the rest out 
without of coverage substrate. The layer of 
basic material however remained stable and 
longer keeps their working capacity. The depth 
of the crater Kt is significantly less than that of 
uncoated tools. The values of Kt for LESD tools 
are always lower than those of uncoated - 
Fig.4b, 5b, 6b, 7b and d. The main reason for 
the reduced wear in this case is higher 
diffusion resistance, higher hardness and 
chemical resistance of the coating and of the 
sub coat layer of the tool steel. 

The progressive increase in flank wear 
width VВ with increasing of the cutting speed 
for feed 0.37mm/rpm  is presented in Fig. 6. At 
all investigated cutting speeds (Figure 4, 5, 6, 
7a and 7c), uncoated tools undergo flank wear 
with a higher rate compared with coated tools. 

The differences appear at the beginning of 
the cutting process. With an increase in the 
time of cutting, these differences increase, 
reaching a maximum value within the range 
VB = 0.2-0.4mm - Fig. 4a, 5a, 6, and 7a and 7c, 
after which they remain rather constant. 

A comparison of the influence of both 
experimented factors - processing energy and 
material of depositing electrode allows to 
establish that a stronger influence on the 
durability and the wear of the deposited tools 
provide processing energy. 

In the mode with higher energy the wear 
of coated tools is lower. When comparing the 
influence of depositiong electrode is 
established that the differences in the wear of 
the tools deposited with two electrodes can 
reach to 20%. 

The results obtained show that the 
influence of the electrode material is 
connected as with system of LESD, as well with 
the cutting speed and feed rate. At medium 
and low cutting speeds, lowest wear have 
deposited with an electrode P25 tools.  At 
cutting speeds higher than 40m/min - Figure 6, 
the differences in the value of wear of the 
coated with the two electrodes tools are 
reduced and their wear is almost comparable, 
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but still the wear of the deposited tools with 
an electrode P25 remains lower. 

Reduce the differences in the wear of the 
deposited and uncoated tools and effects of 
LESD in this range remain relatively constant - 
70-100% lower wear than that of uncoated 
tools. 

The highest differences in the wear of the 
LESD and uncoated tools - 150% less wear 
were obtained in the speed range V = 25-35 
m/min. Figures 8 and 9 shows the variation of 
the main force and the average temperature 
of cutting at coated with electrodes P25 and 
TiN and uncoated tools. From Fig. 8 can be 
seen that the cutting force of layered tools is 
lower than that of uncoated throughout the 
speed range studied, but cutting force levels 
are comparable.  

 
Figure 8. Development of cutting force of 

uncoated and coated with P25 and TiN electrodes 
tools at regimes r1 and r2 depending of cutting 

speed, feed f=0.11 and 0.37 mm/rpm 

 
Figure 9. Development of temperature of 

uncoated and coated with P25 and TiN electrodes 
tools at regimes 1 (r1) and 2 (r2) depending of 
Cutting speed, feed f=0.11 and 0.37 mm/rpm. 

Larger are the differences in the values of 
Fz when feed is f = 0.11 mm / rpm. They can 
reach to 20% in favor of deposited tools.  

 From the data it is seen that in the speed 
range V = 15-40 m / min the cutting force 
passes through the extremums, as at the feed 
f = 0.11mm / rpm, the maximums and 
minimums of the layered and uncoated tools 
are dephased as at  speed, and also in  values. 
At speeds over 40 m / min Fz gradually 
reduced. The probable reason for the presence 
of extreme values is complex influence of 
speed-temperature factor, the composition 
and structure of the surface layer on the 
contact process between the chip and the 
front surface of the tools. The cutting 
temperature is almost the same for deposited 
and uncoated tools - Fig.9. 

It is evident from the data that, as soon as 
the tool comes in contact with the workpiece 
at the start of the cutting process, the values 
of temperature rise rapidly initially, at speeds 
V = 20 and 30 m / min and feeds respectively 
0.11 and 0.37 mm/rpm increase calms down, 
and then increased progressively slower with 
increasing of cutting speed until it reaches the 
maximum value in the highest speeds. 

The type of electrode material and the 
parameters of the mode of LESD slightly 
influence on on variation of Fz and θ - the 
lowest force and temperature of cutting are 
registered with the tools, LESD with TiN 
electrode in mode1, which can be explained by 
the higher content of TiN, which has a lower 
coefficient of friction in comparison to 
tungsten carbide. In regime 1 with higher 
energy extremum levels are more implicit than 
those of deposited with mode2 and of 
uncoated tools. 

Figure 10 shows the speed-tool life 
relationships in logarithmic coordinates 
obtained with feed f=0.37 and 0.21mm/rpm  
at criterion of wear VB=0.2 mm.  As can be 
seen, the life of the coated tools is higher than 
that of the uncoated tools at all spindle 
speeds. In analyzing the speed - tool life 
dependencies was found that in the speed 
range 20-35 m / min at uncoated and 
deposited in mode2 ( lower energy ) -Tabl.1 
tools are obtained extreme values of tool life - 
minimums and maximums. Moreover, the 
maximum of the durability coincide at speed  
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with the  minimum  of the main cutting force 
Fz - Figure 8.  At low cutting speeds wear is 
concentrated mainly on the back surface due 
to the unstable congestive underdeveloped 
area on front surface.  At cutting speeds 20-35 
m / min - Figс. 4,6 and 7 wear has adhesive 
and abrasive nature. Thanks of formed as a 
result of the coating stably developed 
congestive zone and resistant build -up edge 
(BUE), that defends the rear surface, the wear 
of the layered tools is lower, and their 
durability - higher - Fig.10a, wherein speed 25 
and Fig.10 b - at a speed of 30 m / min.  

 
a) f=0.37mm/rpm 

 
b) f=0.21mm/rpm 

Figure 10. Tool life as a function of cutting speed in 
logarithmic scales at feed f=0.37 and 0.11 mm/rpm  

(At criterion of flank wear VB=0.2 mm) 

It is noteworthy that the zone of maximum 
effect for tools coated with the test modes 
and electrodes for different values of the feed 
is displaced in the speed range 20-35 m/min. 
Moreover, in the area of the minima of the 
durability of the uncoated tools, the wear VB 
and Kt is maximal, but the wear of coated 
tools is with a reduced intensity (Fig.4-7) 

compared with that of the uncoated tools. This 
fact allows making conclusion that extreme 
values of durability in speed- speed-tool life 
relationships are related with the specifics of 
friction and hence the impact of speed-
temperature factor and build up edge (BUE).  
Minima of durability appear at the maximum 
height and angle of BUE. Therefore, the 
significant reduction of tool life in extreme 
speed range is caused by the instability of the 
process of forming BUE. 
From studies of the contact zone, it was found 
that the coatings due to their little chemical 
affinity with processed material and the higher 
hardness and abrasion resistance change the 
nature of the contact processes between the 
front face and the chip as a result of a change 
in conditions of flow of the adhesive processes 
and the magnitude and influence of BUE on 
the wear are smaller. 

By changing the thickness of the shear layer 
metal and the front corner γ of tools, the 
extremes of tool life vary both in speed and in 
absolute values - Figure 10a and 10b. The 
effect of LESD also varies depending on the 
degree of phasing speed of minimum and 
maximum of tool life. 

The highest effect - 2.5 times increase in tool 
life is obtained by LESD whit electrode P25 at 
mode1 with the higher energy at cutting speed 
25 m/min, corresponding to a minimum tool 
life of uncoated tools (Figure 10a). When 
layered by this mode tools minimums of the 
durability almost absent and this determines 
the highest effect. Under this mode, the 
coatings have a higher thickness, a greater  
quantity of carbides and ultradispersed  
structure containing micro crystalline and 
amorphous metastable phases [4,5,13,14,16]. 
This state is retained at the cutting temperature 
(300-5000C- Fig.9) at this speed range [15], and 
directly influences on the adhesion processes 
between the front surface and the chip.  

Formed in the process of LESD with an 
electrode P25 complex iron-tungsten carbides 
contribute to an increase the strength of the 
coatings and the bond strength with the 
substrate. The higher strength of these carbides 
than that of TiN and TiCN, and the small size of 
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the carbide grains reduces the possibility of 
adhesion wrenching. As a result, the adhesion is 
lower, Build -up size is less,  the minima of tool 
life  are not as clearly pronounced as in 
uncoated tools, the intensity of wear is lower. 
In the mode with lower energy the coatings are 
with more small thickness, a lower amount of 
carbides, with a lesser degree of dispersity and 
amorphous and carbide grains grows at lower 
temperatures [15]. As a result, the character of 
the speed-durability dependencies is as in 
uncoated tools - with extremums, and increase 
of tool life - lower than that of the layered with 
mode1 tools.  

In uncoated tools the height of BUE is 
larger, and his exiting the outside of the 
cutting edge is greater (Fig.11). In its cyclical 
disruption part of the destroyed particles fall 
between the rear surface of the tool and the 
machined surface and act abrasive in 
contributing to the increased wear on the 
front and rear surfaces of the tool. Whit 
reduction of the plasticity of the processed 
material, the thickness of the cuttings layer 
and an increase in the front corner the 
parameters of built-up edge (BUE) will 
decrease. Extreme values of the durability will 
become more implicit, and the intensity of 
wear will also decrease. This is confirmed by 
comparison of the extreme values of durability 
T for feeding 0.21 and 0.37 mm/rpm- Fig.10 
from where can finding that with the 
reduction of the feeding (respectively 
thickness of shear layer metal) the extreme 
values are more implicit, and the critical speed 
under that appear minima of tool life is moved 
towards speed of 30-35 m/min. At the same 
time the effect of LESD slightly decreases. In 
this speed range the effect of LESD is 
maximum, but could be and a minimal - where 
the extremes of the durability of the layered 
tools are dephased in speed i.e. when the 
maximum of the tool life of the uncoated tools 
coincides with minimum of tool life of the 
layered tools. For example, at speed of 30 and 
35 m/min - Fig.10a, b, the comparison of the 
tool life of coated with TiN electrode and 
uncoated tools indicates that the effect from 
LESD is negligible - almost absent. Above 

described mechanism is confirmed by 
photographs of the wear of the layered and 
uncoated tools worked at the extreme cutting 
speeds - Fig.11, 12.  

 
а) flank wear of LESD with electrode P25 at 

regime1-Tabl.1 

 
b) flank wear of uncoated tools 

Cutting speed V 30m/minq f 0.21mm/rpm, cutting 
time 30 min 

 
c) Flank wear of tools LESD with electrode P25 at 

regime 1-Tabl.1 

 
d) Flank wear of uncoated tools 

Cutting speed V 25m/min, f 0.37mm/rpm, cutting 
time 40 min 

Figure 11. Width of flank wear of LESD and 
uncoated tools for different cutting speeds and 

feeds 
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Figure 12. Wear of the face of LESD tools 

From the pictures reveal that the traces of 
abrasion of uncoated tools (Fig 11) are 
obviously not caused by hard inclusions in the 
processed material, that they are with very 
small dimensions and cannot cause such large 
prints, but they are caused by particles from 
the ruined  of BUE and of tools material. 

This conclusion is consistent with the 
statements in [1,17] that at cutting speeds 
when there is no a plastic shearing or diffusion 
wear, there is a priority influence the 
separation of large fragments from tool steel 
by the action of the BUE. 

With the further increase in speed over 35 
m/min increases cutting temperature (Fig. 9), 
and the height and the front corner of the BUE 
decreases. Imbalances amorphous state of the 
coating gradually crystallizes and is passing to 
a more sustainable state. As a result of the 
increased thermal and mechanical load on the 
contact zone, the part of the adhesion wear 
reduces; take place the wear with diffusion-
plastic nature and tool life are significantly 
reduced with increase of the speed. 

Due to its high hardness, temperature 
stability and wear resistance the coating 
prevents diffusion between the tool and 
processed material and wear of coated tools is 
lower than that of uncoated. 

As the impact of the part of adhesive wear 
decreases the effect from LESD also reduced 
to 1.7-2 times and remains relatively constant 
up to maximum surveyed speeds of 55 m/min. 
Since at these temperatures in the coatings 

gradually begins increase the grain size, 
crystallization and increase the amount of 
austenite [14,15], the difference in the 
durability of the layered with the two 
electrodes and modes tools reduces too. 

Under these conditions, wear of cutting 
proceeds simultaneously across the face and 
rear surfaces, but the accepted criterion of 
wear is reached sooner than the width of flank 
wear VB, therefore prevails is wear on the 
back surface VB. 

The results obtained show that, depending 
on the cutting conditions, the nature and 
intensity of interaction between the tool and 
material being processed extrema of durability 
are moved to higher, or to lower cutting 
speeds and the absolute value of the durability 
are different. 

In conclusion, it can be summarize that the 
life of LESD tools depends on simultaneous 
influence of qualitative characteristics, 
composition and structure of the coatings and 
cutting conditions, particularly speed- 
temperature factor and mechanism of 
formation of the BUE. 

From the obtained results it can be 
concluded that LESD rather not a method to 
deposit wear resistant coatings like CVD and 
PVD methods where there is a sharp boundary 
between the properties of the coating and the 
substrate, this is a method for improving the 
surface properties of the tools material. 

This study has demonstrated that it is 
possible to use the LESD process to improve 
the surface properties and the wear 
resistance of HSS tools as a result to increase 
the life of layered tools. It suggests that they 
may be efficiently used to strengthen rapidly 
wearing tools.  
 
4. CONCLUSIONS 

The LESD coatings enhance the life of the 
tools. Obtained extent of tool life 
enhancement is to 1.7- 2.5 times compared to 
the uncoated HSS tools, depending on the 
machining conditions employed for cutting. 

Are examined the complex influence of the 
parameters of mode of cutting processes on a 
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contact, friction and wear mechanism of 
layered instruments.  

The designating structural factors that provide 
increased wear resistance are the uniformity, 
the low roughness, the fine-grained structure 
and the high part of carbides and amorphous 
forming components of the coatings obtained 
by LESD, which change the nature of the 
contact and adhesion processes between the 
front surface of tool and the swarf. 

It has been found that the minimums of the 
durability of the uncoated tools caused by the 
instability of the process of formation of the 
BUE can be prevented by LESD. When cutting 
in the area of critical speeds - where the BUE 
has a maximum size, the highest effect is 
obtained at LESD with electrode P25 in 
regimes with high energy pulse. At cutting 
speeds higher than the critical the effect of 
LESD with electrodes P25 and TiN is relatively 
constant and approximately equal.  

From the obtained results it was found that 
among other applications LESD can be used to 
reduce wear and increase durability of cutting 
tools. 

The resulting dependencies can be use for 
developing of promising energy- and resource-
saving technologies by electrical spark coating 
for hardening of tools with different 
designation. 
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Abstract: The influence of the tribological conditions in ironing has a significant influence, on the 
geometrical, kinematic and dynamic conditions which define conduction of the ironing process, as well as on 
the lifetime of used tools. In recent years a number of researchers studied this influence in both real 
processes and the tribo models. The process of tool wear, which is mainly reflected (in the case of abrasive 
wear) on the change in dimensions and shape, results in deterioration of the quality of the product. This 
deterioration leads to final products with greater dimensional deviation and a degraded quality of the 
surface. 

Experimental research in the original tribo-model, implemented in this study was aimed to point out the 
changes occurring on the test samples of steel and aluminum alloys during the extraction, with a variety of 
materials of tools (tool steel, tungsten carbide) and a variety of surface states tool (Cr coating, TiN coating). 

 
Keywords: ironing,  galling, friction, wear, tool steel, hard metals, aluminum,  

 

 
1. INTRODUCTION 

 
Great intensity of wear in metal forming 

(MF) tools causes increased attention to be 
payed to the problem of determining tool 
lifetime. Previous studies have shown that 
friction has a significant impact on the 
geometric, kinematic and dynamic conditions 
of metal forming, and the tool lifetime, and 
thus affects the continuity of production. Wear 
progress (in the case of abrasive wear) is 
mainly reflected on the changes in tool size 
and shape, resulting in a gradual deterioration 
of the product quality. Tool wear causes 
greater dimensional tolerance of MF products, 
poor surface quality and even products with 

visible defects. These defects mostly occur in 
the form of notches and thickenings caused 
primarily by the formation of bulges on the 
tool. Tool lifetime also affects the reliable 
performance of the machine or machining 
systems. Frequent tool replacements lead to 
inevitable delays in machine operations, which 
affects efficiency, and therefore the cost of the 
production. The tool wear process is very 
complex, and the destruction of the tools can 
be caused by a number of related causes that 
act together. The process of tool wear is 
affected not only by the occurrence of the 
friction and respected abrasive wear, but also 
by other processes such as: fatigue (thermal 
and mechanical), corrosion and oxidation. 
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Therefore, the tool wear for MF is the result of 
the superposition of all the physical processes 
acting on the tool, and it will be more intense 
than wear caused by friction alone. 

 
2. WEAR AND TEAR OF MF TOOLS 

 
In order to effectively counter the 

destructive processes that limit the lifetime of 
MF tools it is necessary to know the 
mechanism and specificity of the basic 
processes of wear and tear. These processes 
vary for different tools. 

Tools for cold MF are mainly subjected to 
mechanical loads and loads due to friction and 
wear. Characteristics of mechanical loads 
(static, dynamic) depends primarily on used 
machines. An important characteristic of 
mechanical loads is that they are mainly 
cyclical; so in the case of this group of tools we 
can speak of mechanical fatigue. However, as 
an essential process that determines the 
lifetime of MF tools, abrasive wear is taken. 
The increase in temperature of the outer layer 
of the tool is essentially insignificant and has 
no major impact on the change in mechanical 
properties of materials. Therefore, thermal 
fatigue processes can be ignored. 

The most common cases of tool wear can 
be divided into the following groups: 
 destruction of the die and punch 
 abrasive wear and 
 plastic deformation of certain zones in tool. 

The destruction of the die and the punch is 
generally carried out by the entire cross-
section, and the causes can be: 
 incorrect heat treatment (too high residual 

thermal stresses) 
 inadequate production of tools (stress 

concentrators) 
 inappropriate use of tools, a particularly 

bad placing of tools on the body of 
machines, tools, etc. overload. 

Tools designed for the cold MF are mostly 
demaged by the following types of wear: 
 adhesive wear 
 abrasive and 
 fatique (fragmentation). 

Adhesive wear occurs mainly as a result of   
contact surfaces getting significantly closer, a 
considerable increase in surface area of real 
contact (final contact surface may be from 2 to 
5 times larger than the initial surface) [1], as 
well as the introduction of new, not yet 
oxidized layers of material into contact with 
MF tools. 

This causes a "cold welding" which leads to 
the appearance of deformed metal stickers on 
the tool. The number of these stickers keeps 
growing and their occurrances keep getting 
more frequent as the number of the process 
repetitions increases. Great adhesion strength 
of resulting connections, possibly diffuse in 
nature, affect the mechanism of their 
destruction. Traces of deep pulling, observed 
on the surface of the tool, testify that the 
destruction of the connection takes place in 
the upper tool, not on the original contact 
surface [1].  

Destruction of contact connections results 
in a significant increase in roughness of the 
tool, which is transmitted in a negative way to 
the quality of the product surface, because the 
"bumps" which were created on the tool give 
rise to notching on the product. 

Alongside adhesive wear, abrasive wear can 
also occur on the MF tools. It is caused by the 
effect of impurities on metal and partial 
fragmentation of "bumps". The intensity of 
abrasive wear in this case is not significant, 
and this process occurs only on certain part of 
the tools. 

Interaction of micro fragmented parts with 
a working surface of tool leads to fatigue wear. 
Impulse characteristic of loads in micro 
contact zones, which is transferred to the 
outer layers of the tool, and the extrusion of 
the lubricant layer, leads to the occurrence of 
fatigue wear, which is characterized by 
fragmentation during the sliding friction. 

Intense wear of the tool in the ironing 
process results from the fact that the entire 
working surface of the tool is in continuous 
contact with the work piece material. For this 
reason, the intensity of wear is greater in 
comparison with the other tools. Types of 
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wear that damage ironing tools can be divided 
into the following categories: 
 adhesive wear that manifested by the 

appearance of the stickers ("bumps"), 
 micro and macro cracks 
 fragmentation and, 
 the occurrence of loss of material in the 

shape of a ring which is the effect of 
abrasive wear. 

The most influential types of wear for this 
type of tool is the appearance of so-called ring 
damage on work (conical) surface for 
compaction. This demage eliminates the 
necessary conditions for normal deformation 
of work piece and causes an additional friction 
with a significant increase punching force. The 
resulting damage can have a symmetrical or 
un unsymmetrical shape in nonaxial guidance 
of the workpiece or in case of excessively worn 
tool. 

This mechanism of tool wear resulting from 
the kinetics of the material flow and pressure 
distribution in the cone of the punch. In the 
entrance area of the cone material which is 
being compressed suffers the largest 
deformations, therefore this is the area with 
the highest pressure per surface unit. Beside 
this, impurities, oxides, etc.. are retained on 
the working edges of the entrance to the 
conical part of the tool, so these impurities can 
act as abrasives which cause high intensity 
abrasive wear. Hence, in the central part of 
the cone a contact is formed between partially 
deformed workpiece material, released oxide 
and tool material. In regards to this, 
dominating process is adhesive wear. 

In addition to adhesive wear, there is a 
frequent occurrence of damage in the form of 
cracks and fragmentation. This particularly 
applies to tools made of sintered carbides. This 
type of wear occurs mainly in the lower part of 
the tool, ie. outside of the calibration opening, 
especially if the tool has an inappropriate 
profile. 

The technical condition of the tool, and 
especially the quality of its work surface have 
crucial impact on: 
 surface quality and mechanical properties 

of the final product, 

 productivity of processes and  
 cost effectiveness of the production 

 
3. METHODS FOR INCREASE OF THE LIFETIME 

AND RELIABILITY OF MF TOOLS 
 

Durability MF tools depends on many 
factors that can generally be divided into three 
main groups: 
 structural, 
 production and 
 exploitation. 

Excluding structural and manufacturing 
defects, which are typically can be eliminated, 
increasing the lifetime of MF tools can be 
achieved: 
 by replacing the currently used tool steel 

with materials with better resistance 
properties but also significantly more 
expensive, 

 using the correct method for surface 
treatments which allow the achievement 
of the required properties of the surface 
layers, especially higher resistance to 
abrasion, 

 using proper technological lubricant. 
Deficiency of alloying elements, and their 

high price, make the high-alloyed steel tool 
used only in exceptional cases and for high 
stressed elements of the tool. Therefore, an 
effective and efficien increase of tool lifetime 
can be achieved by surface treatment. This 
solution for problem of low durability of 
productive tools makes processes of friction 
and wear, as well as fatigue, oxidation and 
corrosion mainly localized in the surface layers. 
Therefore, only surface layers are required to 
have greater resistance to wear, thermal 
fatigue, oxidation, corrosion, etc., without 
having to make the whole tool with these 
properties. 

It should nevertheless take into 
consideration the fact that the surface layers 
of the tool, (created during the manufacturing 
process) are subjected to continuous changes 
during operation. These changes, may result 
from the cumulative wear process or originate 
from sudden individual changes (e.g., 
temperature changes, tool overload, etc.).  

410 15th International Conference on Tribology – Serbiatrib ‘17



 

Therefore, when considering the role of 
surface layers and their impact on tool lifetime, 
one should bear in mind two aspects: 
1. the initial state of the surface layers, 

obtained by the preferably selected 
processing method. 

2. secondary changes that occur in the 
surface layers as a result of exploitation, 
causing a drop useful characteristics tools. 

The final state of the tool, and in particular 
its features that are of interest to the user, as 
well as its durability and reliability, will be the 
result of a specific superposition of the original 
properties of the surface layers and the effects 
of wear (fatigue, corrosion, oxidation, etc.) 
which are inevitable during exploatation. 

Therefore, in order to achieve the required 
tool lifetime, depending on the type of 
external loading that’s being transferred 
(mechanical, thermal), as well as the operation 
environment influence (corrosion and 
oxidation processes), it is necessary to choose 
the optimum surface treatment. 

MF tools are very often subjected to several 
types of loads together, which to a great 
extent limits choice of surface treatment. The 
processes of surface treatment which increase 
the wear resistance (e.g., hard coating 
obtained as a result of nitriding, plasma 
coating, etc.) have not proven effective in 
variable cyclical load cases. For this reason, the 
goal should be, in any case, to identify the 
main processes that determine the durability 
of the group of tools, and based on that 
knowledge, to select the appropriate surface 
treatment. In order to ease this selection, it is 
necessary to have knowledge of the outer 
layers after the surface treatment, and in 
particular: wear resistance (in a wide range of 
friction parameters), resistance to mechanical 
and thermal fatigue, tendency toward 
oxidation, corrosion and so on. 

In search for the optimal properties of the 
surface layers, several treatment methods that 
enable achievement of the useful properties of 
the contact pairs are available. In addition to 
mechanical treatment, for which the correction 
of the tribological properties is achieved mainly 
as a result of an increase in the hardness of the 

outer layers (e.g., strengthening), in other cases, 
one of the essential objectives of surface 
treatment is to change the chemical 
composition (eg. by means of enrichment with 
compositions such as carbides of Cr , B carbides, 
nitrides of Al, Cr, Mo, V and so on.) which 
results in significantly increased resistance to 
abrasive wear. As a result of many studies, it 
has been found that the most resistant to 
abrasive wear are fine-dispersed hard phases 
(e.g., carbides, nitrides, etc.) [1]. 

Alloying elements in steel: V, W, Mo, Cr 
significantly increase resistance to abrasive 
wear of steel because they form stable 
carbides, if the steel has a sufficiently large C 
content, and if the parameters of heat 
treatment are properly selected. However, the 
main requirement to achieve good abrasive 
wear resistance is that the carbides are 
properly deployed in sufficiently resistant, and 
at the same time plastic basis. 

One of the more preferred methods of 
surface treatments, which significantly 
increases the abrasion resistance, is a method 
of sulfatization (sulfo-nitriding, cyano-
sulfation). In this case, good sliding properties 
can be achieved by enrichment of the outer 
layers with ingredients with the hexagonal 
lattice, which provide easy sliding over the 
baseline plains. 

A specific group of modifications of the 
surface layer is a galvanic treatment, for 
example: hard chroming, phosphating etc. 

The coating obtained by hard chroming is 
characterized by a relatively high hardness 
(1000-1200HV), as well as the typical network 
that represents the natural lubrication canals. 
As the result of this treatment of the surface 
layers, a significant increase of the abrasion 
resistance is achieved [2]. 

Phosphate coatings are crystalline coatings 
consisting of the phosphates of Zn, Mn or Fe, 
and they have somewhat different properties. 
The basic characteristics of phosphate coatings 
is their high porosity and good absorption of 
lubricants. Due to its porous structure, 
phosphate coatings have a very good ability to 
absorb grease, oil, soap, etc. which provides a 
good sliding properties [3].  
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In view of these properties, this method is 
used as a special lubricating coating of the MF 
process, whereby the phosphate layers are 
applied to a material that is plastically deformed. 

With the aim of achieving good tribological 
properties, both at ambient and at elevated 
temperatures, plasma-coating technology has 
been developed. This technology utilizes the 
hardly soluble metals such as Cr, W, Co, Ti, or 
their compounds TiN, TiC and so on [4]. 

Also, in the group of surface treatment 
methods, which deserve attention, we must 
mention electro and chemical polishing. 
Defective layers which must be addressed 
originate from the pre-treatment (eg. cutting). 
As a result of the polishing defective layers are 
removed from the surface, and a new surface 
layer has significantly less surface roughness 
and lower, or very low levels of stresses. The 
surface layers obtained as a result of these 
processes are characterized by a significantly 
lower friction coefficient, higher resistance to 
abrasive wear as well as corrosion resistance. 
 
4.  EXPERIMENTAL RESEARCH 
 

Experimental studies presented in this 
paper were performed on the original tribo-
model of ironing process, which bilaterally 
symmetrically imitates the contact zone of die 
and punch. This model enables the realization 
of high contact pressures and respects the 
physical and geometrical conditions of the real 
process (material of die and punch, 
topography of contact surfaces, angle of die 
cone - , etc.) [5].  

The bent sheet metal band, U-shaped test 
piece, is assembled on the ’’punch’’. Holding 
force FD acts on test piece by dies. Dies are 
assembled in supports, where the left support is 
motionless and the right support is movable 
together with the die. The test piece slides 
between the dies under the force that is applied 
at the punch head, whereby the thinning of the 
test piece wall thickness occurs. During ironing 
process, the outer surface of the test piece slides 
against die surface inclined by an angle , and 
the inner surface of the test piece slides against 
plates attached to the punch body. 

The device was realized with the compact 
construction of high rigidity, with the 
possibility of easy changes of contact-pressing 
elements (die and plate), with simple cleaning 
of contact zones and suitable assembling of 
test pieces. 

Plates and die can be made of various 
materials and with various roughnesses, and 
dies can also have a various inclination angle . 

In this study, two materials were selected 
for experimental testing: steel, in the form of 
plate, designated as Č0148P3 (according to EN: 
DC04) and the  aluminium alloy, also in the 
form of plate, designated as AlMg3(.43)1 (old 
designation: AlMg3-24; designation according 
to DIN: AlMg3 F24, designation according to 
the EN AW-5754: AlMg3). Both materials are 
very common materials in modern industry. 
Mechanical characteristics of steel material 
determined for samples cut in the rolling 
direction of sheet are as follows: Rp = 186.2 
MPa, Rm = 283.4 MPa, A = 37.3%, n = 0.2186, r 
= 1.31915, E = 1.957 x 105 Mpa. Mechanical 
characteristics of aluminium alloy, determined 
for samples cut in the rolling direction of sheet 
are as follows: Rp = 201.1 Mpa, Rm = 251 MPa, 
A = 12%, n = 0.13545, r = 0.40510, E = 0.701 x 
105 MPa. 

Contact pairs ("die" and "punch") are made 
of alloy tool steel (TS) with high toughness and 
hardness, with mark Č4750 (DIN17006: 
X165CrMoV12). This steel is resistant to wear 
and is intended for operation in the cold 
conditions. Oil quenching and tempering is 
carried out before the mechanical treatment 
by grinding.  

In one set of tools, steel alloy Č4750 is heat 
treated, and on its surface, TiN hard coatings 
are deposited. 

One set of tools is hard chrome plated (Cr) 
for the purpose of comparative testing. It 
should be noted that the tool base was made 
of heat-treated alloy tool steel Č4750. 

One set of dies is made of hard metal (HM) 
marked with WG30 (DIN 4990: G30). Hard 
material (-phase) is Tungsten carbide (WC), 
and bounding material is Cobalt (-phase).  

                                                      
1
- Here in after the acronym AlMg3 is used 
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The shape of "punch" and "die" is shown in 
Figures 1 and 2 respectively. 

 
Figure 1. Images of the plates that simulate the 

surface of the „punch” 

 
Figure 2. Images of „die“ 

 
5. RESULTS OF EXPERIMENTAL RESEARCHES 
 

Under the influence of large normal pressures, 
surfaces are getting closer and adhesion 
compounds are formed, coupled with a 
substantial increase in the real contact area. The 
result of such interaction is the significant 
sticking of one metal, on the other, wherein as a 
rule, low-soluble metal is bonded to the surface 
of the metal with higher melting point. 

As a rule, significant sticking results in the 
fact that the hardness of adhesion compounds, 
is higher than the hardness of at least one 
metal of the contact pair. Destruction of the 
compound occurs mainly in the outer layers of 
metal with low strength, and not on the 
original contact surface. 

The surface of the die with stickers (TS + 
TiN), abrasions (TS TS + and Cr) and without 
damage (HM) is given in Figure 3. 

 

 
Figure 3. Surface of the die with stickers (TS + TiN), 

abrasions (TS and TS + Cr) and without damage (HM)  

During ironing of Aluminium alloy sheets 
lubricant has a very important role; to 
separate surfaces of the test piece, and the 
surface of the tools. Lubricant also needs to 
prevent the creation of stickers on the tool 
surface, due to the great affinity of aluminum 
to sticking. If the proper lubricant is not used 
intensive aluminum sticking to the tool will 
occur. Stickers created on the die lead to 
rough damage on the sheet surface (galling). 

EDS analysis of aluminium stickers formed 
on the die made of the tool steel coated with 
TiN is given in Figure 4. 

 

 
Figure 4. EDS analysis of aluminium stickers formed 

on the die made of the tool steel coated with TiN  

While using punch with greater roughness 
and when the ironing is performed without 
lubrication of the punch, extensively sticking 
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aluminum on the surface of the punch was 
observed. When lubricants were used, stickers 
were significantly smaller, or not present. 
Formation of aluminum stickers on the punch 
(dark field) is shown in Figure 5. It should be 
noted that the resulting stickers formed on the 
punch are much easier to remove in comparison 
to those that have been created in the die.  

 

 

 
Figure 5. Punch with stickers 

 

 
Figure 6. EDS analysis of aluminium stickers 
formed on the punch made of the tool steel 

EDS analysis of aluminium stickers formed 
on the punch made of the tool steel is given in 
Figure 6. 

Due to the high contact pressures and 
continuous formation and separation of 
stickers, damaging (scaling) of a TiN coating 
occurs. EDS analysis of the TiN coating damage 
on the die surface is given in Figure 7. 

 

 

 
Figure 7. EDS analysis of the TiN coating damage 

on the die surface 

 

TS 

TS + TiN 

TS + Cr 

Spectrum 1 

Spectrum 1 

Spectrum 1 

Spectrum 2 

Spectrum 1 

Spectrum 2 

414 15th International Conference on Tribology – Serbiatrib ‘17



 

 
Figure 8. Topography and 3D rutted steel surface 

 

 
Figure 9. Topography and 3D rutted aluminium 

alloy surface 

Analysis of the surface topography change 
due to the effects of friction was obtained at 
high magnification. This analysis can provide a 
very accurate detection of phenomenon that 
occur in the area of contact as well as 
evaluation of the friction mechanism.  

The aim of this analysis to shed a light on 
the mechanism of deformation of the micro-
zones of contact and transfer of materials. 
Method for removal of transferred material 
from the contact surfaces is also analyzed, so 
were specific mechanisms of friction for higher 
values of pressure. 

Stickers on the tool surface deteriorate 
quality and are one of the main problems with 
the ironing technology, both with regards to 
product quality as well as with respect to tool 
wear. In literature, this phenomenon is known 
as "galling".  

Grooved surface topography of the sheet, 
resulted from the stickers on the tool, is 
shown in Figures 8 and 9. 
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Figure 10. Mean value of the punch force for tools 

made of different materials  

Changes in mean values of punching force 
for different tool materials are given in Figure 
10, both for DC04 samples and for AlMg3 
samples. It should be noted that the maximum 
value of mean punching force is obtained 
using the tool with the TiN coating. The reason 
for this is the most intense formation stickers 
on this kind of tools, as well as damages on 
coating that originated from the formation and 
fragmentation of stickers. Differences in the 
results obtained by testing steel and aluminum 
samples are a consequence of the nature of 
their interaction, and contact with the high 
contact pressures. 
 
6. CONCLUSION 
 

In order to achieve the goal of good 
tribological properties of tools for ironing 
process, treatment of contact surfaces is 
required. Contact surfaces of the tools (punch 
and die) can be treated with different 
methods: 
 Applying a coating of hardly soluble metals 

such as Cr, W, Co, Ti, or their compounds 
TiN, TiC and so on. 

 Mechanical hardening of the surface layers 
(for example flattening), 
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 Changing the chemical composition of the 
surface layers (eg. by means of enrichment 
with carbides of Cr and B, nitrides of Al, Cr, 
Mo, V, etc.). 

 Making tools from high-alloy steel (V, W, 
Mo, Cr) which significantly increase the 
resistance of steel to wear, 

 Methods of chemical-thermal treatment of 
surfaces (sulfo-nitriding, cyano sulfation); 

 Modification of the surface layers using 
galvanic treatment (hard chromium plating 
of the tool surface, phosphating the 
surface of the workpiece, etc.), 

 Surface treatment using polishing (electro 
and chemical polishing). 

Which of the above mentioned methods or 
combination of methods will be used depends 
on the material to be treated. Also, it should 
be taken into account the stability of the 
surface layer and the possible process of 
sticking of the workpiece material to the 
surface of the tool (contact of dissimilar 
metals). 

Stickers on the tool surface deteriorate 
quality and are one of the main problems with 
the ironing technology, both regarding product 
quality as well as in respect to tool wear. 

During ironing process lubricant has a very 
important role. It is used to separate the metal 

surfaces of the tools and to prevent the 
creation of stickers on the tool surfaces. 
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Abstract: Sunflower, corn, rapeseed, olive, and linseed oils were used for investigation. Their fatty-acid 
compositions have been evaluated by gas chromatography. The tribological properties were determined on 
a four-ball machine. Flash and set points, static and dynamic viscosity of the oils were defined according 
corresponded standard methods. The results of tests on a four-ball machine show that refined plant oils 
possess better tribotechnical properties than a base mineral oil without additives. It was found that their 
antiwear and bearing resistance properties correlate with the structure of fatty acids molecules. It is 
demonstrated that the activation of unsaturated bonds as a result of the triglycerides oxidation has a 
positive influence on the friction interaction due to tribopolymerization and film formation on the wear 
surfaces. 
 
Keywords: plant oils, lubricating ability, fatty-acid composition, length of alkyl radical, number of 
unsaturated bonds. 
 
1. INTRODUCTION  

 
One of the goals of modern research in the 

area under consideration is the selection of 
base plant oils. However, unfortunately, there 
are the conflicting data in the published works 
in this area. Differences in tribological terms, 
such as wear, of similar oils reach 50% [1–3].  

An analysis of the known data shows that 
the variability of the fatty acid composition of 
the oils can be the cause of the observed 
differences. Independent studies show that 
the triglyceride composition can vary by more 
than an order of magnitude, depending on the 
plant variety, agricultural methods, climatic 
and production factors [4, 5]. For example, the 
content of triglycerides of erucic acid in 
rapeseed oil varies from 1 to 60%. 
Furthermore, content of oleic acid in 

sunflower and corn oils can vary from 10 to 
40%. It is obvious that mainly variability of the 
fatty acid composition is the main cause of the 
observed differences in the tribotechnical 
properties of oils. However, there is practically 
no study on analyzing this problem.  

The purpose of this work is to investigate 
the influence of fatty acid content and 
structure of edible plant oil alkyls on their 
main tribotechnical properties. 
 
2. MATERIALS AND METHODS OF RESEARCH 
 

Edible grades of rapeseed, olive, corn and 
sunflower oils without additives are 
investigated. The choice of oil edible grade is 
determined by rigid sanitary and technical 
standards on their composition and impurity 
level.  
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Mineral oil without additives I-20 (GOST 
20799-88), commonly used in low- and 
middle-loaded gears, ball bearings and 
slideway of machine tools and other 
mechanisms dispensed with specialized 
lubricants, is chosen for comparison. 

The density of the lubricants is evaluated on 
Densito-30PX (Mettler, Spain). Oil flash-point 
temperature is determined in an open cup by 
the Vspyshka-A (Elektronpribor, Russia) in 
accordance with GOST 4333 (ISO 2592) and 
GOST 6356 (ISO 2719). Thermal characteristics 
(freezing point) are estimated with scan 
differential calorimeter Diamond DSC 
(PerkinElmer, USA) at the heating rate 
8 C/min. Kinematic viscosity is determined in 
accordance with GOST 33. 

Composition of plant oil fatty acids is 
defined on the gas chromatograph Crystall-500 
(Chromatec, Russia) in accordance with GOST 
30418–96. The content of mono-, di- and 
triglycerides, as well as higher alcohols and 
free fatty acids, are evaluated by the method 
of ascending onedimensional paper 
chromatography in the hexane – diethyl 
ether – acetic acid system (18, 3 and 0.2 ml, 
respectively). The content of the main 
frictionally active elements is evaluated by 
means of X-Ray fluorescent spectrometer 
XEPOS (Spectro, FRG). 

Load-carrying capacity, antiwear and 
antiwelding properties of oils are estimated on 
four-ball machine FBM-K1 (Ukraine), which has 
the test unit made as pyramid of four ball 12,7 
mm in diameter down-dropped in a cup with 
lubricant. The balls are made of steel ShCh-15 ( 
C – 1%, Cr – 1.5%; analog of USA 52100 steel 
USA). Three of them form the base of pyramid 
and rotate with cup about a top ball. Tests are 
carried out according GOST 9490-75 
requirements. Friction surface morphology is 
studied on the scanning electron microscope 
Vega II-LSН (Tescan, Czech Republic). 
 
3. RESULTS AND DISCUSSION 
 

Data on basic physical, chemical mechanical 
and tribological properties of investigated 
lubricants are represented in Table 1. 

Table 1. Functional properties of oils 

Properties I-20A Sun-
flower Corn Rape-

seed Olive Linseed 

Physical and mechanical properties 
Density, 
kg/m3 885.2 919.7 917.7 918 910.3 930 

Kinematic 
viscosity at 
40°C, mm2/s 

33.1 33.8 35.6 34.3 41.7 15.22 

Kinematic 
viscosity at 
100°C, mm2/s 

5.3 8.1 8.5 8.6 8.8 6.33 

Ignition 
Temperature, 
C 

222 245 232 280 316 >280 

Solidification 
point, C 

-15 -17 -14 -10 +2 -21 

Tribotechnical characteristics 
Parameter of 
wear (40 kg) 1.65 0.67 0.73 0.67 0.68 0.73 

Critical load, 
kg 40 80 80 80 80 80 

Welding load, 
kg 119 126 126 133 126 168 

Load wear 
index 15 35 36 33 35 56 

 
In common, the obtained data showed that 

basic properties of vegetable oil just as well or 
better than of standard mineral oil. For 
example, flash-point temperature of vegetable 
oils higher up by 30-50% than I-20 oil on the 
average. The freezing temperature of rape oil 
is close to minus 20С, that lower than I-20 oil 
by 5%. 

As can be seen, most of the mechanical 
properties of vegetable oils are fairly close in 
magnitude. The data of Table 2 show that the 
ratio of saturated and unsaturated fats for all 
oils is close to 1:8. The average lengths of the 
alkyl chains of these fatty acid groups are also 
similar. Differences in the content of 
potentially tribologically active substances are 
significant only for sulfur and phosphorus 
compounds. However, the concentration of 
these elements is too small to have a 
noticeable effect on frictional interaction 
processes.  

Thus, the composition of the investigated 
oils, in terms of the ratio of the saturated and 
unsaturated acids content, their alkyl chain 
lengths and concentrations triboactive 
matters, looks alike.  
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Тable 2. Composition of plant oils, wt % 

Composition 
Plant oil 

sun-
flower corn rape-

seed olive linseed 

Concentration of fatty acids, wt % 
C16:0. palmitic 7.6 12.3 6.1 11.2 5.6 
C18:0, stearic 3.5 2.0 1.6 3.5 3.4 
C18:1. oleic 24.8 29.0 54.6 77.3 15.3 
C18:2. linoic 61.5 54.2 20.0 4.8 14.0 
C18:3, linolenic — 1.0 10.0 — 60.5 
Average length 
of alkyl group 17.8 17.8 17.9 17.8 17.8 

Average 
number of 
unsaturated 
bonds 

1.51 1.43 1.35 0.9 2.5 

FAs with the 
concentration 
of less than 1 % 

2.6 1.7 7.7 3.2 1.2 

Concentration of active elements. I0-4 wt % 
Phosphorus 4.1 ±0.4 — — — 27 ± 0.6 

Sulfur 2.9 ±0.2 8.4 ± 
0.3 

3.20 
±0.2 1.9 ±0.2 44.2 

±0.5 

Calcium 10.0 
±0.1 

10.0 
±0.1 

10.0 
±0.1 

10.0 
±0.1 

10.0 
±0.1 

Zinc 0.3 ±0.1 0.4 ±0.1 <0.1 <0.2 0.3 ±0.1 
 

Obviously, the proximity of the structural, 
physical and mechanical properties of plant 
oils is largely determined by the fact that with 
the exception of flaxseed oil, their tribological 
characteristics do not differ too. Thus, the 
results of testing the hypothesis of the equality 
of the average values of plant oil wear factors 
indicate that they are statistically insensitive 
with a significance level of 0.01. Consequently, 
the investigated oils from vegetable raw 
materials aren’t different in wear indicators. 

It is established in the work [6] that the 
wear of copper – steel pair is directly 
proportional to the length of alkyl radicals of 
cholesteric liquid crystals used as lubricants. 
We can assume that this is also true for the 
friction of samples in the media of plant oils. In 
this case, the constancy of the alkyl radical 
length of the triglycerides of the materials 
studied explains both their identical anti-wear 
properties and the range of action of the 
surfactants, estimated by the value of the 
critical load, which equals 80 kgf for all studied 
oils.  

Analysis of oil antiwelding properties on the 
welding load and load wear index shows that 

linseed oil exceeds by these parameters the 
other materials by one or two stages of load 
according to GOST 9490–75.  It is most likely 
that the observed advantage of flaxseed oil is 
associated with a high content of triglycerides 
of linolic acid, which is characterized by a 
relatively large number of unsaturated bonds 
(Fig. 1). 

 
Figure 1 Correlation score index and relative 

number of their unsaturated bonds of plant oils 

Under the influence of tribomechanical 
factors, unsaturated compounds are easily 
oxidized, initiating polymerization processes 
[7], contributing to increase in the bearing 
capacity of the oil.  

The formation of high-molecular resinous 
substances is confirmed by the presence of the 
typical deposit in the friction zone, the area of 
which is the larger, the greater the average 
number of unsaturated bonds of triglycerides 
(Fig. 2). 

 
a                             b                               c 

Figure 2 Contact area of samples  
after four-ball machine test in mineral (a), 

rapeseed (b) and linseed oil (b) correspondigly 

 
The influence of high temperature and 

pressure promotes the process of hydrolysis 
and oxidation of fats. In the used oils should  

The concentration of free fatty acids, mono- 
and diglycerides, mono- and oxy-acids must 
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increase, and, most significantly, the synthesis 
of polymeric compounds (tribopolymers) must 
be present in the waste oils. IR spectra of oils 
before and after tribotechnical tests are 
analyzed to assess the degree of chemical 
degradation of plant oils. The obtained data 
indicate their small differences (Fig. 3) 

before

after

sm  
Figure 3. IR absorbtion spectre of linseed oil  

before and after test on the four-ball machine 

Band intensity variation is observed at the 
frequency of 1746 cm-1, typical of esters (С=О), 
and at the frequency of 3468 см-1 specific to 

the functional group OH, and while analyzing 
oil associated with their hydrolysis and 
polymerization processes. Thus, according to 
the data obtained by gas chromatography, the 
fatty acid composition of the initial and used 
oils differs insignificantly. In general, the 
results of the analysis of IR spectra and gas 
chromatography indicate that there is no 
significant destruction of triglycerides after the 
tests. To clarify this information, the 
observations of oils using paper chromato-
graphy are carried out. 

 

Fig 4. Chromatographic profile of linseed oil  
before (above) and after (below) test  

on the four-ball machine 

 
The chromatographic profiles of the initial 

waste flax oil (the remaining oils have similar 
chromatograms) are shown in the Fig. 4. As 
can be seen, the relative spot intensities 
corresponding to mono- (MG) and 

diacylglycerides (DG), fatty acids (FA), higher 
alcohols (HS), and triglycerides (TG) coincide 
rather well. The new X phase identified in the 
waste oil (Fig.4). Based on the position 
occupied on the chromatographic profile 
between diacylglycerol (DG) and higher 
alcohols (HS), it can not be attributed to high 
molecular weight products. It is most likely 
that this phase is glycerol, formed as a result 
of hydrolysis of oil lipids. The absence of areas 
that could be attributed to high-molecular 
products is likely due to their low 
concentration. This means that the processes 
of oxidation and tribopolymerization occur 
directly in the zone of frictional contact and do 
not enter significant amounts in the volume of 
the lubricant. 
 
4. CONCLUSION  
 

The results of tests on a four-ball machine 
show that refined plant oils have better 
complex of tribotechnical properties than the 
industrial base oil I20A. All investigated oils are 
characterized by the same anti-wear 
properties and surfactants effective range that 
is associated with equality of values of their 
alkyl radicals average lengths. 

It is shown that activation of unsaturated 
bonds as a result of oxidation and 
thermomechanical effects during friction 
positively affects the processes of frictional 
interaction. It is established that the processes 
of tribopolymerization occur directly in the 
zone of frictional contact, and High-molecular 
products do not come in significant quantities 
in the amount of lubricant. A comparative 
analysis of the chemical composition of the 
oils before and after the tests on the four-ball 
machine does not reveal the products of 
destruction of triglycerides in significant 
amounts. 

The obtained results suggest that decrease 
in the average length of alkyl radicals due to 
the introduction of lower unsaturated fatty 
acids into the triglyceride oils and the increase 
in the average number of unsaturated bonds 
by adding higher unsaturated fats can improve 
the tribotechnical characteristics of plant oils. 
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Abstract: Vegetable oils are potential substitutes for petroleum-based oils. Not only they are 
environmentally friendly, renewable and less toxic, but also they have excellent lubricating properties. 
Despite their safety, vegetable oils suffer from several drawbacks, for instance in terms of thermal and 
oxidative stability. The combination of additives in vegetable oils is the best option to overcome these 
problems. However, the additives are often combination of many substances which may be toxic. 
This paper presents the features of the oils based on rapeseed oil, sunflower, soya and mixture of rapes oil 
with mineral oil is, after corresponding testing, compared with the features of the commercially available 
mineral oil based UTTO. 
According to the obtained results for physico-chemical properties of various oil samples, it may be concluded 
that almost all the investigated properties of biodegradable universal tractor oils, satisfy the John Deere and 
Massey Ferguson specifications, and some characteristics are even better when compared to the properties of 
universal mineral based oil. The exceptions are the oxidation stability and low temperature characteristics. The 
properties of vegetable oils were improved by the corresponding additives, specially designed for these oils. 
 
Keywords: biodegradable universal tractor oil, oil analysis, physical-chemical properties, tribological 
characteristics 
 
 
1. INTRODUCTION  

 

By the end of the 19th century, only 
vegetable or animal oils and fats had been 
used as lubricants. The development of 
internal combustion engine stopped their 
application due to insufficient oxidation and 
thermal stability, as well as high prices in 
comparison with mineral lubricants. However, 
in the past ten years, the question of the 
application of mineral oils has risen due to 
environmental effects, and so lubricants 
derived from plant sources have been 
suggested as replacement [1].  

Main advantages of vegetable oils over 
mineral oils is the fact that they are non-toxic, 
biodegradable, and made from renewable raw 
materials. The additional advantages are lower 
consumption due to lower evaporation loss, 
better lubricating properties, higher viscosity 
index, higher fire resistance due to higher 
ignition temperature, and better solubility of 
additives and oxidation products. Nevertheless, 
main disadvantages of vegetable oils would be  
lower oxidation stability, lower thermal stability, 
lower hydraulic stability, higher pour point and 
foam tendency, easier filter clogging, reactivity 
with seal elastomers and shorter storage life [2].  
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Vegetable oils as base oils for production of 
ecologically acceptable lubricants are 
triglycerides made up of complex  mixtures of 
fatty acids having different chain lengths and 
number of double bonds. Triglycerides are 
very quickly biodegraded and have excellent 
lubricity properties.  

Ecologically acceptable oils are the oils 
which in contact with the environment 
produce the minimum of harmful effects. The 
conditions for the ecological acceptance are 
biodegradability and no toxicity of lubricants. 
Besides, ecologically acceptable lubes are 
produced from the renewable sources 
(vegetable oil) thus reducing the dependence 
of mineral oils. The interest for the ecologically 
acceptable oils is growing every year especially 
in the field where the application of mineral 
oils can produce harm in the environment like 
the oil losses of motor saws, agricultural, 
forester and civil engineering machines, 
railroad and tramway crossings, outboard 
motors fit the motor boats, oils for mold 
release in civil engineering, steel ropes and 
chains and the other flow lubrications where 
the total quantity of lubricant remains in the 
environment. The lubricant producer’s 
strategies are geared toward the production of 
ecologically acceptable lubricants. For many 
producers the market of the future is the 
market of biodegradable lubricants. 

Agricultural machinery such as tractors, are 
ideal for use of biodegradable lubricants, 
because they operate in conditions where the 
lubricant can easily come in contact with soil, 
water and crops. The universal tractor 
transmission oil (UTTO) is used for lubrication 
of hydraulic and transmission systems as well 
as wet brakes in tractor [3,4].  
 
2. PHYSICO-CHEMICAL PROPERTIES OF THE 

BIODEGRADABLE UNIVERSAL TRACTOR OIL 
 

The features of oils based on rapeseed oil, 
sunflower oil, soybean oil and a mixture of 
rapeseed oil with mineral oil were, after the 
corresponding testing, compared with the 
features of the commercially available 
mineral-based universal tractor oil, UTTO 
(Table 1). 

Table 1. Oil samples  

Sample Oil name Oil code 

1. Rapeseed oil without 
additives RE 

2. Soybean oil without 
additives SO 

3. Sunflower oil without 
additives SU 

4. Rapeseed oil with additives REA 
5. Soybean oil with additives SOA 
6. Sunflower oil with additives SUA 

7. Rapeseed oil + additives + 
10% SN150 REAM10 

8. Rapeseed oil + additives + 
20% SN150  REAM20 

9. Mineral UTTO  MIN 
 

The ASTM D 4951 and ASTM D 4927 AAS 
methods have been applied to obtain the 
elemental composition of the additives used in 
the test oils, as shown in Table 2 and Figure 1. 

Table 2.  The elemental composition of the 
additives used in the test oils 

 
P Ca Zn S 

% m/m 

REA 0.07 0.08 0.13 0.19 
SOA 0.06 0.07 0.14 0.19 
SUA 0.06 0.07 0.14 0.19 
REAM10 0.08 0.15 0.14 0.23 
REAM20 0.09 0.18 0.15 0.28 
MIN 0.11 0.34 0.15 0.54 
 

 
Figure 1. The elemental composition of the 

additives for the test oils 

It can be seen from the Figure 1 that the 
elemental composition of additives is quite 
similar for all formulated vegetable based 
UTTO: REA, SOA and SUA. The reference 
mineral UTTO oil (MIN) contains a significantly 
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higher level of phosphorous, calcium and 
sulfur, than the ester-based oils. Zinc and 
phosphorous are parts of AW/EP additive 
package, while calcium is a typical element in a 
detergent additive. Samples REAM10 and 
REAM20 contain increased levels of 
phosphorus, sulfur and calcium, as they 
contain proportionally higher percentage of 
mineral oil. 

Vegetable oils are generally less additivated 
than mineral oils, because they posses good 
lubricating properties due to their polar 
nature. This makes them good solvents for 
sludge and dirt, which would otherwise 
deposit on metal surfaces [5-8]. Because of 
these properties, it is possible to reduce the 
amount of friction modifiers, antiwear additive 
package, and dispersants, when formulating 
biodegradable universal tractor oils. 

The physical and chemical properties of the 
vegetable oils were examined in accordance 
with standard methods (Table 3). 

Table 3. Laboratory test methods 

Method Physical and chemical 
characteristics Test method 

1. Pour point, C 
ASTM D 97 or 

ISO 3016 

2. Flash point, C 
ISO 2592, 

ASTM D 92 

3. Foaming, ml/ml 24 C;  
94 C; 24 C  

ASTM D 892 

4. Deaeration, minutes DIN 51381 

5. Oxidation stability, 
minutes ASTM D 2272 

6. Corrosion on copper,  
3 hours at 121 °C ASTM D130 

7. P content, % ASTM D 4927 
8. S content, % ASTM D 2622 
9. Ca content, %  ASTM D 4628 

10. Zn content, %  ASTM D 4628 

11. Wear, (1h; 65 C; 40 kg 
and 1500 rpm), mm 

ASTM D 4172 

12. 4-ball EP test - scuffing, kg  ASTM D 2783 

The results of experimental testing of 
physico-chemical properties are presented in 
Table 4. Experimental work was carried out in 
accordance with the manufacturer 
specifications and proper standards, by using 
the necessary testing equipment. 

Table 4. Physico-chemical characteristics of 
oils  
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2.1 Oxidation stability  

 
Most vegetable oils are triglycerides 

constituting a complex mixture of fatty acids 
with different chain length and instauration 
content [9-15]. The alcohol component 
(glycerin) is the same in all vegetable oils. The 
fatty acid components are plant-specific and 
therefore variable. The fatty acids differ in 
chain length and number of double bonds. 
From the fatty acid composition of the oils, it is 
observed that chain length C18 is dominating 
(Table 5).  Main fatty acids with double bonds 
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are linolenic, linoleic and oleic. The oxygen 
absorption rate is 800:100:1 respectively, 
therefore less double bonds in a carbon chain 
result in better oxidation stability [16]. 
Generally the oxidation stability of vegetable 
based oils decreases with the increased level 
of instauration. 

The content of polyunsaturated fatty acids 
(C18:2) is rather high for soybean (SO) and 
sunflower (SU) oil. Under thermal conditions, 
the double bonds in polyunsaturated fatty 
acids polymerize much faster than 
monounsaturated (C18:1 and C22:1) or 
saturated (C16:0 and C18:0) fatty acids. 
Unfortunately, the saturation of fatty acid 
degenerates the low temperature behavior or 
pour point of the oil. 

Iodine value characterizes particular oil on 
the base of unsaturated fatty acids. Oils with 
high iodine values are more problematic for 
oxidation processes, however values fewer 
than 100 are not recommended since such oils 
are more problematic for changing the 
characteristics at lower temperatures.   

Table 5. Fatty acid content and iodine value of 
vegetable base oil 

Physicochemical  
characteristics 

Rape 
seed 

oil 

Soybean 
 oil 

Sunflower  
oil 

Iodine value  
(gI2/100g) 118.4 126.2 131.2 

Fatty acid content %  
C14:0 (Myristic acid) 0.06 0.05 0.04 
C16:0 (Palmitic acid) 6.58 10.24 6.35 
C16:1(Palmitoleic acid) 0.36 0.15 0.13 
C18:0 (Stearic acid) 2.88 5.24 5.35 
C18:1 (Oleic acid ) 53.10 29.33 27.13 
C18:2 (Linoleic acid) 28.72 47.95 58.53 
C18:3 (Linolenic acid) 6.54 5.35 0.16 
C20:0 (Arachidic acid) 0.41 0.52 0.41 
C20:1 (Eicosenoic acid) 0.73 0.29 0.20 
C22:0 (Behenic acid) 0.28 0.65 1.31 
C22:1 (Erucic acid) 0.17     
C24:0 (Lignoceric acid)  0.10 0.20 0.35 

The oxidation stability of oil samples was 
examined by the ASTM D2272 test (RBOT - 
Rotating Bomb Oxidation Test). As concerning 
the neat vegetable oils (without additives), 
rapeseed oil (RE) shows better oxidation 
stability as compared to the soybean (SO) and 

sunflower (SU) oil. The reason is a high content 
of oleic acid and a low iodine value present in 
rapeseed oil. The oxidation stability of 
vegetable oils without additives is very low.  

The improvement of the oxidation stability 
of vegetable oils was accomplished by adding 
the antioxidant additives and the mineral base 
oil. The concentration of the additives was the 
same for all vegetable oils. The oxidation 
stability values determined by RBOT method 
for neat vegetable oils, vegetable oils with 
additives and vegetable oils with mineral base 
oil, were compared with the values for 
commercial UTTO oil, as it is shown in Figure 5. 
The best oxidation stability shows sample 
REAM20 (149 minutes). The oxidation stability 
is improved by adding the antioxidant 
additive: for rapeseed oil, the improvement is 
more than eightfold. The stability is further 
increased by adding a mineral oil, but the 
biodegradability is reduced.  

A low oxidation stability of newly 
formulated biodegradable oils limits their use 
for the production of motor oils and other oils 
that require high oxidation stability.  Therefore, 
such oils may be used in the fields where the 
high oxidation stability is not required (flow 
lubricating oils, hydraulic oils, universal tractor 
oils), or in the agriculture and forestry, where 
a low toxicity and biodegradability of 
lubricants is mandatory [17-21]. 

 
Figure 2.  Oxidation stability, ASTM D2272 (RBOT) 

2.2 Flash point 
 

Flash point is important in transport and 
storage due to risk of fire. Vegetable oils have 
higher flash point values in comparison with 
mineral oils (Figure 3). 
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Figure 3. Flash point, ASTM D 92 

Flash point for vegetable oils is higher than 
300 °C. By adding a package of additives and 
mineral oil according to the formulation, the 
flash point is reduced, but it is far above the 
allowed values according to the specifications 
of tractor manufacturers (Massey Ferguson 
CMS M1141, Massey Ferguson CMS M1143; 
John Deere J20C: Flash point ≥ 200 0C). 

2.3 Pour point 
 

The flowability of vegetable oils at low 
temperatures is extremely low, which limits 
their use at low operating temperatures 
(Figure 4). Vegetable oils form crystal 
structures at low temperatures, by 
agglomeration of triglycerides, wherein the oil 
flowability is reduced. In order to improve the 
low-temperature characteristics, vegetable oils 
are added additives labeled as pour point 
depressants (PPD). The function of these 
additives is to prevent the crystallization of the 
triglyceride molecules at low temperatures 
and their further grouping. The optimal 
concentration of additive PPD of 1% in the 
final formulation of vegetable oils, significantly 
improves their low temperature properties. 

 
Figure 4. Pour point, ASTM D 97 

2.4 Oil foaming 
 

Foam affects the lubrication process very 
adversely, and also it accelerates the oil 
oxidation. Antifoaming additives have a role to 
prevent the occurrence of foam, by preventing 
the entry of air into the oil, which causes the 
foam. It is necessary to add this type of 
additives into the vegetable oils.  

The tests of oil foaming have led to the 
interesting results. The neat vegetable oils free 
of additives have shown a good resistance to 
the appearance of foam (0/0; 0/0; 0/0) (Table 
6). A mixture of vegetable and mineral oils gives 
also good results related to the appearance of 
foam, which means that the addition of mineral 
oil does not affect the foaming. However, after 
the addition of additives, there was an intense 
foaming (Table 6). Further laboratory analysis 
of oil with each individual additive, led to the 
conclusion that the foam occurrence is caused 
by additives named pour point depressants 
(PPD) and additives for protection against 
extreme pressures and shock loads (EP). On the 
contrary, the additives that protect against 
wear (AW) and oxidation (AO) did not initiate 
the appearance of foam. 

Table 6. The laboratory analysis results of oil 
foaming, without antifoaming agents 

Foaming I seq., 24ºC II seq., 94ºC III seq., 
24ºC 

Unit ml 
RE 0/0 0/0 0/0 
SO 0/0 0/0 0/0 
SU 0/0 0/0 0/0 
REA 350/140 290/0 390/190 
SOA 380/120 270/0 350/130 
SUA 440/210 400/0 300/110 
REAM10 500/280 680/0 180/60 
REAM20 600/290 350/0 280/25 

 
 

To solve the problem of vegetable oil 
foaming, the antifoaming agents were added. 
The application of conventional antifoaming 
additives did not give the required results. 
Better results were obtained with 30 ppm of 
the additive based on silicone 
(dimethylsiloxane), which improved the 
sequence II, or with the second additive 
(alkylmethacrylate) in an amount of 80 ppm, 
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which improved the sequences I and III. 
However, the results obtained (180/0; 50/0; 
20/0) were not within the acceptable limits, 
according to the manufacturer's specifications. 
Only after the addition of 60 ppm of the 
substance based on silicone (dimethylsiloxane), 
and 160 ppm of alkylmethacrylate, the 
satisfying results were obtained. The oil 
foaming data are presented in Table 7. 

Table 7. The laboratory analysis results of oil 
foaming, with antifoaming agents 

Foaming I seq., 24ºC II seq., 94ºC III seq., 24ºC 
Unit ml 
REA 25/0 20/0 20/0 
SOA 15/0 20/0 20/0 
SUA 30/0 20/0 10/0 
REAM10 25/0 20/0 10/0 
REAM20 20/0 20/0 10/0 
MIN 5/0 20/0 5/0 

 
2.5 Rust and corrosion 

 
Rust is a product of reactions between a 

metal and corrosive environment. Corrosion is 
an electrochemical process, usually caused by 
the action of acidic chemical compounds on the 
metallic surface. Corrosion inhibitors (anti-
corrosion additives) protect metal parts that 
are exposed to the rust and corrosion [22]. The 
basic mechanism of action of anti-corrosion 
additives is based on the formation of a 
protective layer on the metal surface, by 
physical and chemical adsorption [23]. Rust and 
corrosion inhibitors are commonly sulfonates, 
which are surface-active substances and 
provide good results in vegetable oils. 
Antioxidant additives are multifunctional and 
they can also protect metal against corrosion. 

All of the oil samples showed good results 
in terms of protection against rust, according 
to the test B, ASTM D 665 method (the result 
was “passes”) and corrosion  according to the 
method ASTM D130 (the result was “1A”), as 
shown in Table 4. 
 
2.6 Abrasion and high pressures resistance  

 
Tests of the abrasion and high pressures 

resistance were carried out on the device with 

four balls ("four ball" test), and the results are 
shown in Table 8. The wear resistance testing 
was carried out according to the method 
ASTM D 4172. 

The test conditions were as follows: the 
pressing force is 392 N, the top ball is rotated 
at 1200 rpm for 60 min., and the temperature 
of the test lubricant is regulated at 75°C. The 
limiting value of the scar diameter worn on the 
ball is maximum 0.4 mm for UTTO oil, 
according to the Massey Ferguson MF 1135 
specification. The vegetable oil samples 
without additives (RE, SO, SU) did not pass the 
standard test, because the wear intensity was 
70% higher than allowed. The wear 
parameters for other samples are presented in 
Figure 5, and it is seen that they are quite 
uniform, and within the allowed limits (< 
40mm). 

The measurement of extreme-pressure 
properties was performed according to the 
ASTM D 2783 (Four-ball method). The load is 
steadily increased until welding occurs, and 
the welding value of load is recorded as a 
maximum load which can be carried out by 
lubricant. The results in Table 8 indicate that 
vegetable based UTTO oils possess higher load 
values comparing to mineral oils, which means 
that they can better withstand extreme 
pressures and suddenly applied stress. The 
laboratory tests by using four-ball method 
have revealed that vegetable oils free of EP 
additives, possess even better results than 
mineral oils with the additives, as it is seen in 
Figure 6. 

Table 8. The wear resistance test parameters and 
results 

Characteristics Wear 4-ball EP test 
Unit mm kg 
RE 0.66 140 
SO 0.69 140 
SU 0.68 140 
REA 0.38 200 
SOA 0.39 200 
SUA 0.37 200 
REAM10 0.39 200 
REAM20 0.39 160 
MIN 0.39 100 
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Figure 5. Wear resistance of vegetable oils and 

their mixtures 

 
Figure 6. Extreme pressure resistance of vegetable 

oils and their mixtures 
 

3. TRIBOLOGICAL PROPERTIES OF THE 
BIODEGRADABLE UNIVERSAL TRACTOR OIL 
 
Most tribological properties are determined 

using defined standard tests, as shown in Table 
9. For these purposes, some of the standard 
commercial tribometers such as Falex, Timken, 
Plint, Koehler, SRV, etc. can be used.  

Table 9. Lubricant tribological characteristics tests 

Standard Contact geometry 
Wear Preventive Characteristics 
ASTM D2670 
ASTM D4172 

Pin and Vee Block 
Four-Ball 

 Extreme Pressure Properties 
ASTM D2782 
ASTM D2783 
ASTM D3233 
IP 240 

Block on Ring 
Four Balls 
Pin and Vee Block 
Block on Ring 

Friction characteristics 
ASTM D 5183 Four-Ball  
Tribological behavior of lubricant in devices with 
real mechanical elements 
ASTM D5182 FZG – Gear Test Rig 

The measuring system applied to determine 
tribological properties of the tribomechanical 
system elements is shown in Figure 7. It is 
composed of: 
 

− a TPD-93 Tribometer for normal force, 
frictional force, and frictional coefficient 
measurements; 

− thermopairs for temperature 
measurements of oil and elements in 
contact; 

− a PQ-2000 particle quantifier; 
− a microscope for wear parameter 

measurements (length, width, and depth 
of worn zone); 

− Talysurf 6, a computerized measuring 
device for surface topography and wear 
parameter measurements. 

 

 
Figure 7. Measuring system applied for 
determination of tribological properties  

The results obtained during the tests 
contain information about the friction 
coefficient, friction force, width and depth of 
the wear track, wear shape of the block's 
contact surface, change in the friction 
coefficient and temperature during the time of 
contact, block's and disc's surface topography 
parameters before and after the testing, etc. 
To investigate the dynamics of the contact 
process, the force and friction coefficient 
signals were recorded continuously for later 
processing. 

The friction coefficients measured under 
various loads and in different periods are 
presented in Figure 8. In the first phase, the 
coefficient was measured under the force of 
30N during 15 minutes, then the force 
increased to 100N for 15 minutes, and in the 
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final stage the force was 300N during 30 
minutes. 

Table 10. Tribological characteristics of oils 

Oil  
 

Friction coefficient  μ 
Boundary 

lubrication 

Fn=30N  
t=15 min 

Fn=100N  
t=15 min 

Fn=300N  
t=30 min 

Block's 
wear  
width 
(mm) 

Block's 
wear  
depth  
(μm) 

RE 0.058 0.065 0.062 1.117 8.9145 
SO 0.092 0.095 0.098 1.278 11.670 
SU 0.063 0.069 0.069 1.175 9.8645 
REA 0.053 0.071 0.077 1.460 15.232 
SOA 0.098 0.098 0.091 1.513 16.358 
SUA 0.093 0.084 0.080 1.345 12.926 
REA
M 
10 

0.087 0.084 0.079 1.455 15.128 

REA
M 
20 

0.094 0.090 0.088 1.502 16.121 

MIN 0.076 0.098 0.099 1.585 17.953 
  

 
Figure 8. Friction coefficients measured under 

various loads and examination times 

When low force is applied (30N), the lowest 
friction coefficient is recorded for rapeseed oil 
with additives (biodegradable UTTO oil based 
on rapeseed oil), while the highest coefficient 
is for the soybean oil with additives 
(biodegradable UTTO oil based on soybean oil). 
Under the middle load values (100N), the 
rapeseed oil without additives has the lowest 
coefficient, whereas the additive free soybean 
oil and mineral UTTO oil show the highest 
coefficient. 

Finally, at the highest applied force (300N) 
during 30 minutes experiment, the additive 
free rapeseed oil again shows the lowest 
coefficient, and the highest value is again 
recorded for mineral UTTO oil. 

It may be concluded from the diagram in 
Figure 8 that the friction coefficient 
significantly depends on the oil type, and that 
the rapeseed oil, which possesses the highest 
percent of monounsaturated fatty acids (oleic 
acid, C18:1) and the lowest iodine number 
(118.41 gI2/100g), shows the lowest coefficient. 

 
Figure 9. Block's wear width for different oil 

samples 

Figure 9 illustrates the block's wear width 
measured after the examination of different 
oil samples. The highest width value was 
observed for the mineral UTTO oil sample 
(MIN UTTO, 1.585 mm), and the lowest for the 
rapeseed additive free oil sample (RE, 1.117 
mm). The low block's wear width values for 
the RE, SO and SU samples indicate good 
lubrication properties of vegetable oils, i.e. 
they prove that the triglyceride structure of 
these oils is sufficiently effective against wear 
even at the highest pressures. 

 
4. CONCLUSIONS 

 
Flash point is higher for vegetable oils as 

compared to the mineral. 
Low temperature fluidity of vegetable oils is 
far from satisfactory, thus limiting their use at 
low temperatures. However, PPD additive 
lowers pour point for these oils to -15 0C or 
even -23 0C, and these values satisfy most 
standards. 

All vegetable oil samples show good 
protection against rust and corrosion. 
Some of the additives used (PPD and EP) 
increase foaming above the allowed limits, but 
after the addition of antifoaming agent, good 
results are obtained. 
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Oxidation stability of vegetable oils without 
additives is very low. For instance, the result 
from RBOT test for additive free soybean oil is 
only 8 minutes. The improvement of this 
characteristic of vegetable oils has been 
accomplished by adding the antioxidant 
additive and mineral based oil. The mineral oil 
addition enhances the oxidation stability, but 
lowers the biodegradability of vegetable oils. 
The best oxidation stability was found for the 
rapeseed oil sample (REA=109 minutes), which 
was the expected result. 

The wear resistance tests were performed 
on “four ball” device. The results from this 
examination were quite uniform for all 
samples and within the standard limits (< 
40mm). 

The extreme pressure (EP) resistance was 
tested by using “four ball” device. The 
vegetable UTTO oils show much higher ability 
to withstand extreme pressures as well as 
shock loads, in comparison to mineral oils. The 
laboratory tests give evidence that even 
vegetable oils without EP additives show 
better results than mineral oils with the 
additives. 

The tribological testing consisted of 
measuring the change in the tribological 
properties of the elements which were in 
contact with the oil sample. The results 
obtained give information on the friction 
coefficient, friction force, width and depth of 
the wear track and wear shape of the block's 
contact surface, the change in the friction 
coefficient and temperature during the 
contact, block's and disc's surface topography 
parameters before and after the testing. The 
obtained results about the friction coefficient 
enabled identifying certain friction-connected 
tribological processes, while the data on 
block’s wear width and depth enabled the 
explanation of the wear process.   

The change in the friction coefficient for the 
rapeseed and sunflower oil samples is very 
similar, while soybean oil shows higher 
coefficient. Nevertheless, these three oils 
without additives possess lower friction 
coefficient than mineral based oil. It gives rise 
to the assumption that vegetable oils, due to 

the triglyceride structure, possess excellent 
lubricating ability in all load phases. As a 
matter of fact, esters of naturally occurring 
fatty acids are even used as additives for the 
improvement of lubricating properties. 
The friction coefficient of the vegetable oils 
with additives is higher when compared to 
these oils without additives, but it is still lower 
than the coefficient value for the reference 
mineral UTTO oil, particularly for high loads. 
The friction coefficient increases 
proportionally by adding the mineral oil, 
indicating that the lubricating property 
deteriorates.  

The friction coefficient was measured under 
various loads and in different time periods. In 
the first phase, the coefficient was measured 
under the force of 30N during 15 minutes, 
then the force increased to 100N for 15 
minutes, and in the final stage the force was 
300N during 30 minutes. When low force is 
applied (30N), the lowest friction coefficient is 
recorded for rapeseed oil with additives 
(biodegradable UTTO oil based on rapeseed 
oil), while the highest coefficient is for the 
soybean oil with additives (biodegradable 
UTTO oil based on soybean oil). Under the 
middle load values (100N), the rapeseed oil 
without additives has the lowest coefficient, 
whereas the additive free soybean oil and 
mineral UTTO oil show the highest coefficient. 
Finally, at the highest applied force (300N) 
during 30 minutes experiment, the additive 
free rapeseed oil shows again the lowest 
coefficient, and the highest value is again 
recorded for mineral UTTO oil. The friction 
coefficient significantly depends on the oil 
type, so that the rapeseed oil, which possesses 
the highest percent of monounsaturated fatty 
acids (oleic acid, C18:1) and the lowest iodine 
number (118.41 gI2/100g), shows the lowest 
coefficient. 

After the examination of various oil samples, 
the block's wear width was measured. The 
highest width value was observed for the 
mineral UTTO oil sample, and the lowest for 
the rapeseed additive free oil sample. The low 
block's wear width values for the RE, SO and 
SU samples indicate good lubrication 
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properties of vegetable oils, i.e. they give 
evidence that the triglyceride structure of 
these oils is sufficiently effective against wear 
even at the highest pressures. 

The block’s and disk’s surface roughness 
was measured by using Talysurf device. The 
surface peaks were clearly observed on the 
fresh block and disk surface. However, after 
the contact of coupled elements, where 
various oil samples were used as a tribological 
element, the peaks were deformed and torn. 
After the surface topography examination, it 
may be concluded that the smallest wear track 
was recorded for the additive-free rapeseed 
oil, while the widest track was observed when 
the mineral UTTO oil was used as a tribological 
element. 
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Abstract: The aim of this paper is to theoretically and experimentally analyze a laser textured grease 
lubricated bearing. The optimal textured surface area is determined using a contact model with the finite 
element method. The main parameters of the laser texturing process are presented. A UMT-Bruker test rig is 
used to determine the tribological parameters of the friction couple. It is shown that a slight improvement in 
the friction coefficient is observed for some values of contact pressure. 
 
Keywords: laser texturing, mixed lubrication, finite element method, grease lubrication, tribology 

 
 
1. INTRODUCTION 
 

It is well known that surface texturing of 
sliding bearings improves their performance 
by reducing friction, the microcavities being 
reservoirs of lubricant in case of boundary and 
mixed lubrication regime [1]-[9]. A reduction 
of consumed energy and an increase of life 
period of the friction couple is obtained. 
However the lubrication fluid was oil or water. 
Few studies were undertaken for bearings 
with Bingham fluids in hydrodynamic regime 
[10].  A review of recent developments on 
surface texturing is presented by Ibatan in [11]. 
In this paper it is outlined that the friction 
coefficient depends strongly on the textured 
surface area density and the geometry of the 
dimples. The effect of geometrical parameters 
of dimples under starved lubrication 
conditions on friction behaviour was studied 

by Saedi [12] and Scaraggi [13]. Laurentis 
realizes in [14] an analysis on the influence of 
bearing grease on friction in rolling/sliding 
contacts. A similar analysis is made by Lugt in 
[15]. No studies in the case of mixed 
lubrication regime for textured surfaces using 
grease lubrication were found. The aim of this 
paper is to theoretically and experimentally 
analyze a laser textured grease lubricated 
bearing. 
 
2. THEORETICAL MODELLING 
 

In order to find the optimal textured area of 
the dimples, it is considered that after a worn 
height dh, the grease from the dimple 
reservoirs should be enough to completely fill 
the cavities of the rough surface. This 
condition translates into the following 
equation: 
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ctttt AdhAdh   )1(  (1) 

where At is the total area of the textured 
surface, ρt is the area density of dimples (Area 
of dimples/At) and ρc is the fraction volume of 
the cavities of the rough surface (Figure 1).  

 

Figure 1. Schematic of a laser textured dimple 

From equation (1) we obtain: 

 
c

c
t









1
 (2) 

In order to determine the fraction volume 
of the cavities, a simulation using the 
nonlinear finite element program MARC was 
accomplished. 

One of the bodies was considered plane 
rigid due to the fact that for the simulation we 
need less computational ressources. This 
hypothesis can also be sustained by the fact 
that one surface could be case hardened. 

A schematic of the model is presented in 
Figure 2. 

 

Figure 2. Schematic of the model 

Due to computational ressources, plane 
strain conditions were assumed. The 
measured topography of the surface was 

imported in the finite element program by 
importing the coordinates of 500 points 
measured with a stylus surface profilometer. 
Then a cubic spline interpolation was used in 
order to obtain the top curve. QUAD elements 
with 8 nodes (parabolic shape function) were 
used for the deformable body mesh. Knowing 
the pressure on the bearing, the applied force 
on the rigid surface was computed. The 
material was considered to be elastic-perfectly 
plastic. A constant-time step with 50 steps was 
chosen for the stepping procedure of the 
contact simulation. In Figure 3 the equivalent 
plastic strain is presented. 

 

Figure 3. Plastic deformation of the material 

After the contact simulation completed 
succesfully, a Python subroutine was created 
in order to compute de volume of the cavities 
and the volume fraction of the cavities. Due to 
the fact that the applied force depends on the 
textured area density ρt, the fixed point 
procedure was applied in order to determine 
ρt: an initial textured area density was 
considered, the force was computed, the 
volume fraction of the cavities was computed 
using the finite element software and the 
Python subroutine, the new textured area 
density was computed using formula (2) and 
so on until the textured area density 
converges. 

The surface roughness changes in time, so if 
we introduce the measurea surface roughness 
before friction and we suppose that the 
asperities are becoming flattened, we ontain a 
maximal textured area density using this 
method.  

 

laser textured dimple cavities 

rough surfaces 

deformable body 

rigid body 
applied force 



 

3. EXPERIMENTAL  SETUP 
 

3.1 LASER TEXTURING PROCESS 
 
The laser texturing setup consists of a 

Lumera Rapid 1064 nm laser radiation source 
with 8 ps pulse duration and a Nutfield XLR8 
scanner with an f-theta objective and a 100 
mm focal length. In order to drill the 
indentations, a spiral-shaped scanning 
trajectory with 0.005 mm rise was followed by 
the laser spot for each indentation. The 
process parameters are as follows: 1064 nm 
laser wavelength, 500 kHz laser pulse 
repetition rate, 2.4 Watt average laser power, 
50 µm laser spot diameter, and 100 mm/s 
scanning speed. A textured circular bearing 
specimen is presented in Figure 4. The 
texturing process was applied to the bolt due 
to technological reasons.  

 
Figure 4. Textured circular bearing sample 

A plain bearing sample is presented in 
Figure 5. One half of the bearing is textured, 
the other is untextured. 

 
Figure 5. Textured plain bearing sample 

A closer look at the bearing surface is 
presented in Figure 6. The dimples have a 
diameter of 200µm and the textured surface 
area density is 10%. 

 
Figure 6. Microscope view of the textured plain 

bearing sample 

A 3D measured profile is presented in 
Figure 7 and Figure 8. The maximal value of 
the scale is 15µm and the minimal value is -
55µm. 

 
Figure 7. 3D measurement of the textured sample 

 
Figure 8. 3D measurement of the textured sample 
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3.2 Experimental testing 
 
Reciprocating sliding tests were carried out 

in order to see if there is any improvement in 
the friction coefficient due to the laser surface 
texturing process. 

The UMT-Bruker test rig is presented in 
Figure 9. 

 
Figure 9. Reciprocating test rig 

The grease used for testing is called Divinol 
Mehrzweckfett 2, produced by Zeller+Gmelin 
Gmbh & Co. KG. The grease was modeled 
using the Bingham rheological model. The 
rheological parameters were determined at 
20°C using a Brookfield viscosimeter. Following 
values are obtained:  

- Yield stress = 1573 Pa  
- Dynamic viscosity = 1.2721 Pa·s. 
 

4. RESULTS 
 
For a measured roughness of the bearing 

surface and a yield stress of 1000Mpa of the 
material, the maximal textured area density 
obtained from the theoretical model is 25%. 
The plain bearing was produced with a 
textured area density of 10%. 

The measured coefficient of friction for an 
oscilating motion having a total time of 1800s 
is presented in Figure 10. Only a fraction of the 
time is represented due to a more clear 
representation. 

We obtain a mean value for the coefficient 
of friction of 0.1659 for the untextured sample 
and 0.1586 for the textured sample. 
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Figure 10. Friction coefficient (F=100N, 

vmax=2mm/s) 
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Figure 11. Friction coefficient (F=150N, 

vmax=2mm/s) 

We obtain a mean value for the coefficient 
of friction of 0.150 for the untextured sample 
and 0.149 for the textured sample. 

 
5. CONCLUSIONS 

 
The theoretical model presented in the 

article can predict the maximal textured area 
fraction of the textured surface in order to 
have optimal lubrication. 

Laser surface texturing proves to be a fast 
and reliable method to texture plain and 
cylindrical surfaces. The experimental tests 
showed that the friction coefficient is slightly 
lower in the case of textured surface for the 
applied pressure. Further tests are needed 
with an increased pressure and different 
materials in order to make a deeper 
investigation. 
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Abstract: Slideway oils have application in many industry branches, in all sliding parts, spindles for 
transferring work shift, moderately loaded worm gears, and all types of rails, linear and circular, and 
vertical and horizontal slideways. In machines that are used for metalworking, slideway oils come in contact 
with various metalworking fluids (MWF). Because of that, chemical compatibility of slideway oils and 
metalworking fluids is very important for effective functioning of machines with slideways and for lifetime 
expectancy of slideway oil itself, and also for metalworking fluid. Compatibility of these two lubricants is 
determined by demulsivity property that is the ability of separation of oil from MWF. During the 
metalworking process, even if the demulsivity characteristics are good, water and oil separation doesn’t 
happen so fast, like in standing phase. 
Goal of this paper was to examine effects of different metalworking fluids formulations on antiwear 
characteristics of slideway oils. Most common viscosity grades of slideway oils are ISO VG 68 and ISO VG 
220. Oils in these viscosity grades are treated with three types of emulsions of different chemical 
composition prepared in concentrations, that is normally used in production and that can satisfy several 
types of metalworking. Emulsions are added in different percentages, in order to evaluate its effect on 
lubricating properties of slideway oils, via applied wear tests.  
This research shows which chemical type of metalworking fluid has unfavorable effect on antiwear 
properties of slideway oil and, at the same time, helps on choosing the type of lubricant. 
 
Keywords: slideway oils, machine tool, metalworking fluids, emulsion, demulsivity, 4 ball wear 

 
1. INTRODUCTION 

 
Industry term „slideway“is associated with 

parts of metalworking machine that are called 
machine tools. Machine tools are made up of a 
number of elements, devices and mechanisms. 
Integral parts of machine tools are sliding 
surfaces, called slideways. During operation of 
the machine in production conditions, lead 
sliding surfaces where metalworking tool 
carrier is sliding, are intensely worn out. The 

intensity of wear of leading slideways may be 
affected by many factors. One can single out 
external effects that influences wear, and 
influence of composition and quality of 
materials they are made of. [1] 

That's why a good choice of slideway 
lubricant is very important because it can 
affect productivity of machine tools that are 
used in various metalworking processes. 
Lubricating greases are used only in some 
places, while lubricating oils have wider 
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application. Slideway oil has great impact on 
production capability and precision of 
metalworking. 

In machines that are used for metalworking, 
slideway oils come in contact with various 
metalworking fluids. Because of that, chemical 
compatibility of slideway oils and 
metalworking fluids is very important for 
effective functioning of machines with 
slideways and for lifetime expectancy of 
slideway oil itself, and also for metalworking 
fluid.  

Quality of machined parts depends also on 
the movement of machine tool, respectively 
on the condition of slideway. If the friction is 
on minimized on the slideway, tool won’t work 
correctly and the productivity will be 
decreased in the end, resulting in badly 
processed parts. Often mentioned stick-slip 
phenomenon on the slideway system can 
cause movements with twitching and stuck. [2] 

Slideway oils have application in many 
industry branches. Large consumption is in the 
following branches of industry: automobile, 
food, beverage, packaging, and considerable 
amount are spent in small workshops. Market 
analyses showed that the most common 
viscosity grade is ISO VG-68, especially with 
numerous mobile and industrial applications, 
mostly with horizontal slideways. Then follows 
the ISO VS-220 gradation, that is used with 
heavily loaded horizontal and vertical 
slideways. [3]  

On domestic and markets of wider region, 
also the most common gradations are VG-68 
and VG-220. 

 Many researchers have tested the effect 
on quality and longevity of use of 
metalworking fluid itself, when there is 
contact with slideway oils. Some of them done 
research to what extend and at what 
characteristics affects coolant and lubricant in 
machining process, on lubricant itself and on 
slideway oil.  

Researchers Mohan C., Gopalakrishna and 
authors, in paper „Coolant lubricity and 
coolant-lube compatibility with regard to 
slideway behavior“, tested the effect of mixing 
these two lubricants, done demulgivity 

characteristics and the effect on tribological 
characteristics of slideway oil. [4]   

 
2. EXPERIMENTAL WORK 

 

Idea for this research came from need to 
get the information at which type of water 
miscible metalworking fluid has the greatest 
effect on degradation of slideway oils 
functional characteristics. 
Lubricating oils for slideways that were used in 
this test fulfill these standards/specifications: 
ISO 6743/4 HG, CINCINNATI-MACHINE: P-47 
(VG 68), P-50(VG 220), ISO 11158 HG (VG 68),  
ISO 6743/13 (VG 220) i ISO 19378 G-A (VG 
220). [5] 

Basic characteristics of slideway oil, whose 
values fulfill demands of afore mentioned 
specifications are:  

- ensuring the continuity of the oil film 
and good adhesion to the sliding surface 

- low static and dynamic friction 
coefficient, ensuring great antiwear 
protection, including work under extreme 
pressures 

- avoiding stick-slip phenomenon 
- excellent corrosion protection  
- good compatibility with hydraulic oils 

and with all net cutting oils 
- good chemical compatibility with all 

watersoluble metalworking fluids that are 
used as a coolant and lubricant during 
metalworking process 

- good demulsivity characteristics with 
watermiscible metalworking fluids  

- good compatibility with all machine 
tools, including materials they are build of and 
colors and [6] 

Slideway oil samples of ISO VG-68 and ISO 
VG-220 viscosity grades are prepared 
according to formulations listed in table 1. One 
formulation that was in use at large number of 
consumers was chosen. 

In both gradations the same additive 
package based on sulfur, phosphorus and 
nitrogen was used, which provides the 
completion of all the characteristics required 
by the aforementioned specifications. In order 
to ensure good adhesion of slideway oil to the 
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sliding surface, a specially designed polymer 
was added.  By chemical composition it is 
polyisobutilen. It affects the improvement of 
adhesion and continuity of the lubricant film 
during the movement of the slideway. It also 
affects the demulsibility characteristics, is 
water-repellent or act by not allowing easy 
mixing with the water-soluble agents. 

 
Table 1. Slideway oils formulations ISO VG-68 and 
ISO VG-220 

 ISO VG 
68, % 

ISO VG 
220, % 

Base oil 1 35 40 
Base oil 2 62,9 - 
Base oil 3 - 57,9 
Additive 
package 

1,8 1,8 

Tackiness 
additive 0,3 0,3 

 
Table 2. Slideway oils characteristics ISO VG 68 i 
ISO VG 220 

 ISO VG-
68 

ISO VG-
220 

Characteristics and 
testing method Result Result 

Viscosity at 40 [OC], 
mm2/s,  
ASTM D 7042:2014 

68,24 212,6 

Viscosity at 100 [OC], 
mm2/s, ASTM D 
7042:2014 

8,11 18,4 

Flash point,  [OC], ISO 
2592:2002 246 282 

Demulsivity at 54 [OC] 
at 82 [OC] 
(oil:water: emulsion), 
[mL], [minutes],  
ISO 6614:2000 

40:40:0(0)  
40:40:0(5) 

Corrosion on Cu 
3h/100, [OC], stage,  
ASTM D 130:2004 

1a 1b 

 
Base oils that are in both formulations are 

combined from three oil gradations so desired 
viscosity is achieved. Base oils marked in Table 
1., with 1 and 3 are manufactured by solvent 
neutral technology by renowned 
manufacturers, and base oil marked with 2, is 

manufactured by hydrockracking technology in 
domestic oil refinery. 

Basic characteristics of slideway oils 
prepared for this research, ISO VG 68 and ISO 
VG 220 are shown in Table 2.  

Classification of watermiscible 
metalworking fluids was done by ISO 6743/7 L-
M, when mixed with water, they give: 

- fully synthetic solutions, whose 
concentrates don’t contain oil 

- semi-synthetic solutions, whose 
concentrates contain 40-50% oil 

- oil based emulsions, whose 
concentrates contain 60-85% of mineral oil  

Every one of three types of MWF’s is used 
in processing, so their water solutions come 
into contact with slideway oils.  

For the purposes of the tests of each type 
of fluid are chosen formulations, which meet 
the following standards: ISO 6743/7: L-MAH, L-
MAF and L-MAB. [7] 

Fully synthetic fluid, type I, was formulated 
based on biodegradable alkanolamines, 
polyalkyl glycols, boric acid, biocides, 
antifoaming agent and water. Depending on 
the type of processing of steel and lightweight 
non-ferrous metal, the concentration of 
aqueous solutions is determined for drilling, 
grinding, turning, milling, threading. Particles 
sizes of transparent aqueous solution are 0,01-
0,1  [µm]. 

Semi-synthetic type II MWF with water 
gives a semi-transparent micro-emulsion, with 
particle size 0,1-1 [µm],  which are used for 
cooling and lubrication of tools for operations 
of drilling, turning, milling, and thread cutting. 
It contains emulsifiers, stabilizers, biocides, 
mineral oil, water and additives to improve 
lubricity. 

Type III is the oil-based water soluble MWF, 
in an amount of about 70%, doesn’t contain 
water, has added emulsifier, additives for 
improving the lubricity, inhibitors and biocides. 
With water it gives milky emulsions with 
particle size of 1-10 [µm], for a wide range of 
treatment at drilling operations and abrasion. 

 Of the concentrate of each type of MWF 
are blended with water in 5% concentrations, 
which are commonly used in a number of 
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different metal processing operations with 
users that use slideway oils produced 
according to the described formulations.  

Testing the impact of MWF on slideway oils 
in this study was first conducted through 
demulsivity tests. Used test was developed by 
additives manufacturers in this area of 
lubricants in cooperation with tribology 
laboratory „SKC Gleitechnik“ in Roedental, 
Germany. 

This demulsivity test simulates situation 
where MWF comes in contact with slideway oil 
and in that way it contaminates it. Test is 
carried at room temperature. In a 10 mL 
graduated cylinder slideway oil and the 
aqueous solution of MWF is poured in a ratio 
of 80:20 (oil: aqueous solution of MWF), and 8 
mL of slideway oil with 2 mL of an aqueous 
solution of MWF. After mixing for 30 seconds 
for ISO VG-68 and 60 seconds for ISO VG-220, 
separation is visually estimated. The first 
assessment is after 1 hour, the second after 
one day and the third after 7 days. [8]  

If the test results of demulsibility after 
assessment after one hour are bad, it is 
assumed that this will have an impact on the 
anti-wear properties of the oil. 

In the Figure 1. are shown mixtures (by 
modified method for demulsibility test „SKC 
Gleitechnik“) after mixing of slideway oil ISO 
VG-68 with 5 % MWF: synthetic, semi-
synthetic and oil emulsions. 

In the Figure 2. are shown mixtures of ISO 
VG-220 with same emulsion types. The 
photographs were taken after 10 minutes of 
mixing of the two lubricants. 

 

 
Figure 1. Photograph of mixture ISO VG-68 with 5 
% synthetic, semi-synthetic and oil emulsion, after 

10 minutes of standstill 

In the photographs shown in Figures 1. and 
Figures 2. it is evident that after the standstill 
of the mixture for about ten minutes oil and 

aqueous phases do not separate. Only after a 
rest time of an hour phase separation occurs, 
as shown in Figure 3. With mixture of both oil 
gradations with oil emulsion there is less 
separated water. This can be explained by a 
greater share of the emulsifier in the oil 
emulsion, which emulsifies water and oil 
phase during that time. 

Semi-synthetic emulsion also contains an 
emulsifier and the content of separated water 
is noticeable in both gradations. In blends with 
synthetic emulsion content of the separated 
aqueous phase is greatest. It is favorable when 
operating processing machines that use 
synthetic emulsions that are mixed with 
slideway oils.  

 

 
Figure 2. Photograph of mixture ISO VG-220 with 5 
% synthetic, semi-synthetic and oil emulsion, after 

10 minutes of standstill 

 
 

 
Figure 3. Photograph of mixture ISO VG-68 (left) 

and VG-220 (right) with 5 % synthetic, semi-
synthetic and oil emulsion, after one hour of 

standstill 

Figure 4. shows the photographs of the 
condition of the same blend made after seven 
days. Only during the rest phase of the 
mixtures a better separation of the oil and 
aqueous phases will occur. In mixtures of 
gradation 68 with all three types of emulsions 
in standstill is separated more oil part than at 
VG-220, which is usual for lighter oil 
gradations. A mixture of VG-220 with oil 
emulsion has less separated water, which can 
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be interpreted as stronger influence of 
emulsifiers in heavier gradation. 

 

 
Figure 4. Photograph of mixture ISO VG-68 (left) 

and VG-220 (right) with 5 % synthetic, semi-
synthetic and oil emulsion, after seven days of 

standstill 

Since during the metal processing mixing of 
the lubricant happens continuously, in 
addition to good demulsibility characteristics 
of slideway oils, during operation may be 
difficult to separate the phases, which is 
illustrated in Figure 1. 

To research the influence of mixing of those 
two lubricants on the antiwear properties, the 
series of tests was performed where in 
different percentages in slideway oil was 
added 5% emulsion of each type of MWF. 

Wear tests were made using two apparatus, 
Reichert’s balance and Four Ball Machine. 

Reichert’s balance is apparatus by which is 
determined how the lubricant layer tolerates 
specific pressure occurring between the 
contact surfaces of metals. The basic element 
of the test device consists of a roller and the 
ring. The roller is static, and the ring is dynamic 
element. Lubrication of tested elements is 
achieved in such way that the ring is partially 
submerged in the tested lubricant and during 
rotation it carries away part of lubricant. 
Testing is done up to 100 [m] of sliding path of 
a ring with constant strain on tested elements,  
150 [N]. On the test roller remain traces of 
wear in the form of an ellipse. The size of the 
wear in [mm2] is recorded as test result on 
Reichert’s balance. Calculation from surface 
wear gives specific ground pressure, in 
[N/mm2]. [9]  

The test result is better when the surface of 
wear is smaller, because it means that the 
specific surface pressure lubricant can endure 
is higher. [10] 

The test conditions on Reichert’s balance 
and characteristics of the apparatus at which 

the samples are tested and the determination 
of the wear surfaces are: 

- amounts of liquid and temperature: 75 
[mL], room, about 21 [oC] 

- probes: ring and the roller 
- material of the ring and roller: alloy 

steel (HRC 61-63) 
- type of friction: sliding friction 
- sliding speed: 1,70 [ m/s], [900 o/minut] 
- load: 150 [N] 
- duration of the test: 100 [m] 

movement of the track, about 1 [minute] 
- measured quantity: wear surface 

[mm2]; uniform movement noise, [m]; specific 
ground pressure, [N/mm2]; [11] 

Wear test was done by method ASTM D 
4172, Four Ball Method. Because of present 
water in samples, the testing was done at 
room temperature. 

Testing conditions were as followed: 
- Speed: 1200 o/min ± 60 o/min 
- Duration of the test: 50 min ± 1 min 
- Load: 400 N ±  20 N 
 

Table 3. Tribological characteristics of mixures of 
ISO VG-68 with different percentage of synthetic 
emulsion 

Characteristics 
Ratio of 5 [%] synthetic emulsion 

in VG-68, [%] 
0 20 30 50 100 

Scar diameter 
[mm] 0,40 0,58 0,86 1,00 - 

Scar 
area,[mm2] 7,22 7,86 8,83 15,11 17,86 

Specific 
surface 
pressure, 
[N/mm2] 

41,55 38,16 33,97 19,85 16,79 

  
Results of tribological tests of mixtures of 

slideway oils VG-68 (Table 3.) and VG-220 
(Table 4.) with synthetic emulsions are 
obtained by measuring the scar diameter wih 
Four Ball Method, and with wear test on 
Reichert’s balance we measured the Scar 
area. Specific surface pressure values are 
obtained by calculations. In Tables 5. and 6. 
are shown test results of thonse tests for 
mixtures ISO VG-68 and ISO VG-220 with 
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semisynthetic emulsions, and in Tables 7. and 
8. with oil emulsions. 

 
Table 4. Tribological characteristics of mixures of 
ISO VG-220 with different percentage of synthetic 
emulsion 

Characteristics 
Ratio of 5 [%] synthetic emulsion 

in KS-220, [%] 
0 20 30 50 100 

Scar diameter 
[mm] 0,37 0,65 0,72 1,00 - 

Scar 
area,[mm2] 3,34 6,70 7,85 10,59 17,86 

Specific 
surface 
pressure, 
[N/mm2] 

89,82 44,77 38,21 28,32 16,79 

 
Table 5. Tribological characteristics of mixures of 
VG-68 with different percentage of semi-synthetic 
emulsion 

Characteristics 
Ratio of 5 [%]semi-synthetic 

emulsion  in KS-68, [%] 
0 20 30 50 100 

Scar diameter 
[mm] 0,40 0,57 0,88 0,97 - 

Scar 
area,[mm2] 7,22 7,33 10,53 11,23  16,41 

Specific 
surface 
pressure, 
[N/mm2] 

41,55 40,92 28,49 26,71 18,28 

 
Table 6. Tribological characteristics of mixures of 
VG-220 with different percentage of semi-
synthetic emulsion 

Characteristics 
Ratio of 5 [%]semi-synthetic 

emulsion  in KS-220, [%] 
0 20 30 50 100 

Scar diameter 
[mm] 0,37 0,59 0,80 0,95 - 

Scar 
area,[mm2] 3,34 3,57 5,88 7,7 16,41 

Specific 
surface 
pressure, 
[N/mm2] 

89,82 84,03 51,02 38,96 18,28 

 

Table 7. Tribological characteristics of mixures of 
VG-68 with different percentage of oil based  
emulsion 

Characteristics 
Ratio of 5 [%] oil based emulsion 

in KS-68, [%] 
0 10 30 50 100 

Scar diameter 
[mm] 0,40 0,53 0,80 0,98 - 

Scar 
area,[mm2] 7,22 5,88 6,04 6,91 14,30 

Specific 
surface 
pressure, 
[N/mm2] 

41,55 51,02 49,66 43,41 20,97 

 
Table 8. Tribological characteristics of mixures of 
VG-220  with different percentage of oil based 
emulsion 

Characteristics 
Ratio of 5 [%] oil based emulsion 

in KS-220, [%] 
0 10 30 50 100 

Scar diameter 
[mm] 0,37 0,53 0,76 0,80 - 

Scar 
area,[mm2] 3,34 4,53 4,71 5,18 14,30 

Specific 
surface 
pressure, 
[N/mm2] 

89,82 66,22 63,69 57,91 20,97 

 

 
Figure 5. Specific surface pressure, comparison of 
mixture of slideway oil ISO VG-68 and ISO VG-220, 

with different percentage of synthetic emulsion 

Figure 5. shows comparison of the value of 
the specific surface pressure of a mixture of 
two oil grades with different amount of 
synthetic emulsion.  
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Figure 6. Specific surface pressure, comparison of 
mixture of slideway oil ISO VG-68 and ISO VG-220, 

with different percentage of semi-synthetic 
emulsion 

Figure 6. presents a comparison of the 
value of the specific surface pressure of the 
mixture of two grades semi-synthetic 
emulsion, and in Figure 7., with a mixture of 
oil-based emulsion.  

 
Figure 7. Specific surface pressure, comparison of 
mixture of slideway oil ISO VG-68 and ISO VG-220, 
with different percentage of oil based emulsions 

Gradation ISO VG-220 compared to the VG-
68 in all mixtures with all three types of 
emulsion can bear greater loads. Higher 
gradation oils have better adhesion and 
continuity of the lubricant film on the surface 
that is lubricated. This feature allows the 
submission of larger loads, even in situations 
where it is mixed with MWF. 
Wear scar diameter value of mixture of 
slideway oil ISO VG-68 with a different amount 
of synthetic, semisynthetic and oil emulsions 
are shown in Figure 8., and Figure 9. in a 
mixture with the ISO VG-220. 

 
Figure 8. Wear scar diameter, comparison of 

mixture of slideway oil ISO VG-68 and ISO VG-220, 
with different percentage of semi-synthetic 

emulsion 

It is evident that with the increase of MWF 
amount in slideway oil in both gradations 
there is an increase in wear. Participation of oil 
emulsions in VG-220 has the least effect on 
this characteristic. 

 
Figure 9. Wear scar diameter of mixture of 

slideway oil ISO VG-220 with different percentage 
of synthetic, semi-synthetic and oil based 

emulsions 

 
Figure 10. Wear scar area of mixture of slideway 

oil ISO VG-68 with different percentage of 
synthetic, semi-synthetic and oil based emulsions 
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Wear scar area characteristic with VG 68 
(Figure 10.)  and VG-220 (Figure 11.) is only 
slightly degraded in mixture with synthetic 
emulsion, especially with VG 68. 
 

 
Figure 11. Wear scar area of mixture of slideway 

oil ISO VG-220 with different percentage of 
synthetic, semi-synthetic and oil based emulsions 

 
Figure 12. Specific surface pressure of mixture of 

slideway oil ISO VG-68 with different percentage of 
synthetic, semi-synthetic and oil based emulsions 

 
Figure 13. Specific surface pressure of mixture of 

slideway oil ISO VG-220 with different percentage of 
synthetic, semi-synthetic and oil based emulsions 

Figure 12. shows comparison of specific 
surface pressure of slideway oil ISO VG-68 with 
a different amount of synthetic, semisynthetic 

and oil emulsions. Based on the results it can be 
seen that synthetic and semi-synthetic 
emulsion influence the reduction of specific 
surface pressure. The amount of oil emulsions 
in that gradation gave a bit higher values, which 
can be interpreted by the synergistic action of 
AW and EP additives in this type of MWF and 
better wetting of rollers during the test. 
     Figure 13. shows a comparison of specific 
surface pressure of mixture of slideway oil ISO 
VG-220 with a different amount of synthetic, 
semisynthetic and oil emulsions. Semisynthetic 
emulsions only in the case of participation of 
20% has less affect on this characteristic. Oil 
emulsion added in different percentages in 
this oil grade has the least impact, while 
synthetic emulsion has the greatest impact on 
reducing the specific surface pressure. 
 
3. CONCLUSION  
 

This research showed that with 
demulsibility and wear tests by two methods, 
one can obtain results on which type of MWF 
due to mixing has greatest effect on functional 
characteristics of two most common 
gradations of slideway oils.  

Demulsibility characteristics of the mixtures 
are worse in higher grades of slideway oils, but 
the effect on tribological characteristics is 
lower. 
     These data are significant in setting the 
demulsibility characteristics of slideway oils by 
adding a demulsifier.  
     Using the wear test results, we have 
learned that the greatest harmful affect on 
anti-wear properties have synthetic emulsions. 
They have better cooling and inhibition 
features, but have poorer lubricating function. 
Semisynthetic emulsions have a slightly lower 
effect on the anti-wear properties. 
     Oil emulsions are richer in their 
composition and have the least impact on the 
anti-wear properties. 
     The study of influence of three different 
types of emulsions on slideway oils yielded a 
series of results useful for manufacturers of 
both groups of lubricant, but also for 
consumers. 

15th International Conference on Tribology – Serbiatrib ‘17 447



 

 

     Lubricant formulations of samples selected 
for testing in this study are in use as a 
commercial product with many users. Their 
behavior was tested in exploitation conditions. 
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Abstract: The article describes the influence of the geo-modifiers of friction on the antiwear properties of 
greases and gear oils. Geo-modifiers of friction are the fine powders of mineral materials. This work is 
directed on the investigation the influence of the geo-modifiers of friction in the form of the hard lubricant 
compositions, which based on a mineral serpentine, on the anti-wear properties of greases and gear oils. 
This composition is the fine powder serpentine with the addition of components such as chalk, borax, kaolin 
and talc. We compared the antiwear properties of the greases without geo-modifiers of friction and the 
antiwear properties of greases containing the geo-modifiers of friction from 0.5% to 3%. The Litol-24 and 
transmission oil TAD-17 was used for testihg. The four-ball machine of friction was used for tests accordance 
with GOST 9490-75. As geo-modifiers the serpentine was used, the fraction of which has a size from 0.87 
microns to 2.2 microns. Such parameter as the wear scar diameter was used for evaluation of the antiwear 
properties of lubricants.  
As a result of tests it was established that the antiwear greases properties improved on 26-50% depending 
on the concentration of the geo-modifiers of friction based on the pure serpentine. 
 
Keywords: greases, gear oils, geo-modifiers of friction, antiwear properties. 

 
 
1. INTRODUCTION 
 

Geo-modifiers of friction are natural 
minerals that are added to lubricants to 
improve their tribological properties, in 
particular anti-wear properties. In the early 
90s of the last century it was established that 
the minerals of the serpentinite group possess 
the best tribological properties among a lot of 
rocks [1]. 

Many studies [2-8] indicated an increase of 
a wear resistance of friction units when the 
friction geo-modifiers type of serpentinite was 
added to the lubricant. However, the 
tribological properties of the lubricant 

composition depend on a chemical 
composition and a structure of serpentinite. 
Since serpentinite as the rock usually contains 
up to 45% -50% of serpentine, and the rest 7-8% 
of magnetite, up to 10% of aluminosilicates, 
titanium oxides, calcium (basalts) and silica. 
Many natural serpentinites are unsuitable for 
the production of additives to lubricants due 
to the increased content of abrasives such as 
SiO2. The use the unknown composition of 
serpentinite can lead to a negative result [6]. 

Breki [2] investigated the effect of 
nanosized serpentinite on the tribological 
properties of aviation oil MS-20. He showed 
that nanosized serpentinite increases the 
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ultimate load capacity of the lubricating layer 
by 11-20%, reduces the wear spot by 15-33%, 
reduces the boundary friction by 26-41% 
relative to the MS-20 oil, which does not 
contain additives. The author also showed that 
a mass concentration of serpentinite 1-2% in 
the oil MS-20 provides the lowest values of the 
wear scar diameter. However, the work does 
not provide information about the 
composition of used serpentinite. 

Nigmatullin et al. [3] investigated the effect 
of serpentine on the tribological properties of 
oxidized lubricants. Serpentine produced in the 
Republic of Bashkortostan was used. The 
authors concluded that a self-assembled 
protective metal-ceramic coating (film), which 
is characteristic of selective transfer (the effect 
of non-weariness), is formed on iron-
containing friction surfaces when serpentine is 
added to an oxidized lubricant (industrial grade 
I-40 oil, compressor oil KS-19). Lubricating 
composition of oxidized oil KS-19 with the 
addition of serpentine (0.3%) and MnO2 (0.05%) 
ensures the greatest efficiency of the friction 
units. The wear scar diameter is reduced by 40% 
when testing the lubricant composition on the 
four-ball friction machine. The authors also 
note an increase in the microhardness of the 
friction surface. Unfortunately, there is also no 
information about the structure of serpentine. 

Medvedev et al. [4] investigated the effect 
of the particle size of serpentinite on the anti-
wear properties of Litol-24 grease. The authors 
concluded that particle size of 1 µm does not 
have a positive influence on the antiwear 
properties of the lubricating composition. The 
anti-wear properties of the composition with 
particle serpentinite sizes 10 μm and 30 μm 
begin to appear at low concentrations. In [5], 
the authors studied the effect of a mixture of 
talc and serpentinite on the anti-wear 
properties of the grease plastic Litol-24. The 
particle serpentinite sizes were 10 μm, talc 
was 15 μm. The total mass concentration of 
the mixture was 10%. The authors showed 
that when the mixture of serpentinite and talc 
was added to the grease, the antiwear 
properties of the base lubricant are improved. 
In this case, the wear scar diameter depends 

on the ratio of talc and serpentinite. The best 
results are achieved when the percentage of 
components in the mixture (talc relative to 
serpentinite) is 100% to 0%. Wear is slightly 
increased with the percentage of the mixture 
of talc-serpentinite 45/65%. 

Duradji et al. [7] investigated the effect of 
the antifriction antiwear lubricant composition 
based on the natural mineral of the 
serpentinite group. The authors presented the 
phase composition of the antifriction anti-
wear composition, in which 78-85% is 
serpentine Mg6[Si4O10](OH)8, the rest is 
additives and catalysts. The composition 
tested by the authors did not contain any 
abrasive particles, was chemically neutral, did 
not dissociate in oils, and did not change their 
viscosity. The authors investigated the 
tribological characteristics of the base plastic 
lubricants Litol-24, Solidol-G and others with 
the addition of the composition and showed 
that the friction coefficient is reduced in 1,5-2 
times, wear is significantly reduced, abrasive 
wear is observed with the serpentine 
concentration of more than 30%. Serpentine in 
engine oil M-10DM significantly improves the 
running-in of the internal combustion engine 
and does not lead to a change in the 
microstructure and microhardness of the 
friction surfaces. 

Skotnikova et al. [8] investigated the effect 
of minerals from the serpentinite group 
(antigorite, lizardite, chrysotile) on the 
antiwear properties of motor oils. The authors 
presented the dependences of the wear rate 
on the contact pressure and showed that the 
addition of the lizardite particles with sizes of 
3-5 µm in mineral engine oil leads to 
improvements in their antiwear properties, 
but degrades anti-wear properties of synthetic 
oil with a balanced additive package. However, 
the contact pressure at which wear begins is 
higher for the modified synthetic oil. 

This article presents the results of an 
experimental determination of the effect of 
friction on the basis of pure serpentine on the 
anti-wear properties of Litol-24 grease and 
TAD-17 gear oil. 
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2. GEO-MODIFIER OF FRICTION 
 

The study used a solid-lubricating 
composition "Zvezda-5" based on pure 
serpentine, which is a further development of 
the friction geo-modifiers described in [9]. 
Figure 1 shows the size of pure serpentine, 
and Table 1 shows the chemical composition. 
The measurements were performed using the 
HORIBA Laser Scattering Particle Size 
Distribution Analyzer LA-950 spectrometer at 
the Institute of Solid State Chemistry, Ural 
Branch of the Russian Academy of Sciences. 

 

 
Figure 1. Serpentine size 

Figure 1 shows that 90% of the particles 
have a diameter of 0.88 μm to 3.5 μm and 10% 
are particles with a diameter of 3.5 μm to 17.4 
μm. 

Table 1. Chemical composition of serpintine 

 O Mg Si Ca Fe 

Масса 
[%] 44.68 28.71 24.97 0.03 1.61 

Atom 
[%] 57.09 24.14 18.17 0.02 0.59 

 

 
Figure 2. The image of serpentine under a 

microscope 

The lubricating compositions were 
prepared for studies. One of them consisted of 
grease Litol-24 with the addition of geo-
modifiers of friction from 0.5% to 3% by 
weight. Another composition consisted of 
transmission oil TAD-17 with the addition of 
geo-modifiers of friction from 1% to 3%. The 
choice of these lubricants is due to their wide 
application. Lithol-24 is antifriction multi-
purpose waterproof grease. It is one of the 
most common in Russia. It is used for the main 
friction units of vehicles, industrial equipments, 
etc. TAD-17 is universal, mineral oil, which 
contains a multifunctional serophosphorus 
containing, depressant and antifoam additives. 
It is used to lubricate gears of cars, including 
conical and hypoid gears. 

 
3. EXPERIMENT AND RESULTS 
 

Antiwear properties of lubricants were 
evaluated on the four-ball friction machine 
(Fig.3) in accordance with GOST 9490-75. The 
principle of operation of four-ball friction 
machine is well described in the literature. 

The anti-wear properties of the TAD-17 
gear oil were additionally evaluated in 
accordance with the guidelines [10]. 
Dependence of the wear rate on the contact 
pressure for pure TAD-17 oil and for the 
lubricant composition TAD-17 with the 
addition of 3% the geo-modifiers of friction 
were constructed after the processing of the 
measurement results. 

 
Figure 3. The Four ball tribometer 
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Litol-24 grease compositions were tested at 
a load of 196 N, but lubricants based on TAD-
17 gear oil were tested at 392 N load. The test 
duration was a one hour, the test temperature 
was 20 ° C. After the end of the tests with the 
help of a microscope the value of the wear 
scar diameter of the lower balls was evaluated. 

Figures 4, 5 show the measurement results 
of the mean wear scar diameter (MWSD). 
Figures 6, 7 show dependence of the wear rate 
on the contact pressure and on the time. 

 
Figure 4. Mean wear scar diameter at different 
concentrations of the geo-modifiers of friction 

(Litol-24 lubricant) 

 
Figure 5. Mean wear scar diameter at different 
concentrations of the geo-modifiers of friction 

(TAD-17 gear oil) 

 
1 - TAD-17 oil; 2 - TAD-17 oil + 3% of the geo-modifiers of friction 

Figure 6. Dependence of the wear rate on the 
contact pressure 

 
1 - TAD-17 oil; 2 - TAD-17 oil + 3% of the geo-modifiers of friction 

Figure 7. Dependence of the wear rate on the 
time 

4. CONCLUSION 
 

The results of experimental studies allow us 
to draw the following conclusions: 

1. The geo-modifiers of friction based on 
pure serpentine with the particle size of 0.88 
μm to 3.5 μm significantly increases the 
antiwear properties of Lithol-24 grease. The 
wear scar diameter is reduced by 26-50%. 

2. The geo-modifiers of friction (3% by 
weight) in the gear oil TAD-17 increases the 
wear scar diameter from 2.3% to 12.0%. 
However, the wear rate decreases more 
quickly. This fact indicates a decline in the 
running time of the friction unit. 
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Abstract: Vegetable oil from non-edible materials is a promising alternative to fossils fuels in terms of 
environmental pollution and rapid depletion of world fossil fuel reserves. In this study, Jatropha Caurcas 
seed oil was produced using the Soxhlet apparatus and tests on the oil quality and suitability for turning 
operation of mild steel was carried out. Properties evaluated includes: absolute viscosity, kinematic viscosity, 
cloud point, density, flash point, pour point, iodine value, saponification value and free fatty acid value. A 
series of evaluations were also carried out to investigate chip thickness ratio, surface finish and temperature 
during the turning of mild steel. The free fatty acid value was obtained to be 8.742%. The experimental 
results obtained for the properties of the fluid in terms of oil quality and suitability during the turning 
operation showed that using Jatropha oil as a lubricant for machining operations for mild steel is a quite 
promising approach. 
 
Keywords: Biolubricant, Jatropha oil, mild steel, turning operations, free fatty acid. 

 
 
1. INTRODUCTION  

 
One of the most important aspects in metal 

cutting theory is turning operation as it leads 
to material removal using a single point tool 
from a work-piece to form a desired shape. 
Optimum selection of machining parameters 
and usage of cutting fluids significantly 
influence the tool life. It also leads to higher 
material removal and leading to surfaces with 
better finishing [1]. In addition to reducing or 
controlling friction, lubricants are usually 
expected to reduce wear and often to prevent 
overheating and corrosion. 

Lubricants have been classified based on 
their sources into two major categories; the 
mineral oil lubricant and the biolubricant [2]. 
The mineral oil lubricants are obtained from 

crude oil sources and are harmful to the 
environment and human life. Biolubricants are 
environmentally friendly because they are 
sulphur free [3,4]. Steel and aluminium 
machining operations use lubricants that are 
designed to tolerate high temperature, 
withstand severe vibration and shock. 
Lubricants have been synthesized from plant 
oils and other environmentally friendly 
sources which are referred to as biolubricants 
and these are primarily triglyceride esters 
derived from animals and plants. There is an 
increasing demand for environmentally 
compatible lubricants, particularly in areas 
where they can come into contact with water, 
food or people [5].  

Biolubricant possess lower volatility, higher 
flash/ fire points, less vapour emissions and oil 
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mist, and constant viscosity that makes them 
offer better safety. With regards to these, it is 
of great importance to search for non-edible 
seeds as bio-lubricants to reduce the cost of 
other available lubricants. When formulating 
the metal working oils, different compounds-
additives are used in order to improve 
lubricant properties [6]. 

This work is aimed at evaluating the 
performance of Jatropha Oil as a lubricant in 
turning operation of mild steel. The influence 
of the oils on surface roughness, and 
temperature was conducted by varying 
machining parameters. 
 
2. MATERIALS AND METHODS 

 
Thermo-physico-chemical properties of the 

crude oil samples are determined to know 
whether the oil samples could be used as base 
oil for biolubricant production. These 
properties are: absolute viscosity, kinematic 
viscosity, cloud point, density, flash point, pour 
point, iodine value, saponification value and 
free fatty acid value. 
 
2.1 Materials and Equipment 
 

The materials and equipment used 
includes: mechanical grinder, viscometer, 
lathe machine, polish, Infra-red gun 
thermometer, beakers, electric oven, Jatropha 
seeds, mild steel work-pieces, micro meter 
screw gauge, hexane, and sodium hydroxide. 

 
2.2 Biolubricant Synthesis 

 
The Jatropha Curcas seeds were sourced 

from National Research Institute for Chemical 
Technology (NARICT) Zaria, Kaduna State 
Nigeria. The seed kernels were ground using a 
mechanical grinder and defatted in a soxhlet 
apparatus using hexane. The extracted seed oil 
was stored in a freezer at -2 °C for subsequent 
physico-chemical analysis. 

Physico-chemical analysis of the Jatropha 
oil was carried using the ASTM standard in 
conformity with researches conducted by [2, 
7]. The lubricant was synthesized by 

transesterification of the methyl ester with 
ethylene glycol in 50 ml batches using 0.5 M 
Sodium methoxide (prepared simply by 
dissolving sodium in 30% methanol) as catalyst. 
The weight ratio of oil-to-methanol used was 
3.5:1, the amount of catalyst used was 0.8% 
w/w of the total reactants and the reaction 
was conducted at a temperature of 120°C for 
two hours thirty minutes (2hrs:30mins). 

 
2.3 Machining of Mild Steel 

 
The investigation of the performance of 

Jatropha oil was carried out using a turning 
operation was carried out using the centre 
lathe with speed range between 15 rpm and 
1000 rpm. During the machining operation, 
one quantity (feed rate, depth of cut) was 
selected and varied while others were kept 
constant. The chips produced were measured 
using micro meter screw gauge and the 
corresponding thickness was calculated using 
the chip thickness ratio formula in equation 1: 

 
 (1) 

 
During the operation, temperature was 

measured using infra-red gun thermometer 
while the surface roughness of the machined 
surfaces was determined using a surface 
comparison sample. 

 
2.4 Test Procedure 

 
Mild Steel was first machined using the 

biolubricant formed from Jatropha oil. Two 
different test procedures were carried out.  In 
the first case, the speed is kept constant at 
180 rpm and the depth of the cut at 2 mm 
while feed rate was varied between 0.35 
mm/rev to 3.5 mm/rev in a five step sequence. 
During the process, lubricants were applied 
directly to the tool work piece interface using 
a plastic can while the temperature variations 
were measured using an Infra- red gun 
thermometer. In the second case, the speed 
and the feed rate were kept at 370 rpm and 
0.5 mm/rev respectively and the depth of cut 
was varied between 0.5 mm and 2.5 mm in 
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steps of 0.50 mm. At the end of each of these 
processes, the chips formed as a result of 
machining were gathered and the thickness 
was evaluated using a micrometre screw 
gauge and surface generated on the work 
piece was evaluated for surface finishing in 
arithmetic mean (Ra) of roughness. The same 
procedure was carried out using soluble oil 
and readings recorded. The readings obtained 
from chip thickness was used to calculate the 
chip thickness ratio and recorded alongside 
the temperature and surface finish. 

 
3. RESULTS AND DISCUSSIONS 

 
In this section results observed were 

presented and discussed. 
 

3.1  Physico-Chemical  Properties of Jatropha 
Oil 

 
Table 1 gives the properties of the Jatropha 
Curcas oil. 

Table 1. Properties of the Jatropha Curcas oil 

Properties Value 

Absolute viscosity 40°C 66.74 cst 

Absolute viscosity 100°C 14.70 cst 

Kinematic viscosity 40°C 71.72 cst/g/ml 

Kinematic viscosity 100°C 16.475 cst/g/ml 

Cloud point -8 °C 

Density 40°C 0.925 g/ml 

Density 100°C 0.892 g/ml 

Flash point 240 °C 

Pour point 2 °C 

Iodine Value 40.23 % 

Saponification value 173.91 % 

Free fatty acid value 8.742 % 

 
From Table 1 it can be observed that the 

Jatropha oil can be used up to when a 
temperature of 240 °C is expected. This 
implies that the lubricant can be used for 
machining operations at low depth of cut.  

  

3.2  Effect of Lubricant on the Temperature 
 
Figure 1 and Figure 2 show the variation of 

temperature with the depth of cut and feed 
rate respectively.  
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Figure 1: Variation of Temperature with Depth of 
Cut 
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Figure 2. Variation of Temperature with Feed 
Rate 

 

It shows that the temperature increase as 
the depth of cut increases in both lubricants 
but it is higher in the Jatropha lubricant than 
the soluble oil given the same depth of cut. 
Cutting force decreases with increase in speed 
and that since the quantity of heat generated 
is a product of force and velocity, more heat 
will be generated as speed increases. This 
shows that the Jatropha oil lubricant is not a 
good heat dissipater and this increase in 
temperature with increase in depth is due to 
the increase of cutting forces. 
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3.3 Effect of Lubricant  on the Surface 
Roughness 
 

Figure 3 and Figure 4 show the 
variation of surface roughness with the 
depth of cut and feed rate respectively. 
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 Figure 3. Variation of Surface Roughness 

with Depth of Cut 
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  Figure 4. Variation of Surface Roughness 

with Feed Rate 
 

As cutting fluids reduces adhesion of 
workpiece to cutting tool i.e. it reduces the 
formation of built up edge which however 
protects the tool surfaces, work piece and 
lowers the cutting force required on machine 
parts.  Figure 3 and Figure 4 show that surface 
roughness increased with increase in depth of 
cut (Figure 3) and feed rate (Figure 4). This 
happens because higher feeds increase the 
cutting forces and temperature acting on the 
tool which in turn accelerates tool wear and 
hence affect the surface quality of the surface 
being machined.  

 

3.4 Effect of Lubricant  on the Chip Thickness 
Ratio 

 

Figure 5 and Figure 6 show the variation of 
chip thickness ratio with the depth of cut and 
feed rate respectively. 

0.5 1 1.5 2 2.5
0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

Depth of Cut (mm)

C
h
ip

 T
h
ic

k
n
e
s
s
 R

a
ti
o

 

 

Jatropha Lubricant

Soluble oil

 
  Figure 5. Variation of Chip Thickness Ratio 

with Depth of Cut 
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Figure 6. Variation of Chip Thickness Ratio 
with Feed Rate 

 
Chip thickness ratio increased gradually 

with depth of cut for both oils at the initial 
stage and decreased for jatropha lubricant 
before increasing again (see Figure 5). While 
with feed rate the chip thickness ratio 
decreases with increase of feed rate. Showing 
that jatropha biolubricant has a lower chip 
thickness ratio when compared with soluble 
oil( see Figure 6). The quality of these surfaces 
is as a result of formation of chip continously 
with no built up edge as the feed rate and 
depth of cut increases. 
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4. CONCLUSION  
 
Jatropha Curcas oil was extracted from the 

Jatropha seed using available equipment and 
procedures. The physical properties of the oil 
investigated found out to be: absolute 
viscosity at 100 °C (14.70 cst), kinematic 
viscosity at 100 °C (16.475 cst/g/ml), cloud 
point (-8 °C), density at 100 °C (0.893 g/ml), 
flash point (100 °C (14.70 cst), iodine value 
(40.23 %), saponification value (173.91 %) and 
free fatty acid value (8.74%). During the 
machining operation of mild steel under 
varying depth of cut and feed rate, the surface 
temperature, surface roughness and chip 
thickness ratio were investigated. It was 
observed that Jatropha lubricant gave a higher 
surface temperature but has a better surface 
finish than soluble oil. Therefore, when surface 
finish is of huge importance, Jatropha lubricant 
should be used instead of soluble oil. 
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Apstrakt: With the development of modern equipment that has improved performances, lubricating greases 
are set against increasingly strict requirements. The lubricating greases must meet technical and ecological 
requirements, but at the same time, they must be acceptable from an economical point of view.  
Regarding the composition, lubricating greases represents very complex group of lubricants, and are 
therefore very often subject of research by numerous reserchers and all of that is done for achieving better 
performances and application of new materials. 
Homogenisation represents very important step in greases production process because homogenisation 
gives grease with stable colloidal structure. Depending on the type of colloid mill, or a homogenizer, the size 
of the opening through which the action of the high pressure pushes the grease, the values of pressure and 
temperature, it is possible to obtain the desired grease consistency and structure stability. 
The goal of this paper is testing the effect of homogenization on rheological and other functional 
characteristic of greases. In this paper we used greases based on Li-soap, Al-complex greases, Li greases 
with solid additives and Li-greases for high temperature applicatios. For each type of grease are prescribed 
operating pressures at which process of homogenizaton is carried out. However, in case of changes in the 
composition of the raw materials it is necessary to investigate the influence of process variables on the 
quality of the product and to choose the optimal values. 
The paper studies the influence of pressure in industrial homogenizer on the characteristic of product. For 
performance testing we used methods for determination the penetration of lubricating grease using cone 
ISO 2137, dropping point BAS ISO 2176:1995 (E), extraction of oil from lubricating greases under static 
conditions ASTM D 1742. The results shows that the homogenization mostly affects the penetration and 
colloidal stability which also represents the most important characteristic of lubricating greases. 
 
Keywords: lubricating greases, lubricating greases production, homogenization, rheological characteristics, 
testing methods, working pressure, penetration. 
 

 
1. INTRODUCTION   
 

Lubricants market is experiencing constant 
changes. These changes, driven by the growing 
needs and expectations, put the lubricant 
manufacturers into increasingly greater 

challenges. They have to meet complex 
requirements and specifications that 
incorporate equipment manufacturers, at the 
same time adapting to the increasingly stricter 
global requirements. Industrial greases are 
one of the most important fluids extensively 
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used by the large variety of industrial branches. 
Their superior properties, durability, as well as 
availability are highly appreciated. Different 
types of greases are employed to protect 
equipment and machinery. Therefore, it is 
interesting to analyze the changes that occur, 
even during the manufacturing process, 
changing production parameters. 

This paper studies the influence of 
homogenization on functional characteristics 
of lubricating greases. All samples which are 
analyzed were taken directly from the 
production process. 
 
2. LUBRICATING GREASES  
 

To definition which gives American Society 
for Testing Materials, lubricating greases 
represents solid or semifluid lubricants that 
are obtained by dispersing thickener in base 
oil, with the addition of additives for 
improvement of certain characteristics. 

Lubricating grease contains:  
base oil (mineral, sinthetic, vegetable); the 

proportion of base oil;75-95 %;  
thickener (soap or  no-soap); the 

proportion of thickener:  5-19 %;  
additives (antioxidants, Aw and EP 

additives, additives for adhesion, corrosion 
inhibitors, friction modifier, and solid additive; 
the proportion of additives: 0-10 %. 

The relatively small volume that additives 
occupy in grease is a reminder of the power of 
these compounds and complexes impart to a 
recipe for a lubricating grease.  

Lubricating greases are used, when 
because of the construction solution liquid 
lubricant cannot be used, when constant 
presence of a lubricant on the lubrication 
place is required, because of high specific 
loads and lower speeds, and high 
temperatures. 

A skillfully formulated grease can bring to 
the user a host of good things. These include 
consistency, oxidative and thermal stability, 
corrosion resistance, structural stability, load-
carrying capability, low-temperature 
performance, high dropping point and 
elastomer compatibility.(14) 

Total global prduction of lubricating greases 
in 2016 years was 1,1 milion tons, what makes 
only 3% of total world production of lubricants. 
Production of lubricating greases in Europe 
makes 17 % of total world production of 
lubricants [2]. 
 
2.1 Purpose and characteristics of lubricating 
greases  

 
The main purpose of industrial greases is to 

minimize friction and wear between moving 
surfaces. A large number of greases currently 
available in the market are used in various 
element of rolling bearings. Lower quantities 
are used in plain bearings, gearboxes and on 
open gears. Normally, grease for a given 
industrial application is expected to provide 
adequate lubrication to reduce friction and to 
prevent harmful wear of bearing components. 
Simultaneosly, it protects surfaces in 
machinery against corrosion and acts as a seal 
that prevents access of dirt, moisture and 
water. Additionally, grease resists leakage, 
dripping or undesirable loss from the 
lubricated surfaces as well as intolerable 
change in structure or consistancy in the 
bearing especially during prolonged service. 
Nowdays, industrial grease have suitable 
physical characteristics adjusted to their 
application area. They are compatibile with 
seals and other types of construction materials 
in the lubricated portion of the mechanism to 
maximize the comfort of working and the 
overall performance. Advanced industrial 
grease tolerates even certain degree of 
contamination, for instance moisture, without 
loss of its characteristics. 

High quality and innovative greases are 
significantly driving down maintenance costs 
and increasing the equipment life as well as 
the whole production plant productivity. 
There is a general trend toward continuously 
improving the quality and performance of 
industrial greases as end users are more 
demanding. Simultaneously, advanced grease 
protect the equpiment and machines better, 
enhance the reliability of working parts and 
improve the profitability. Therefore, major 

460 15th International Conference on Tribology – Serbiatrib ‘17



 

trends and developments are related to the 
fact that often the choice and adaptation of 
greases for the right application can bring a 
huge challenge which needs to be addressed 
by manufaturers to meet the costumers 
needs [3]. 

 
2.2 Grease classification 

 
Greases can be classified and referred to in 

many ways, but the main way is by consistency 
or stiffness as specified by National Lubricating 
Grease Institute (NLGI) grade. NLGI grade 
expresses a measure of the relative hardness 
of a grease used for lubrication. 

NLGI's classification defines nine grades, 
each associated to a range of ASTM worked 
penetration values, measured using the test 
defined by standard ASTM D217 “cone 
penetration of lubricating grease”. 

The following table shows the NLGI 
classification and compares each grade with 
household products of similar consistency [4]. 

 
Table 1. Classification of lubricating greases by 
consistency 

NLGI 
NUMBER 

WORKED 
PENETRATION AT 

25 OC 
APPEREANCE 

000 445-475 FLUID 
00 400-430 SEMI-FLUID 
0 355-385 VERY SOFT 
1 310-340 SOFT 

2 265-295 NORMAL 
GREASE 

3 220-250 FIRM 
4 170-205 VERY FIRM 
5 130-160 HARD 
6 85-115 VERY HARD 

 
Grease also can be referred to by thickener 

type such as lithium, aluminium or calcium 
grease (Figure 1) [5]. 

They can be classified by base oil types 
such as synthetic, mineral or biobased (Figure 
2) [5]. 

Some classify grease by its ability to carry 
loads, whether it’s an EP or non EP grease or 
by its application such as food grade, wheel 
bearing grease or steel mill grease.  

 
Figure 1. Grease classification according to 

thickener type 

 
Figure 2.  Grease classification according to 

base oil usage. 
 
3. EXPERIMENTAL PART 
 

The samples for the experimental part 
were taken directly from the production 
process, and the samples of lubricating grease 
are tested in the accredited laboratory in Oil 
refinery Modrica. 

The production program includes grease 
based on Li soap, as they have multiple 
applications, greases based on Ca soap, Al 
complex greases and silica gel greases. 
 
3.1 Lubricatin grease production process 
 

In the domestic refinery we carried out 
batch production process of lubricating 
greases  in 3 reactors with mixers.  

The technological process was carried out 
in several phases. 
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First phase-base oil blending  
Base oil blending, or the preparation of a 

base, was carried out in the way that each oil 
by the pump was transfered in the tank where 
the oil blending is done. When all oil is 
transfered, they are mixed with compressed 
air and recirculation.  

Second phase-mixing and heating 
Production process start with preparation 

for the heating system. After that, the base is 
dosing into the reactor. With the beginning of 
dosing mixing starts. 

Third phase-component dosing 
When the base oil has reached a certain 

temperature, the soap is added. The melt was 
further heated to a temperature of 
110120 °C. Then, the second part of base is 
added. By adding the base, temperature in 
reactor drops for a few degrees. The reactor 
then was sealed and heating continues to the 
temperature above 200 °C.  After that, the 
furnace is turned off and the melt if stirred for 
10 more minutes. Then, cooling is turned on 
and the last part of base is added. During the 
addition of a base, mixing takes place 
continuously. Grease is left to cool with 
stirring, then mixers are turned off and grease 
is left for crystalization.  

Fourth phase-additive dosing 
After phase of crystalization, it continues 

with mixing and cooling until certain 
temperature when additive is added, after 
which it is necessary to mix for 2-3h in the 
reactor.  

Fifth phase-homogenization. 
Homogenization starts by turning on the 

homogeniser and discharging the batch in the 
funnel. Lubricating grease passes through the 
filter to the discharge of the pump and come 
up with a homogeniser. Tightening the nozzle 
pressure homogenizer suppression of the 
homogenizer nozzles should reach a value of 
100-300 bar, depending on the type of grease 
that is homogenized. Homogenized grease 
leads to funnel where in the circular flow 
venting of grease is done and over the two-
way valve dosed in the packaging in which it is 
packed. [6] 

 

3.2 Al complex grease production 
 
Al complex grease production is carried 

out on a specific way, in two phase. 
In the reactor, first is added dried base oil 

BU1, which is heated to a certain temperature. 
After reaching these conditions, heating is 
stopped and the soap is added, then it 
continues with mixing and further heating, 
then the acid is added and further continues 
with mixing.  

The second phase involves blending base 
oil BU2 and Al tri isopropoxide. It is necessary 
to mix well and add to the reactor. After the 
addition, strengthen the mixing and continue 
with heating. Saponification reactions starts at 
temperature of about 100 °C and it ends at 
temperature of about 140 °C. After reaching 
this temperature, mixer is turned off, and the 
sample was taken for visual control to check 
whether there has been a sublimation acid. In 
this phase, the sample should be 
homogeneous, transparent and that there are 
no particles of acid and no specific odor.  

After visual control of the sample, continue 
with heating and mixing until it reaches 
temperature below 200 °C. After reaching this 
temperature it is necessary to re-take a 
sample for a visual control. It should be 
homogenous and transparent.  

The coling is turning on and the melt is 
cooled to a temperature below 100 °C, when 
additives are added, exept the solid additives. 
By addition of the additives, mixing continues 
for 1-1,5h, and in the same time the grease is 
cooling.  

When the grease has additionaly cooled, 
solid additives are added, and the  mixing 
continues for around 1h. Then, the grease is 
homogenized. [6] 
 
3.3 The APV Manton-Gaulin Homogeniser 

 
APV Manton-Gaulin Homogeniser is 

basically a high pressure pump with a special 
homogenising valve assembly fitted to the 
discharge side of the machine. The machine 
consists essentially of a floor-standing base 
assembly which accommodates electric motor, 
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drive shaft, eccentric shaft, pistons, cylinder 
block and homogenising valves. 

An electric motor drives the triple-plunger 
pump through a multiple belt drive, the 
product is being drawn into the cylinder block 
from the supply line and then expelled at high 
pressure through the homogenising valves. 
Here the fluid is deflected by an impact ring at 
right angles to the flow and forced through a 
variable restriction which achieves the desired 
break-up of the fluid particles [7]. 

 
3.4 Methods for grease testing  

 
Determination of oil separation from 

lubricating grease under static conditions DIN 
51817:1998 

Oil separation is the appearance of a liquid 
fraction from an otherwise homogeneous 
lubricating composition. It is the quantity of oil 
in the initaial sample mass that separates from 
the lubricating grease under the static 
conditions and that was accumulated in the oil 
collecting beaker at the end of the test. 

A cylindrical test cell fitted with a conical 
wire mesh sieve is filled with the sample. After 
the surface of the sample is levelled off, a 
weight is placed on the sample. The pressure 
of the weight adds to the inherent pressure of 
the sample. 

In the standard test, a temperature of 
40 °C is maintained and the quantity of 
separated oil which has passed through the 
sieve is determined after a test period of 168 
hours (7 days). 

In the accelerated test, temperature of 
40 °C is maintained and the quantity of 
separated oil which has passed through the 
sieve is determined after a test perion od 18 
hours. 

The oil separation is calculated as the ratio 
of the mass of oil separated from the initial 
sample mass. [8] 
 
Determination of dropping point of lubricating 
grease ISO 2176:1995 

Dropping point is an indicator of the heat 
resistance of grease. As grease temperature 
increases, penetration increases until the 

grease liquefies and the desired consistency is 
lost. The dropping point is the temperature at 
which a grease becomes fluid enough to drip. 
The dropping point indicates the upper 
temperature limit at which a grease retains its 
structure, not the maximum temperature at 
which a grease may be used. 

Determination of dropping point is done by 
automatic device. The vessel is filled with 
sample and placed in a tray of cuvette. On the 
instrument you can set the parameters, the 
temperature to which it needs to be heated, 
and heating rate per minute. The sample in 
the cup is heated and the fall of the first drop 
on the sensor is read out as dropping point. 
After that, the device automatically starts with 
cooling and the result is dropping point. [9] 

The cone penetration of lubricating grease 
is determined at 25°C by releasing the cone 
assembly from the penetrometer and allowing 
the cone to drop for 5s, and measuring the 
extent of the penetration. 

Unworked penetrations are determined on 
test portions transferred with a minimum od 
disturbance to container suitable for test 
purposes. 

Worked penetrations are determined 
immediately after working the test portion for 
60 double strokes in a standard grease worker. 

Prolonged worked penetrations are 
determined on test portions for more than 60 
double strokes. [10] 
 
4. RESULTS AND DISCUSION  

 
Table 2 shows the composition of bases 

that were used in lubricant greases 
manufacturing process. 
 
Table 2. Base composition 

Component B1 B2 
Napht. 32% 30% 
Paraf. (VG 460) 38% 50% 
Paraf.  (VG 100 30% - 
Hydrocracked - 20% 

Paraffin based base oils are 
manufactured by known manufacturers by 
solvent neutral technology and are different 
by viscosity and VGC. 
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Hydrocracked base oil is produced in 
domestic refinery. Napthenic base oil is 
produced by hydrotreating process in 
production plant in world renowned company. 
They differ from paraffinic and have higher 
VGC values, which in base fluids combinations 
gives better solubility and thickener dispersion 
in greases manufacturing [11]. 

In order to evaluate the base oil solubility 
abbility you can use different parameters. In 
order to gain the information on base oil 
solubility abbility, regarding the components 
that need to be dissolved in base oil, VGC is 
calculated (Viscosity-Gravity Constant). VGC is 
dimensionless constant that is based on 
mathematicaly calculated values by viscosity 
and density by method ASTM D 2501. 

VGC constant shows the abbility of oil to 
dissolve other components, by evaluating the 
viscosity and chemical characteristics of oil, 
with reference to anilin point vaules and 
aromatic hydrocarbons content.[12]. 

Table 3. shows characteristic of base which 
are used for lubricating grease production. 
 
Table 3. Characteristic of base for grease 
production 

Characteristic B1 B2 
Viscosity at 40 °C, mm2/s 143,88 148,06 

Viscosity at 100 °C, mm2/s 13,12 14,04 
Viscosity index 81 90 
Flash point, °C 253 270 
Pour point, °C -14 -13 

Total acid number, 
mgKOH/g 0,006 0,014 

Cu corrosion, 3h, 100o C 1a 1a 
NOACK, volitality test, % 5,90 4,85 

RBOT, Oxidation test, min 70 60 
Aniline point 105 114 

Refractive index 1,49384 1,49044 
Specific gravity, kg/m3 898,0 891,9 
VGC(Viscosity-Gravity 

Constant) 0,828 0,817 

CA 7,00 5,79 
CP 45,65 45,64 
CN 47,35 48,57 

 

Table 4 and 5 shows test result for Li 
grease which contains 9% of soap and it is 
prepared with B1.  

Table 4. shows test results for grease at 50, 
100 bar i 150 bar. 

Table 4. Test results for grease at 50, 100 and 150 
bar 

CHARACTERISTIC 50  
bar 

100 
bar 

150 
bar 

Unworked 
penetration, 
mp, mm/10 

291 278 
 

257 

Worked 
penetration, 

mpw60, mm/10 
278 260 250 

Penetration 
mpw10

4, mm/10 266 266 265 

δw, %    
Dropping point oc 205 206 205 
Oil separation in 
static conditions, 
40oc, 7 dana; % 

6,8 5,9 4,38 

Oil separation in 
storage conditions, 

subjective 
evaluation, 
4 months 

- 

A bit of 
separate

d oil 
 

Higher 
gloss, 

possible 
separation 

 
Table 5. shows test result of greases at 
pressures of 200 bar, 250 bar i 300 bar. 
 
Table 5. Test result of greases at pressures of 200, 
250 and 300 bar 

 200 
bar 

250 
bar 

300 
bar 

Unworked 
penetration, 
mp, mm/10 

257 278 
 

257 

Worked 
penetration, 

mpw60, mm/10 
259 260 250 

Penetration 
mpw10

4, mm/10 257 266 265 

δw, % -   
Dropping point oc 206 206 205 

Oil separation 
 in static 

conditions, 40oc, 7 
dana; % 

2,28 5,9 4,38 

Oil separation in 
storage conditions, 

subjective 
evaluation, 
4 months 

No 
gloss 

A bit of 
separate

d oil 
 

Higher 
gloss, 

possible 
separation 

 

VGC base 1 is higher and it has lower 
aniline point, which is advantageous for 
dissolution and dispersion of soap, process is 
carried out at lower temperature and for 
shorter time. This base give NLGI 2-3. 
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From the results showed at Table 4 and 5 
can be seen that with increasing 
homogenization pressure, unworked as well as 
worked penetration are reduced, ie, harder 
greases are obtained. Big difference between 
unworked and worked penetration says that 
grease is not homogenized enough at 100 bar. 
It is enough to homogenize harder grease at 
pressure of 200 bar at our production 
conditions and with this type of soap. 

Homogenization does not affect dropping 
point, but significantly affects on oil separation 
in static conditions.  

Figure 3 graphically shows the results for 
unworked and worked penetration, and Figure 
4 graphically shows the results for the 
percentage of oil separation.  

 

 
Figure 3. Unworked/worked penetration according 

to pressure 
 

 
Figure 4. Oil separation according to pressure 
 
Table 6 and 7 shows test result for Li 

greases prepared with 9 % of soap and with 
base B2. Table 6 lists the test result for grease 
at pressure of 50 bar, 100 bar and 150 bar, 
while Table 7 shows the test results for grease 
at pressure of 200 bar, 250 bar abd 300 bar.  

Table 6. Test result for grease at 50, 100 and 150 
bar 

 50 
 bar 

100 
bar 

150  
bar 

Unworked 
penetration, 
mp, mm/10 

320 296 293 

Worked 
penetration, 

mpw60, mm/10 
315 298 289 

Penetration 
mpw10

4, mm/10 300 307 303 

δw, % - - - 
Dropping point oc 189 198 201 
Oil separation in 
static conditions, 
40oc, 7 dana; % 

10,5 9,89 7.9 

Oil separation in 
storage conditions, 

subjective 
evaluation, 4 mon 

Oil at 
surface 

A bit of 
separate

d oil 
 

Table 7. Test result for grease at 200, 250 and 300 
bar 

 200 
bar 

250 
bar 

300 
bar 

Unworked 
penetration, 
mp, mm/10 

290 282 287 

Worked 
penetration, 

mpw60, mm/10 
287 286 290 

Penetration 
mpw10

4, mm/10 305 296 303 

δw, % 6,27 3,5 4,48 
Dropping point oc 204 204 204 

Oil separation 
 in static 

conditions, 40oc, 7 
dana; % 

6,63 4,53 5,76 

Oil separation in 
storage conditions, 

subjective 
evaluation, 
3-4 months 

Higher 
gloss 

 
No No 

 
VGC of base is lower, has higher aniline 

point, which is worse for dissolving and 
dispersing the soap, so longer time and higher 
temperature are needed.  

From the results showed at Table 6 and 7 
can be noted that with increasing 
homogenization pressure, unworked as well as 
worked penetration are reduced, ie, harder 
greases are obtained. It is enough to 
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homogenize harder grease at pressure of 250 
bar at our production conditions and with this 
type of soap. At pressure of 300 slight 
degradation of grease happens. 

Homogenization does not affect dropping 
point, but significantly affects on oil separation 
in static conditions.  

Figure 5 graphically shows the results for 
unworked and worked penetration, and Figure 
6 graphically shows the results for the 
percentage of oil separation.  

 

 

Figure 5. Unworked/worked penetration according 
to pressure 

 

 
Figure 6. Oil sepation according to pressure 
 
Table 8 and 9 shows the test results for Li 

grease which contains 8 % of soap and it is 
prepared with a base B1. Table 8 presents the 
test results for grease at pressure of 50 and 
100 bar, while Table 9 gives the test results for 
grease at pressure of 200 and 300 bar. 

VGC base 1 is higher and it has lower 
aniline point, which is advantageous for 
dissolution and dispersion of soap, process is 
carried out at lower temperature and for 
shorter time. 

Table 8. Test results for grease at pressure of 50 
and 100 bar 

 50 
bar 

100 
bar 

Unworked penetration, 
mp, mm/10 308 299 

Worked penetration, mpw60, 
mm/10 305 295 

Penetration mpw10
4, mm/10 290 302 

δw, %   
Dropping point oc 198 200 

Oil separation 
 in static conditions, 40oc, 7 

dana; % 
9,1 6,19 

Oil separation in storage 
conditions, subjective 

evaluation, 
3-4 months 

Oil at 
surface 

Higher 
gloss 

 
Table 9. Test results for grease at pressure of 200 
and 300 bar 

 200 
bar 

300 
bar 

Unworked penetration, 
mp, mm/10 285 280 

Worked penetration, mpw60, 
mm/10 288 278 

Penetration mpw10
4, mm/10 292 290 

δw, % 1,39  
Dropping point oc 203 204 

Oil separation 
 in static conditions, 40oc, 7 

dana; % 
4,93 3,57 

Oil separation in storage 
conditions, subjective 

evaluation, 
3-4 months 

A bit of 
gloss Excellent  

 
In this case, soap from another batch was 

used. Every change in the formulation requires 
another production parameters, temperature, 
dissolution and dispergion speed and different 
homogenisation conditions. From the results 
showed at Table 8 and 9 can be seen that with 
increasing homogenization pressure unworked 
as well as worked penetration are reduced, ie, 
harder greases are obtained Homogenization 
does not affect dropping point, but 
significantly affects on oil separation in static 
conditions.  

Figure 7 graphically shows the results for 
unworked and worked penetration, and Figure 
8 graphically shows the results for the 
percentage of oil separation.  
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Figure 7.  Unworked/worked penetration 

according to pressure 

 
Figure 8. Oil separation according to pressure 

 
Aluminium complex greases 
 

Table 10 and 11 shows the test results for 
Al complex greases. Table 10 presents the test 
results for grease at pressure of 50 and 100 
bar, while Table 11 gives the test results for 
grease at pressure of 150 and 200 bar. 
 

Table 10. Test results for grease at pressure of 50 
bar and 100 bar 

 50 
bar 

100 
bar 

Unworked penetration, 
mp, mm/10 438 404 

Worked penetration, mpw60, 
mm/10 Liquid  385 

Penetration mpw10
4, mm/10 Not tested, 

too liquid 381 

δw, %  -1,04 
Dropping point oc Liquid   

Oil separation 
 in static conditions, 40oc, 7 

dana; % 

Not 
working 

Not 
worki

ng  
Oil separation in storage 

conditions, subjective 
evaluation, 3-4 months 

A little bit No  

 
 
 

Table 11. Test results for grease at pressure of 150 
bar and 200 bar 

 15MPa 
(150 bar) 

20MPa 
(200 bar) 

Unworked penetration, 
mp, mm/10 398 382 

Worked penetration, 
mpw60, mm/10 368 377 

Penetration mpw10
4, 

mm/10 367 348 

δw, % -0,27 -7,69 
Dropping point oc   

Oil separation 
 in static conditions, 40oc, 

7 dana; % 
  

Oil separation in storage 
conditions, subjective 

evaluation, 
3-4 months 

No  No  

 
Based on results shown in tables 10 and 

11, it can be concluded that with Al complex 
greases high pressures have negative effect. 
By applying high pressures the grease thickens, 
structural changes of grease occurs, polymer 
structure disturbes, chains are being broken, 
and stickiness decreases that this grease needs 
to provide. In this case, optimal pressure for 
homogenisation is 150 bar. 

 
Figure 7. Unworked/worked penetration according 

to pressure 

Figure 9 graphically shows the results for 
unworked and worked penetration, and Figure 
8 graphically shows the results for δw  

 
5. CONCLUSION 
 
Based on the results that are displayed 
graphically and in tabular form, following 
conclusions may be adopted: 
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1. Lubricating greases represent very 
important group of lubricants that have 
wide application; 

2. Lubricating greases manufacturing process 
is very complex and parameters need to 
be defined carefuly in order to get product 
with desired characteristics; 

3. In this paper samples of Li lubricating 
greases and Al complex greases that were 
formulated with two different bases are 
analysed; 

4. VGC is very important characteristic of 
base oil and its knowing can contribute to 
better selection of oil that is going to be 
used for lubricating grease manufacturing 
process; 

5. Base oils that have higher VGC are better 
for lubricating grease manufacturing 
because better soap dissolution and 
dispersion conditions are achieved, and 
lower temperatures and shorter time is 
needed for process; 

6. Base oils that have lower VGC are 
unfavorable for lubricating grease 
manufacturing because worse soap 
dissolution and dispersion conditions are 
achieved, and higher temperatures and 
longer time is needed for process; 

7. Samples of lubricating greases are 
analysed at pressures of 50-300 bar; 

8. Homogenisation has greatest effect on 
worked and unworked penetration of 
lubricating greases and also on percentage 
of separated oil in static conditions; 

9. Lubricating greas that was formulated 
with B1 that has higher VGC, is enough to 
homogenise at pressure of 200 bar in 
order to get grease with satisfactory 
characteristics; 

10. With homogenisation pressure rise the 
grease becomes harder; 

11. With homogenisation pressure rise the 
percentage of separated oil is lowered; 

12. Lubricating grease that was formulated 
with B2 that has lower VGC constant 
needed to be homogenised at higher 

pressures in order to obtain the grease 
with satisfactory characteristics. Optimal 
pressure in this case is 250 bar; 

13. It is worth noting that every shipment of 
any feedstock can require another set of 
working parameters; 

14. With Al complex greases lower pressures 
are needed because high pressure leads to 
grease destruction. Greases with worse 
characteristics are obtained and it cannot 
satisfy application demands; 
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Abstract: When the distance between surfaces is very small and lubrication is performed with a thin film of 
several to tens of nanometers in thickness, we usually talk about thin film lubrication (TFL), or extended 
boundary lubrication. In boundary lubrication molecules are absorbed on two solid surfaces, usually to avoid 
dry contact between them. Molecules form adsorbed layers on surfaces by various procedures. The 
adsorption of molecules from a surfactant solution on the solid surface is determined by electrostatic and 
hydrophobic interaction (physical adsorption). In some cases covalent or chemical bonds can be formed 
between surfactant molecules and the surface, which is usually called chemisorption. If the result of 
adsorption is a very well-ordered layer, the process of the surface self-assembly is defined. The kinetics of 
surfactants adsorption depends on many parameters such as the surfactant type, concentration, 
temperature of the solution and solvent. However, the results of the proces of self-assembly are influenced 
by the nature of a surface and its properties, such as surface charge and ion-exchange capacity. This paper 
deals with quaternary amonium surfactants and the procedure of their adsorption on muscovite mica.  
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1. INTRODUCTION  
 

Friction is an omnipresent byproduct of the 
shearing interface. When we measure friction 
we usually obtain a number, the coefficient of 
friction, described as the ratio of the friction 
force to the applied load. There are numerous 
surface parameters that affect friction [1]. This 
simple definition of friction neglects dynamic 
effects. In fact, friction is a non-equilibrium 
process and the coefficient of friction hence 
depends on dynamic parameters such as 
sliding velocity, temperature, load, molecular 
degrees of freedom and the architecture and 
orientation of surface molecules [2].   

The basic principles of friction have been 
described very well in an empirical way, but 
the molecular mechanisms underlying friction 

are still not understood [3, 4, 5, 6]. Even when 
the atomic structure of the two surfaces is 
known, the details of friction energy 
dissipation cannot be predicted. Only in the 
last decades, after the development of new 
experimental probes [7], scientists have been 
able to study the origins of friction on the 
atomic scale. These studies are challenging, 
because the forces that must be measured at 
these dimensions are very small. 

The atomic processes at the interface of 
two materials are very complex and thus it is 
important to better understand adhesion, 
friction, wear and lubrication [3, 5, 6] at the 
molecular level. Where the solid surfaces are 
very close together the contact between 
asperities on them is possible, and lubrication 
by a thin film liquid under such conditions is 
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usually very complex. The bulk properties of 
the liquid under this regime play little or no 
part in the friction and wear behavior [8]. Such 
a thin film of lubricant under confined 
conditions, between two solid surfaces at a 
very small distance, behaves much more 
differently than in the bulk state [9].  

Researchers have tried to reduce friction in 
mechanical systems by improving the chemical 
composition of the lubricants between two 
moving parts. The forces between two 
surfaces with a liquid medium between them 
can be attractive, repulsive, or a complex 
function of the separation [1]. A number of 
investigations have shown that the force 
depends on the structure of the liquid 
molecules and the structure of the confining 
surfaces [1, 3, 5]. For example, the surfaces 
may induce solidification of the liquid if the 
thickness of the gap is only a few molecules in 
diameter.  

Another possibility to protect surfaces and 
avoid dry contact between them is to coat 
surfaces by molecules with special properties. 
Boundary lubricants form an adsorbed 
molecular film on the surfaces and dry contact 
is excluded from boundary lubrication [11]. 
Most lubricants are oils. They are normally 
mixed with additives in order to modify the 
viscosity. There are different types of oil 
soluble boundary lubricant additives, however, 
oils are not desired here and the goal is to use 
a model system, self-assembled monolayers 
(SAMs) [12]. 

SAMs are a good model for boundary 
lubrication. They are molecular units that are 
spontaneously formed upon certain substrates 
(such as Au, mica) when immersed in an 
organic solvent. This way they change the 
properties of the surface. They have three 
parts: headgroup, chain and endgroup. The 
stability of the assembled system depends on 
van der Waals forces. SAMs can reduce friction 
and this has been proven in the literature [13]. 
Many self-assembled systems have been 
investigated, but probably the most studied 
are alkanthiolates on gold [14]. In particular, 
we are interested in monolayers and bilayers 
deposited onto mica. In these boundary layers, 

the molecules have a defined orientation and 
are self-ordered into layers. The plan here was 
to evaluate quaternary ammonium 
surfactants, with the aim of producing well-
characterized SAMs on mica. 
 
2. EXPERIMENTAL PART 

 
The experiments included making self-

assembled monolayers of quaternary 
ammonium surfactants on mica. Single-tailed 
hexadecyltrimethylammonium bromide, CTAB, 
with the molecular structure 
CH3(CH2)15N+(CH3)3Br-, was purchased from 
Fluka. As solvent, ultra pure water with the 
resistivity of 18.3Mcm was prepared using a 
Barnstead EASYpure™ batch-fed water 
purification system. The same water quality 
was also applied for the sample rinsing, before 
drying with a clean nitrogen stream. 

The bottles used in the experiments were 
cleaned by piranha solution and then rinsed 
with purified water to avoid any organic 
contamination. Piranha solution, a 7:3 mixture 
of sulfuric acid and 30% hydrogen peroxide, 
was used to remove the organic 
contamination. Attention: piranha solution 
reacts violently with all organics and should be 
handled with care! All the employed tools 
were previously cleaned in order to minimize 
the occurrence of molecular contamination, 
particularly on the high energy mica surface. 

Muscovite mica purchased from Spruce 
Pine Mica Company Inc. (USA) was used for 
the adsorption experiments. Small mica 
samples of 1-1.5cm2 in size were cut by 
scissors. Then, they were freshly cleaved on 
both sides before immersion into the 
surfactant solution. The adsorption was 
performed from the surfactant solution in the 
volume of 20ml. 

Every experiment consists of a few steps - 
adsorption, rinsing, drying and analysis (CA -
contact angle measurements). In the 
experimental procedure it is possible to 
change many parameters, such as the 
surfactant solution concentration, adsorption 
time, rinsing time, experimental temperature, 
solution temperature and many others. All of 
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these possibilities will not be discussed here. 
The immersion and extraction of a mica 
sample into and out of the surfactant solution 
was defined as an adsorption protocol that 
was named “CTAB in/CTAB out“, as shown in 
figure 1.  

 
Figure 1. Adsorption protocol “CTAB in, CTAB 

out“  experiment 

This option involved the immersion (30sec) 
of the mica sample (M) and the extraction 
from the surfactant solution at the nominal 
concentration. In the rinsing step, the mica 
samples were dipped into 20ml of ultra pure 
water for 10sec to remove the excess solution 
and excess surfactant molecules.  

In the series of adsorption experiments 
without temperature control, a 1000ml stock 
solution of 10-2M (~10cmc) CTAB was prepared 
at room temperature. Since the solubility of 
CTAB in water was low at room temperature, 
the solution was heated to 30-35°C. By dilution 
of this solution, prepared by adding the 
appropriate volume of ultrapure water, we 
prepared surfactant solution concentrations 
ranging from 10-3M (~cmc) to 10-6M 
(~cmc/1000). The adsorption experiment 
shown in figure 1 was repeated at 
uncontrolled temperature and at controlled 
laboratory temperature, at 18°C and 30°C, at 
various concentrations. 
 
3. RESULTS AND DISSCUSSION 
 

Using the above preparation protocol, a 
significant number (several tens) of samples 
were prepared. Contact angle measurements 
were conducted on two representative samples 
obtained by the ″CTAB in/CTAB out″ protocol at 
a concentration below the cmc (10-4M).  

The contact angle (CA) is a quantitative 
measure of the thermodynamic surface energy 
balance between a solid, a liquid and a gas 
phase. Geometrically, CA is defined as the 
angle formed at the three-phase boundary, 
where the liquid, the gas and the solid meet. 

The advancing and receding water contact 
angles measured under uncontrolled 
laboratory conditions  (primarily temperature) 
were  85/30 and 82/22, respectively. 
When the experimental temperature was 
controlled, the contact angle measurements 
detected on the samples were 85/25 (at 
18C) and  85/15 (at 30C). Measurements 
were performed in several spots on the 
sample covered by the surfactant. The 
obtained results showed hydrophobic surface 
properties, but the AFM measurements [15] 
demonstrated very inhomogeneous surfactant 
layers.  

The temperature dependence of the 
observed film morphology at 18°C and 30°C is 
summarized in the table below. Due to the 
variations determined in the different samples 
spots, both the results for water 
(advancing/receding) and hexadecane are 
given with errors. 

Table 1. Contact angle results 

 hexadecane water 
CTAB in/CTAB out(18C) 27±2 85/35

 
CTAB in/CTABout (30C) 17±2°  85°/15

° 
 

Contact angle measurements indicate good 
wetting by very low (<30°) contact angles (e.g. 
water on hydrophilic surfaces), neutrality at a 
contact angle near 60°-90° and non-wetting  is 
observed by a contact angle greater than 90° 
(determined on hydrophobic surfaces). For 
example, freshly cleaved mica has the contact 
angle of less than 10° and the contact angle on 
the SAM produced by CTAB adsorption on 
mica can be 140° [16]. The measurement of 
the dynamic contact angle gives not only  
practical information on wetting but also valid 
indications for chemical composition and 
stability of molecules at the surface. 
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In both groups of experiments, hydrophobic 
surfaces with advancing contact angles 
between 75° and 90° were obtained. The 
significant hysteresis suggests a chemical 
heterogeneity or roughness in the surfactant 
film [17]. Measurements of hexadecane 
contact angle represent one of the most 
sensitive tools to determine the 
conformational order of hydrocarbon thin 
films. High hexadecane contact angles are 
observed on hydrocarbon SAMs only when the 
monolayers are densely packed. Using 
hexadecane, we observed lower values than 
the expected 40° for ideally ordered films. 

The aim was to produce homogeneous 
monolayers of surfactants on muscovite mica 
by the chosen quaternary ammonium 
surfactants. These substrates and surfactants 
are basically used to perform the SFA 
experiments (muscovite mica is an important 
part of this technique). Another reason to 
apply mica is to use the ion-exchange 
capabilities of the negatively charged mica 
substrate and positively charged head groups 
of the quaternary ammonium surfactants 
(primary cetyltrimethylammonium bromide-
CTAB). The most favourable route to modify 
the mica surface is to exchange inorganic 
surface cations by organic ions, producing the 
hydrophobic monolayers of organic molecules 
ionically bound to the substrate (figure 2). 
Therefore, mica is of practical interest as an 
ion exchanger. The potassium ions K+ on mica 
participate in this ion exchange [18,19].  

 
Figure 2. Surfactant CTAB adsorption on muscovite 

mica 
According to some earlier studies described 

in the literature, one can produce well-

ordered monolayers or bilayers on mica. 
However, numerous experiments that we have 
conducted [12], have pointed that it is difficult 
to create homogeneous hydrophobic 
monolayers on mica. 

The adsorption mechanisms of the 
surfactant molecules at the solid-liquid 
interface play an important role in the 
preparation of CTAB films on mica substrates. 
Self-assembled monolayers (SAMs) can be  
prepared using different methods already 
proposed in the literature. Several new 
protocoles have been established  and 
described  [12,15]. 

When freshly cleaved mica is immersed into 
water, potassium ions will dissolve in water 
[20] being exchanged by hydrated protons [21]. 
In any aqueous surfactant solution the ion 
exchange on the mica surface will involve all 
species of solvated ions, including H3O+ ions, 
depending on pH. Hydronium ions will 
compete with any cationic surfactant to 
occupy the surface-charge sites. 

The cation exchange capacity (CEC) is 
important in order to completely cover the 
mica surface by an organic monolayer. The 
CEC of mica is a measure for its negative 
charge and it is defined as the sum of all 
exchangeable cations at a certain pH value 
[22]. For an accurate determination of the 
exact amount of surfactant ions adsorbed onto 
the surface, it is essential to have a well-
defined substrate surface. Mica surface is thus 
ideal for adsorption studies [12].  

Another fundamental property of 
surfactant solutions with the influence on the 
solution structure and adsorption process is 
the capacity of surfactants to aggregate and 
form micelles.  The aggregation process can be 
discussed in terms of the cmc and the 
aggregation number. 

The critical micelle concentration (cmc) is 
defined as the surfactant concentration at 
which many measurable solution properties 
abruptly change, indicating monomer 
aggregation and micelle formation. Many 
solution properties, such as surface tension, 
conductivity, turbidity etc. markedly change at 
the cmc [12]. At low concentrations the 
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surfactant solution consists of dispersed 
monomers. When the cmc is reached, the 
surfactant molecules will start organizing into 
micelles. The shape of a micelle (figure 3) is 
the result of the subtle energy balance 
between the different terms originating in the 
amphiphilic nature of the surfactant. 

 
Figure 3. Monomers and different micelle shapes 

The structure and the stability of the 
produced monolayer on mica can be verified 
by many techniques (reference), such as 
contact angle measurements in our 
experiments. We have found that temperature 
control can have a strong influence for CTAB 
solution properties below and above the 
critical micelle concentration (cmc) and in 
adsorption processes - to obtain reproducible 
films. In the process of solution heating and 
cooling, very much dependent on the Krafft 
temperature [24], significant changes in the 
surfactant solution structure can be detected. 
One can expect that these changes, as a 
function of the experimental conditions, have 
dramatically influenced the adsorption process.  
Therefore, the various SAM morphologies 
found in our adsorption experiments can be 
explained. It has been shown that the factors 
such as the temperature during solution 
preparation, frequently neglected, can have 
crucial influence on the surfactant solution 
struction and the adsorption mechanism on 
substrate. The variety of the CA results 
indicates very complex molecular mechanisms 
in the process of surfactant self-assembling 
and require the application of additional 
techniques  in order to clarify the mechanisms 
that are happening on the nanoscale. 

 
4. CONCLUSIONS 

 
SAMs are good models for boundary 

lubricants because of their strong adhesion to 
the substrate and significant reduction of the 
friction between the two moving surfaces. 
Numerous surfactants can have configurations 

providing low-friction sliding under particular 
conditions, such as specific values of sliding 
velocity. Reduction of the friction force 
between hydrocarbon surfactants has been 
observed and detailed studies about these 
topics are included in the scientific research. 
The lubrication between two surfaces can be 
performed with very thin lubrication films, and 
it has been found that the static and dynamic 
properties of such films exhibit dramatic 
changes when the film thickness is of 
molecular dimensions. The experimental 
results in the investigation of SAMs on 
muscovite mica have shown a very complex 
behaviour, first of the surfactant solution and 
then of the molecular mechanisms of 
adsorption CTAB on mica, due to the fact that 
many experimental parameters are involved 
(temperature, solution pH, humidity, ion-
exchange capacity of muscovite mica etc.).  
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Abstract: This paper presents the influence of adding carbon black nanopowder (average size 13 nm, 
PlasmaChem) in soybean oil in different massic concentration (0.25%, 0.50% and 1%) on several tribological 
parameters: friction coefficient, wear scar diameter and wear rate. Tests are done on a four-ball machine. 
The test parameters were load: 100 N, 200 N and 300 N and the speed 1000 rpm, 1400 rpm, 1800 rpm. 
The test balls are lime polished, made of chrome alloyed steel, having 12.7±0.0005 mm in diameter, with 
64-66 HRC hardness. The sample oil volume required for each test was 8 ml ±1 ml.  

This type of anti-wear additive, because the particle distribution is not evenly in contact during the 
running and could not help improving the tribological behavior, as it does not reduced the friction 
coefficient and wear scar diameter as compared to the neat soybean oil. The authors think that the 
additive should be bonded (physically or chemically) for having better results. 
 
Keywords: soybean oil, four ball test, nano black carbon, wear scar diameter 

 
 
1. INTRODUCTION 
 

Soybean oil could become a source for the 
base oil in fields of activities that require non-
polluting processes and materials [1, 2, 3, 4]. 
As other vegetable oils, this one, too, has low 
viscosity [5] and research has been done for 
additivating this oil in order to increase its 
viscosity or/and to protect the rubbing 
surfaces by specialized additive (especially 
anti-wear and extreme pressure additives) [6]. 
But vegetable oil-based lubricants have several 
disadvantages as compared to mineral and 
synthetic ones, including low viscosity that not 
encourage the generation of a continuous film 
when the tribosystem runs, consequently, 
implying a mixt or boundary lubrication. This is 
why the additivation of such vegetable oils is 

of great interests for researchers, producers 
and users [2]. 

Recent reviews of the mechanisms of 
friction reduction and anti-wear of 
nanoparticles in lubricants were published, 
pointing out lubrication mechanisms as rolling 
effect, protective film, mending effect and 
polishing effect [7, 8]. Shahnazar et al. [9] 
presented a classification of nano additives in 
lubricants. Those based on carbon were 
included in four main allotropic classes: zero-
dimensional (fullerene), one-dimensional 
(nanotubes, nanowires, nanorodes), two-
dimensional (graphene), three-dimensional 
(graphite, nano-sized diamonds)[10, 11].  

Hwang [12] concluded that lubricants with 
nano additives improve the tribological 
behavior as compared to microaddition of the 
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same base oils. The nanoparticles play the role 
of nano ball bearings. He used several carbon-
based additives tested on a disk-on-disk 
tribotester. For black carbon, the size was 54 
nm. 

Hu et al. [13] investigated the efficacy of 
the carbon black as an engine soot substitute 
and concluded that WSD increased with the 
content of black carbon in the range of 0...8% 
for a certain grade of engine oil, but for the 
other, the same parameter has lower values as 
those for the neat oil. Tested time was 0.5 h. 
Also, friction coefficient depends on the base 
oil and carbon concentration. 

Many research reports used a pin-on-disk 
tribometer for evaluating the anti-wear 
additives [14], bur also, the four ball 
tribotester is favorable to compare 
experimental results [15]. 
 This paper aims to report the influence of 
nano black carbon as additive in soybean oil 
on the tribological behavior of the formulated 
lubricants by the parameters friction 
coefficient and wear scar diameter. 
 
2. TESTING METHODOLOGY AND MATERIALS 
 

The lubricants formulated with soybean oil 
additivated and nano black carbon in different 
concentrations (0.25%wt, 0.50 %wt and 1% 
wt) were tested on a four ball machine. Table 
1 presents the typical composition of this oil. 

The nano black carbon was supplied by 
PlasmaChem and has the following 
characteristics [16]: average particle size: ~13 
nm, specific surface: ~550 m²/g, ash content: < 
0.02%, bulk density: ~120 g/L. 

The degumming and refining process of 
soybean oil is done at Prutul SA Galati and 
prevents oil to form gum deposit and to 
ferment [17]. 

The test balls are lime polished, made of 
chrome alloyed steel (Table 2), having 
12.7±0.0005 mm in diameter, with 64-66 HRC 
hardness. The sample oil volume for each test 
was 8 ml ±1 ml. The test method for 
investigating the lubricating capacity is given in 
[18]. 
 

Table 1. Typical fat acid composition for the 
tested soybean oil 

Acid Symbol 
Concentration, 

%wt 

Myristic acid C14:0 0.11 
Palmitic acid C16:0 12.7 
Palmitoleic acid  C16:1 0.13 
Heptadecanoic acid C17:0 0.05 
Stearic acid C18:0 5.40 
Oleic acid C18:1 21.60 
Linoleic acid C18:2 52.40 
Linolenic acid C18:3 5.70 
Arachidic acid C20:0 0.25 
Gondoic acid C20:1 0.20  
Eicosadienoic acid C20:2 0.50 

 

Table 2. Chemical composition of the steel the 
balls are made of (wt%) 

Element C Cr Mn Si S P 

Steel grade 
EN31  1.0 1.3 0.5 0.35 0.05 0.05 

 
The test parameters were: speed (1000 

rpm, 1400 rpm and 1800 rpm corresponding 
to the following sliding speeds 0.383 m/s, 
0.537 m/s and 0.691 m/s, respectively), 
normal force (100 N, 200 N and 300 N), testing 
time 1 hour. 

The formulated lubricants were obtained in 
a small quantity of 200 ml each. The steps 
followed in this laboratory method were: 

- weighting the additive and the dispersing 
agent with an accuracy of 0.1 mg, 

- mechanical mixing of addtive and equal 
mass of guaiacol (supplied by Fluka Chemica), 
chemical formula being C6H4(OH)OCH)3 (2-
methoxyphenol), for 20 minutes; this 
dispersing agent is compatible with both 
additive and vegetable oils, 

- adding gradually the soybean oil, 
measured for getting 200 g of lubricant with 
the desired concentrations of additive, 

- stirring with a magnetic homogenizing 
device for 1 hour, 

- sonication + cooling of 200 g lubricant for 
5 minutes with the help of sonicator Bandelin 
HD 3200 (Electronic GmbH & KG Berlin); the 
lubricants is heating at approximately 70 °C; 
the cooling time was 1 hour; this step 
sonication + cooling is repeated 5 times for 
obtaining a total sonication time of 60 
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minutes. The parameters of sonicating regime 
are: power 100 W, frequency 20 kHz500 Hz, 
continuous regime. 

 

Figure 1. Exemple of WSD measurement. Test 
conditions: 1000 rpm, F=200 N, time 1 h, lubricant: 

soybean oil +1% nano black carbon, ball 1 
 

3. RESULTS 
 

SEM investigations reveal that the black 
carbon is on the rubbing surfaces as nano 
agglomerations, unevenly distributed on the 
surface texture.  

The particles or their agglomerations seem 
to be rolled and it is very probable that they 
act like nano rolling elements, this explaining 
the low values of friction coefficient during the 
test (Fig. 1). 

The problem is that, as one may notice, the 
particles are not evenly distributed on the 
contact surfaces, producing preferential wear 
on the zone without particles. As the particles 
migrate in running, these zones prone to direct 
contact are changing, this could be the 
explanation for the variation of the friction 
coefficient in time and with high amplitudes 
(Fig. 2). 

The plots of the friction coefficient in 
Figures 3-5 is done using a moving average of 
200 values, the record sample being 2 values 
per second. 

The discussion upon the evolution of 
friction coefficient in time is based on 
comments done by Czikos [19].  

 
Figure 2. Particles of nano black carbon. Test 

conditions: 1000 rpm, F=200 N, time 1 h, lubricant: 
soybean oil +1% nano black carbon 
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a) 1000 rpm 
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b) 1800 rpm 
Figure 3. Evolution of friction coefficient in time for 

soybean oil (non-additivated) 
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Thus, the friction coefficient measured for 
soybean oil has a tendency to gradually 
increase in time for low speed and to remain 
in a narrow range, at almost the same value 
for the higher speed (Fig. 3). For the 
additivated lubricants, the tendency is to 
decrease the friction coefficient after a 
running period of 10...15 minutes. 

Analysing Fig. 5, one may notice that, at a 
concentration of 1.0% of nano black carbon, 
the friction coefficient becomes lower for 
higher load (F=300 N) and high speed (v=1800 
rpm). Also, this regime gives the less influence 
on the WSD (Fig. 6). Under the lowest tested 
load (F=100 N) the range of COF oscillations 
are the greatest. 
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c) 1800 rpm 
Figure 4. Evolution of friction coefficient in time for 

soybean oil +0.5% nano black carbon 

All maps were plotted using a cubic 
interpolation and the surfaces are “obliged” to 

include the experimental data. A point on a 
wear map represents a test for the same set of 
parameters (F [N], v [rpm], C [%]), where F is 
the normal load on the four ball tester, v is the 
rotational speed (1000 rp,. 1400 rpm and 1800 
rpm) and C is the massic concentration of the 
black carbon (0, 0.25%, 0.5%, 1.0%). 
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c) 1800 rpm 
Figure 5. Evolution of friction coefficient in time for 

soybean oil +1% nano black carbon 

In Fig. 6, the friction coefficient (COF) is the 
average value obtained during a test of one 
hour. COF is slightly reduced for the 
additivated lubricants and this tendency is 
more visible for the higher speed (1800 rpm).  

Taking into account the map shape for 1400 
rpm, it seems there are some changes in the 
regime, especially for the neat oil. The 
increase of load and speed makes the friction 
coefficient to increase for the soybean oil. 
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Figure 6. COF as a function of additive 

concentration and test conditions 

 

 

 
Figure 7. WSD as a function of additive 

concentration and test conditions 

Wear scar diameter is the average values of 
six measurements, two of each fixed ball of a 
test. For each ball, there were measured the 
wear diameter in the sliding direction and 
perpendicular to it (Fig. 7). 

For the additivated lubricants, WSD is less 
sensitive to concentration, especially for F=300 
N. The non-additivated soybean oil could be 
recommended for mild regimes (equivalent to 
F=100...200N and speed v=1000...1800 rpm. 
The almost linear dependency of the WSD to 
load in each map in Fig. 7 suggests an abrasive 
wear due to a mixt regime. 
 
4. CONCLUSIONS 
 

For the tested regimes (F=100 N... 300 N 
and v= 1000...1800 rpm), the results are not in 
the favour of the additivated lubricant 
formulations.  

The addition of nano black carbon increases 
the WSD. As comparing only the additivated oils, 
it seems that under low speed, when the load 
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increases the WSD increases, too. Under the 
loads of 200 N and 300 N WSD is less depending 
on speed and load for the concentrations of 
0.5%wt and 1.0%wt black carbon.  

It seems that this anti-wear additive - nano 
black carbon, does not a very clear influence 
on improving the tribological behavior of the 
soybean oil. Even if the mechanism of reducing 
friction exists in the presence of the additive, 
that is interposing nano particle of black 
carbon between the rubbing surfaces and 
having a third body friction, the migration of 
these particles (because they are not bonded 
to the surfaces) and the uneven distribution in 
contact make the tribosystem to behave more 
unstable than the neat soybean oil. In a 
statistical approach, at a moment there could 
enough particles in contact to reduce friction 
and wear but, during running, there could be 
moments when this number is low enough to 
have mixt regime and the oscillations between 
these two situations could explain the 
variations of the friction coefficient and the 
higher values for WSD. 

This type of anti-wear additive, because the 
particle distribution is not even in contact 
during the running could not help improving 
the tribological behavior, as it does not 
reduced the friction coefficient and wear scar 
diameter as compared to the neat soybean oil. 
The authors think that the additive should be 
bonded (physically or chemically) for having 
better results. 
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Apstract: To test the tribological characteristics were selected two oils used in the process of 
synchronization gears. Tests were done on tribometer according to the method block on disc. The results 
show that the present system for testing tribological characteristics gives a very good and reliable results. 
The paper on the mentioned equipment specific coefficients of friction for the two types of oil during the test 
period, for different loads and different values obtained tear. 
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1. INTRODUCTION 
 

The effect of lubricants on the development 
of tribological processes in mechanical systems 
and assemblies is very complex and still not 
fully understood. To enable the functionality, 
stability and reliability of the system in 
operation it is necessary to, on the basis of 
operating modes, choose the appropriate 
lubricant [1, 2]. 

Lubricant oil can be present as a mixture of 
base oil and additives. Although at first glance 
a simple definition, oil formulation is complex 
and requires extensive testing and continuous 
improvement. 

Base oils are the basis for the production of 
all types and quality of lubricating oils. She 
determine the area of application, quality and 
price of lubricants, since some of the 
characteristics of lubricating oils are 
exclusively related to the quality of the used 

base oil and cannot be changed by adding 
additives.  
The most important division is based on the 
origin, to: mineral and synthetic base oils. 

Mineral base oils are derived from 
petroleum and are complex mixtures of 
various chemical structures of hydrocarbons 
and other organic compounds that contain 
sulfur, oxygen, nitrogen, and others. According 
to the group of hydrocarbons that dominate 
the base oil, there are: paraffinic, naphthenic 
and aromatic base oils. 

Synthetic base oils are chemical compounds, 
which are obtained by chemical synthesis of 
different components of different 
technological processes. In this their 
properties "targeted" (expected and 
predictable), and the quality is repeatable. 
Good properties of these oils are low pour 
point, high viscosity index, low volatility, high 
oxidation stability and others. Lack of them is a 
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small compatibility with conventional additive 
packages and sealing materials, as well as the 
high cost [3, 4]. 

Because of determination of the 
characteristics of the lubricant conditions and 
work processes, for example: gears in 
automotive power train selected two engine 
oils of the same viscosity grades and 
formulated the same additive package. In the 
tests were used the oil for lubrication of all 
types of modern gasoline and diesel engines 
with and without catalytic converter, 
turbocharger of passenger cars and light trucks. 
Especially recommended for engines with 
multivalve divorce. In the paper conducted are 
the exploitation and tribological tests of two 
oils. 

 
2. OBJECT OF INVESTIGATION 

 
During the tests we used semi-synthetic 

motor oil of high quality. It is designed to 
lubricate highly loaded diesel engines of trucks, 
buses, construction and agricultural machines, 
with or without turbocharger. Manufactured 
to meet the requirements of the extended 
interval replacement motor oil the world's 
leading engine manufacturers, protecting and 
preserving the motor during the entire period 
of use. Meets the requirements of API CI-4 
specification, which this oil makes it suitable 
for use in engines using EGR system for 
exhaust gas treatment, and ACEA E7 
specification of engine oil indicates that it is 

suitable for use in Euro 1, 2, 3, 4 diesel 
engines , using the SCR system catalyst for 
reduction of nitrogen oxides (Nox) exhaust 
gases, and ACEA E7 specifications of the 
engine oil shows that is suitable for use in Euro 
1, 2, 3, 4 diesel engines, which use v SCR 
system to reduce nitrogen oxides (NOx). It is 
not intended for use in engines loaded DPF 
system (particle filter). Ideal for mixed fleets, 
because it can be used in vans as well as in 
passenger cars with petrol and diesel engines. 
Another advantage of this oil are: 

• Provides safe protection of the engine at 
high loads and temperatures, 

• Reduced oil consumption and fuel, 
• Extended oil change intervals (20,000 to 

30,000 km depending on the engine 
manufacturer's recommendations) [5]. 

 
Physic-chemical properties of test oils are 
given in Table 1. 

Semi-synthetic oil exploitation tests were 
carried out during the autumn (October-
December month of 2014). 

Table 2 shows the test engine oil between 
the two replacements in the engines installed 
in tractors. 

From Table 2 it is clear that the loss of 
engine oil to the lower limit of normal loss, 
and can be performed following conclusion: 
The base engine oil is an ingredient of the 
engine oil is of high quality with high thermal 
stability. 

Table 1. Characteristics of the universal semi-synthetic, multigrade engine oil SAE 10W-40 

Characteristics, unit of measurement The measured value The method 
Density at 15C, g/cm3 0.87 SRPS B.H8.015 
Kinematic viscosity at 40C, mm2/s 93.5 SRPS ISO 3104 
Kinematic viscosity at 100C, mm2/s 13.8 SRPS ISO 3104 
Index viscosity 150 SRPS B.H8.024 
Flash point, COC, C 220 ISO 2592 
Pour point, C -35 SRPS ISO 3016 
TBN, mgKOH/g 7.5 SRPS ISO 3771 
The foaming, ml/ml  

SRPS ISO 6247 The sequence I 10/0 
The sequence II 50/0 
The sequence III 10/0 

Meets specifications: 
API SL/CF, ACEA 2007, A3/B3/B4-04, Daimler V2007.1: MB 229.1, VW 501.01/505.00 
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Table 2. Consumption of oil between the two replacements 

Name of machine 
The amount of oil poured (l) The 

amount of 
consumed 

fuel (l) 

 
Consumption 
of motor oil 

0 – 100 
r/č 

100 – 200 
r/č 

200 – 300 
r/č 

300 – 400 
r/č 

%  
 

Tractor Case 9220 2 0 2 1 6939 0,43 
Tractor John Deere 8320 2 3   5273 0,57 

 
3. TEST TRIBOLOGICAL CONDITIONS  

 
3.1 Laboratory and measuring equipment 

 
During the experiment, which included 

measuring the friction force, coefficient of 
friction and wear parameters were used 
following laboratory and measuring 
equipment: 

- Tribometer TPD-93 
- A / D converter, 
- Booster - HBM, two-channel measuring 

bridge KWS273.A2, 
- PC, 
- A device for measuring roughness Talysurf 

(Taylor Hobson) 
- The universal tool microscope UIM 21. 
In Figure 1, the measuring system for 

tribological tests used in the realization of the 
experiment. 

 

Talysurf 6 is computerized and measuring 
system for measuring and analyzing roughness, 
which provides the basic features entry 
contact surfaces. Identification of changes in 
the situation on the contact surfaces (the 
parameters of surface topography) was carried 
out by measuring surface roughness 
parameters, realized precisely on the device.  

The universal microscope UIM-21, is used 
to measure the width of the trace of wear on 
the contact surface, as well as to analyze the 
results. When the measurement is carried out 
a comparison of the value change of the 
amount (depth) area which is the hub, with 
respect to an established reference point. The 
measure changes the height (depth) area 
which is the hub relative to the base 
represents the linear intensity of wear. For 
reference base used is part of the area that 
does not wear off, and is located right next to 
the battered surface. 

 
Figure 1. Measuring system for tribological tests used in the realization of the experiment  
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3.2 Terms of tribological tests 
 
Tribological tests type "block on disk" was 

subjected to two samples of oil. Lubrication is 
carried out by passing through the lower part 
of the disk tank with lubricating oil, so that the 
disk encompassed a certain amount of oil, and 
do contact boundary lubrication. Between the 
surface of the block and the extensive surface 
of the disc is accomplished in-line contact. The 
special design provides a carrier block at all 
times fully fit the entire length of the contact 
block. The geometry of the drive and block 
tribological tests is shown in Figure 2. The 
material disk and block is soft annealed steel 
16MnCr5 (Č4320) hardness of 35 HRC. 

The total time duration of the test of each 
sample was t = 60 minutes. The value of speed 
skating in the contact zone is v = 0.8 m / s. The 
value of the normal external load (Fn) changes 
during the test: 

Fn1 t1 = 30 N = 15 min 
Fn2 = 100 N t2 = 15 min 
FN3 t3 = 300 N = 30 min 

 
Figure 2. The geometry of the drive and block 

tribological tests  

The main indicator of the tribological 
properties of the material change in the 
coefficient of friction over time. To obtain a 
clearer picture of what the character of the 
coefficient of friction in certain time intervals, 
the coefficient of friction values are recorded 
every 2 seconds. This gives the information 

about the dynamics of the process that takes 
place on tribometer. 

 
4. TEST RESULTS 

 
In this part of the paper presents the results 

of tribological tests characteristic represented 
by a tribological system. 

Figure 3 shows a trace of wear as a profile 
of unit 2 at the end of the test. In figure 4, 5 
and 6 are shown the records of the friction 
coefficient as a function of time for different 
load tests for base oil SN 150. Figure 7 and 9 
shows coefficients of friction as a function of 
time for different load tests for oil 10W40. 

 

Figure 3. Profile of block 2 after the tests and 
experiments 2 

 

Figure 4. The friction coefficients of base oil  

 

Figure 5. The friction coefficients of base oil 
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Slika 6. The friction coefficients of base oil  

 

Figure 7. The coefficients of friction for oil 10W40 

 

Figure 8. Coefficients of friction for oil 10W40 

Table 3 presents the coefficients of friction 
for those tested oils for different intervals of 
tests as well as different levels of wear track 
width of the block. 

Figure 9 shows a graphical presentation of 
changing the coefficients of friction at the time 
of testing for both sealing oil. In Figure 10 is a 
graph showing changes in track width of wear 
for all the tested oil. 

Table 3 presents the coefficients of friction 
for those tested oils for different intervals of 
tests as well as different levels of wear track 
width of the block. 

Table 3. The coefficients of friction and wear track width on the block tested oil  

Experiment Conditions 
Coefficient of friction Track wear 

on the block After 10-15 min After 25-30 min After 55-60 min 

1 Base oil SN-150   I 
   II
               III  

0.076 
0.090 
0.074 

0.072 
0.091 
0.080 

0.053 
0.10 

0.085 

0.735 
0.665 
0.790 

2 SHPD 10W40   I
   II 

0.057 
0.059 

0.082 
0.087 

0.098 
0.092 

0.840 
0.685 

 

 
Figure 9. Comparative review of the coefficients of friction at the time of the contact zone 
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Figure 10. Track wear of tested oils  
 

5. CONCLUSION 
 
Test methodology developed with the use 

of the described equipment has been shown 
that in laboratory tests can be used to identify 
the characteristics and treibomechanical 
system. This approach to the study of 
tribological processes provides significant 
advantages compared to the test in real 
conditions, however, can be applied in 
circumstances where sampling does not 
disturb the functioning of the real system. In 
this case it is a sampling of lubricating oil. By 
use of the test method it was concluded that 
changes tribological characteristics of 
lubricating oil in the engine and transmission 
gear of the vehicle. These changes are directly 
depending on the condition of all elements 
tribomechanical system, and depending on 
their functional characteristics. 

Figures 4 and 4 shows the dependence of 
friction coefficients depending on the duration 
of contact for track width of wear on the block. 

Analysis of the results showed that it is 
supposed to do additional testing. For this is 
indicated in Figure 6 domiciles, especially oil 
10W40. After repeated tests SHPD 10W40 oils 
are obtained and the expected satisfactory 
results. 

The results for the base oil SN-150 are 
satisfactory especially if one takes into account 
the variability of the coefficient of friction 
lubrication when it comes to the process of 
running tribomechanical system. 
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Abstract: In this paper, experimental study on capabilities of two techniques of cooling and lubrication: 
conventional flooding and high pressure jet assisted machining in the turning was performed. Experimental 
research was conducted on hard-to-machine materials: hard-chromed and surface hardened steel Ck45 (58 
HRc) and hardened bearing steel 100Cr6 (62 HRc). There were used coated carbide tools and highly cutting 
speed. The capability of cooling is characterized by tool wear and surface roughness parameters. Monitored 
parameters of tool wear are, as follows: flank tool wear (VB), the wear on minor flank face (VB') and crater 
wear. Tool life is evaluated for adopted value of criteria in depending on the machining time. During tool 
wear, surface roughness parameters, such as mean height of surfaces roughness (Ra) and maximum height 
of surfaces roughness (Ry), were evaluated. Connection between the tool wear and surface roughness is 
established. Results of experimental research show that the application of HPJAM offers many advantages 
such as: extended tool life, low intensity of tool wear, and surface roughness in acceptable limits.  
 
Keywords: HPJAM, hard-to-machine materials, carbide tool, tool wear, surface roughness 

 
 
1. INTRODUCTION 

 
In modern cutting processes, the general 

trend is dry machining. However, there are 
materials, which due to the high temperature 
that develops in the cutting zone, cannot be 
dry machined, even with the most modern 
tools with coatings. These are called hard - to -
cut materials such as: austenitic stainless 
steels, high-temperature resistant nickel and 

cobalt alloys, titanium alloys, and hardened 
steels. Machining of these materials requires 
the use of a cooling and lubrication fluid (CLF). 
Machining process for workpiece materials 
that are hardened above 45 HRc and up to 65 
HRc is a hard turning. In the manufacturing 
chain, the inductive hardening process is 
followed by finishing operation that generates 
the component’s final geometry. Traditionally, 
the finishing operations are grinding processes, 
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but within the last years the performances of 
hard cutting operations have been drastically 
improved. The study of Klocke et al. (2005) has 
shown that hard cutting offer a higher 
flexibility, increased material removal rates, 
increased tool life, reduction of cutting 
temperature and tool wear, improvement of 
chip breakability, reduced power consumption 
and the possibility of machining with reduced 
coolant consumption [1]. 

In the literature, as well as in practices it 
can be traced to a variety of approach to the 
solution of this the problem and improve the 
machinability completely [2]. In order to 
increase productivity, quality of machining and 
machinability hard-to-cut materials, a variety 
of methods and techniques of cutting have 
been developed. One solution is a self-driven 
rotating turning tool. This mechanism bring 
some advantages such as significantly 
extended tool life, lower cutting temperatures, 
higher material removal rates, a very fine-
treated surface, and  very little change in the 
structure of the treated surface, in short, an 
improved machinability. Precision rotating tool 
shows some weakness in manipulating with 
them, especially with tools larger diameter, as 
well as that stepwise workpieces cannot be 
machined. In order to improve the 
machinability of complex materials many 
hybrid procedures with mechanical or thermal 
support for the cutting process, such as 
ultrasonic assisted turning, laser-assisted 
turning, and cryogenic cutting, are developed. 
Most implementations of hybrid technologies 
include turning, it is estimated that turning 
occupies 40% all treatments with the cutting, 
as well as its kinematics provides access 
support process. The previously described 
technology and required additional equipment, 
have an additional technical limitations and 
sometimes even higher processing costs. 
Development of materials (super alloy) for 
specific applications such as components for 
aircraft jet engines, gas turbines and 
biocompatible materials in medicine, require 
materials of high hardness, strength and 
toughness, resistance of corrosion and high 
temperature. In addition, the above-

mentioned hybrid processes combinated with 
use of cutting with high pressure, the degree 
of material removal and machining 
productivity is significantly increased. The 
turning of the cooling and lubrication at high 
pressures is a very effective method that 
enables higher productivity, reduces 
temperature in the cutting zone and improved 
control chip formation, depending on the 
pressure and flow of CLF [3]. In addition, CLF 
have a direct impact on the environment and 
economy of production. By replacing the 
conventional type of cooling application with 
HP supply CLF significant reduce production 
costs related to the CLF is achieved [4, 5, 6]. 

Hard turning usually reqiures high cutting 
speeds and advanced cutting tool materials 
such as CBN, PCD and ceramics. Hard cutting 
with coated carbide tools, low cutting speed 
and conventional cooling, usually results in 
significant problems concerning extremely 
long chips and severe adhesion wear 
mechanisms. By applying HPC at flow rate 1.4 
l/min, the friction and the heat induced in the 
tool–chip interface can be reduced.  

This paper presents the results of 
investigation of the author’s team in area of 
hard turning [7, 8, 9, 10]. In this investigation 
the capabilities of conventional and HPC in 
hard turning on two hard-to-machine 
materials (hard-chromed and surface 
hardened steel Ck45 (58 HRc) and hardened 
bearing steel 100Cr6 (62 HRc)) are compared. 
All machining experiments are performed with 
coated carbide tools and cutting speeds up to 
160 m/min (expect for steel Ck45 (58HRc) 
where the speed was up to 250 m/min. The 
performances of different cooling conditions 
are evaluated on the basis of tool wear, tool 
life, cooling efficiency and surface roughness. 
 
2. EXPERIMENTAL DETAILS 
 

The experimental investigation was 
performed on a conventional lathe (Figure 1). 
In the flooding technique, CLF was delivered at 
the top of the machining zone, from a distance 
of approximately 150 mm at 6 l/min. CLF was 
directed to the non-machined workpiece 
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surface and the rake surface of the cutting tool 
insert, Figure 2.  
 

 
Figure 1. Machine in experimental work with 

HPJAM 
 

 
Figure 2. Position of conventional flooding 

 
In HPJAM, the jet was directed toward the 

cutting edge at a low angle directly between 
the rake face and the chip, Figure 3.  
 

 
 

 
Figure 3. The jet injected directly between the rake 
face and the chip (above), sapphire nozzle (below) 

For this application, a conventional 
universal lathe was fitted with a high pressure 
plunger pump with a flow rate capacity of 10 
l/min and pressure of 150 MPa. The jet was 
directed normal to the cutting edge and under 
angle of 30° from clearance face at a low angle 
5° with the tool rake face.  

Monitoring and measurement of tool wear 
was performed using a tool microscope TM-
MITOTOYO 510 equipped with high-resolution 
camera. Surface roughness was measured 
using a mobile measuring device MITOTOYO 
SURFTEST SJ-301, Figure 4.  
 

 

 
Figure 4. Surftest SJ-301 and tool microscope 

 
During the experimental investigation, 

following parameters were measured and 
analysed: flank tool wear (VB), wear on minor 
flank face (VB') and the size of the crater on 
the rake face (bw). The measurement of the 
selected parameter of tool wear during cutting 
enables the creation of the experimental 
curves of wear [10]. By defining the wear 
resistance of tools for a given criterion VBk, the 
tool life T can be determined. Due to wear of 
tools, values of surface roughness were 
measured, as follows: mean values of 
roughness (Ra) and maximum height of 
roughness (Ry). 
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2.1 Experimental work with Ck45 (58 HRc) 
 

One of workpiece’s materials used in the 
experimental investigation is construction 
steel used for highly loaded parts in 
mechanical engineering (untreated carbon 
steel Ck45 - surface induction hardened on 58 
HRc). Experimental conditions are: tool - Al2O3 
coated carbide cutting tools SNMA 120408 KR 
432 without chip breaking geometry on the 
rake face (Figure 5), tool holder PSBNR 2020K 
12 (producer Sandvik),  CLF -5,5% emulsion of 
vegetable oil. 

 

 
Figure 5. Coated carbide tool SNMA 120408 KR 432  

For the analysis of the jet pressure influence 
on the cutting process, different CLF pressures 
were applied (10 - 200 MPa), while the cutting 
speed, vc = 98.5 mm/min, feed rate, f = 0.25 
mm/rev and depth of cut, ap = 2 mm, were kept 
constant. Chip breakability is excellent in every 
case of HPJAM.  During the experimental 
investigation, it was noticed that the pressure 
higher than 110 MPa is not achieved by further 
improving chip breaking, so that the test tool 
wear and surface roughness done in these 
conditions.  Efficiency CLF techniques is 
analysed by means of tool wear and surface 
roughness in following conditions: cutting 
speed, vc = 98.5 mm/min, feed rate       f = 0.25 
mm/rev and depth of cut, ap = 2 mm, pressure 
110 MPa, diameter nozzle 0,3 mm. 

As a criterion of wear, the value VBk = 0.1 
mm was adopted, at which the tool life should 
be evaluated. Images in Table 1 and Table 2 
show that wear on flank face is uniformly for 
both CLF techniques. It can be seen a small 
notch at the place where the cutting blade cuts 
workpiece surface. This is probably due to the 
hard surfaces of the workpiece coated with 
chromium and friction with chip sharp edges.  

Table 1. Tool wear in conventional cooling in 
turning of Ck45 (58 HRc) [9]   

Time T 
[min] 

Wear on rake 
face 

Wear on flank 
face 

0,5 

  

1,20 

  

1,90 

  
 

Table 2. Tool wear in HPJAM of Ck45 (58 HRc) [9]   

Time T 
[min] 

Wear on rake 
face 

Wear on flank 
face 

1,4 

  

3,92 

  

9,98 

 
 

 

 
Figure 6. Wear of tool SNMA 1204 08 KR in turning 

Ck45 (58HRc), ap=2mm, vc=98,5m/min, 
f=0.25mm/rev [7]   

Results on Figure 6 shows that tool is worn 
for less than 2 minutes using conventional 
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flooding for the selected criteria VBk=0,1 mm, 
but for HPJAM tool is worn for about 10 
minutes. The consumption of coolant in the 
case of HPC is more than four times lower than 
in the case of conventional cooling. 

 
Figure 7. Types of tool wear in turning Ck45 

(58HRc) with HPJAM, p = 110 MPa 

The figure 7  shows types of tool wear SNMA 
1204 08 KR in turning Ck45 (58HRc) using 
HPJAM: zone A – notch wear, zone B - crater 
wear on the rake face dimensions of about 0.45 
x 0.08 mm, C - erosion wear in the area where 
the jet strikes the surface of the tool. 

 
Figure 8. Surface roughness Ra in turning of Ck45 
(58 HRc, SNMA 120408 KR 432, f = 0.25mm/rev,    

ap = 2mm; flooding) 

 
Figure 9. Surface roughness Ra in turning of Ck45 
(58 HRc, SNMA 120408 KR 432, f = 0.25mm/rev,   
ap = 2 mm; p = 110 MPa, Dn = 0.3 mm, HPJAM) 

Figures 8 and 9 show the influence of the 
cutting speed and Figure 10 show influence of 
feed rate on surface roughness Ra.   

 
Figure 10. Surface roughness Ra in turning of Ck45 

(58 HRc) for different CLF techniques  

In Figure 10 it can be seen that the surface 
quality is slightly improved when HPJAM was 
used, compared to conventional flooding. 
Since the application of HPJAM was in the 
semi-finishing and roughing operations the 
effect is not so important. Influence of tool 
wear on surface roughness Ra in turning of 
Ck45 (58 HRc) are presented on Figure 11. 
With increase of tool wear, the surface 
roughness is increasing, as expected. 

 
Figure 11. Influence of tool wear on surface 

roughness Ra in turning of Ck45 (58 HRc) 

Basic conclusions in turning of steel Ck45 
with hardness 58HRc regarding of tool life and 
surface roughness and the application of 
various CLF technique are as follows:   
 the heat-treated steel can be adequately 

treated with the cutting insert, which is 
not suitable for this material (carbide tool 
without chip breaker), 
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 HPJAM is  very important and allows the 
processing of hard materials without chip 
breaker, 

 Excellent brittleness chips with HPJAM, 
 using HPJAM can significantly increase the 

area of operability - technological window 
(for ~ 45% of the maximum cutting speed 
and ~ 25% of the maximum feed), 

 For the selected criteria, in the case of 
HPJAM tool life was approximately five 
times longer than in the case of 
conventional cooling,  

 The consumption of coolant in the case of 
HPC is more than four times lower than in 
the case of conventional cooling, 

 For both CLF delivery techniques 
(conventional flooding and HPJAM) similar 
surface roughness was obtained. 

 
2.2 Experimental work with 100Cr6 (62 HRc) 

 
Second workpiece materials used in 

experimental investigation was alloy bearing steel 
100Cr6, hardness of 62 HRC. This steel is very 
difficult to machined and dominantly is processed 
with CBN tool inserts.  Main target was to 
investigate the capability of hardened steel 
processing using carbide tool insert and HPJAM, 
which is much cheaper than CBN tool insert.   
 

  
Figure 12. Carbide insert CNMG 1204 08 MF5, 
internal designation TH1000 (SECO producer) 

Cutting tool used in experiments was 
carbide insert with nano-coating CNMG 1204 
08 MF5, SECO producer, tool holder: PCBNR 
2525 M12 (Figure 12). Cutting fluid was 3% 
emulsion of vegetable oil. CLF technique was 
HPJAM, pressure was set to 50 MPa and flow 
rate to 2.0 l·min-1, diameter of nozzle was 0,5 
mm.  Input parameter: cutting speed vc (65, 85, 
100, 120 m/min), feed f (0,08; 0,125; 0,16; 0,2 
mm/rev) and constant cutting depth, ap =0,5 
mm. 

Experimental testing of tool wear was 
conducted in specific cutting conditions: the 
flank wear reaches approximately 0.25 mm or  
an interval of time of cutting reaches value of 
20 min (see Figure 13 and Table 3).   

 

Figure 13. Tool wear in turning of steel 100Cr6 with 
HPJAM for different cutting conditions, ap=0,5 mm 

In Table 4, results of tool life and 
parameters surface roughness (Ra, Ry) for 
different cutting conditions are presented. 
Parameters Ra and Ry are presented for the 
first and last measured value of tool wear (at 
the moment immediately before the dismissal 
of tool). Analysis of results shows when feed 
and cutting speed increase, tool life decrease 
(see Table 3 and Table 4), but significantly 
increase productivity, i.e. material removal 
rates (MRR).  

Table 3. Tool wear in turning steel 100Cr6 (HPJAM)  

a
p
 =

0,
5m
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f=

0,
12
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ev
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85
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Time 
T 

[min] 
2,6 13,2 

Wear 
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rake 
face   

Wear 
on 

flank 
face   
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Experimental studies have shown that, in 
terms of tool wear and productivity of 
processing, optimal results achieved with 
lower values of feed and cutting speed, i.e. 
cutting speed 85 m/min and feed 0.08 mm/rev 
(see Figure 13).   

Table 4. Tool life and parameters Ra, Ry in turning 
steel 100Cr6 with HPJAM [11]   

De
pt

 o
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cu
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a p
 [m

m
] 

Fe
ed

 
f [
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m
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Cu
tt

in
g 

se
ed

 
v 

[m
/m

in
] 

To
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 li
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T 
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] 

Ra [μm] Ry [μm] 
Be
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g 

En
d 

Be
gi

nn
in

g 

En
d 

0.5 0.200 85 4.0 0.91 0.96 3.98 4.51 
0.5 0.125 85 13.2 0.48 0.50 2.51 2.88 
0.5 0.125 120 4.0 0.52 0.57 2.61 2.93 
0.5 0.125 100 5.1 0.53 0.58 2.86 3.62 
0.5 0.125 65 17.1 0.58 0.63 3.18 3.28 
0.5 0.180 85 3.5 0.86 0.99 3.93 4.67 
0.5 0.160 85 4.5 0.85 0.97 3.90 4.22 
0.5 0.080 85 22.7 0.36 0.62 2.12 3.35 

     Results in Table 4 show that the influence of 
cutting speed on tool wear is the higher, 
expressed in percentages, than feed. Intensive 
tool wear is a result of high contact pressure 
on the cutting tool edge and intense heat 
generation during machining of hard-to-
machining steels such as 100Cr6. 

In cutting conditions when feed increases, 
at the same values of cutting speed, the 
surface roughness significantly increases, but 
when the cutting speed increases, with the 
same values of feed, better quality of 
processing is achieved, see Figure 14. 

Based on the presented results in 
processing hard-to-machine steel, it can be 
concluded that the processing of these 
materials can be achieved with carbide tools 
by applying HPJAM in conditions semi rough 
and rough machining. 

 
Figure 14. Surface roughness for different feed 

during machining of 100Cr6 [11] 

 
Figure 15. Dependence of surface roughness on 

tool wear during turning 100Cr6 

The results in Figure 15 show that with 
increased tool wear, there is also an increase 
in the parameters of surface roughness, when 
applying HPJAM. The increase in parameters of 
surface roughness is more pronounced for 
higher values of feed. 
 
3. CONCLUSION   
 

Main target was to investigate the 
capability of hardened steel processing using 
carbide tool insert, because mentioned 
material are processed dominantly with CBN 
tool inserts, which are much more expensive 
than the carbide tool inserts. Experimental 
study on capabilities of two techniques of 
cooling and lubrication (conventional flooding 
and high pressure jet assisted machining in the 
turning) was evaluated in this paper. 

Experimental research was conducted on 
two hard-to-machine materials: Ck45 (58 HRc), 
and 100Cr6 (62 HRc). There were used coated 
carbide tools and highly cutting speed (up to 
160 m/min). The capability of cooling is 
characterized by tool wear and surface 
roughness parameters. During tool wear, 
surface roughness parameters (Ra and Ry), 
were evaluated, and relation between the tool 
wear and surface roughness is established.  

Basic conclusions in turning of steel Ck45 
(58HRc) regarding of tool life and surface 
roughness and the application of various CLF 
techniques are:   
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 for the selected criteria (VB = 0.1 mm), in 
the case of HPJAM tool life was 
approximately five times longer than in 
the case of conventional cooling.  

 Tool wear in HPJAM is uniform and less 
notch wear is recognized compared to 
conventional CLF technique. 

 The consumption of coolant in the case of 
HPC is more than four times lower than in 
the case of conventional cooling. 

 The changes in roughness were noticed as 
a consequence of the increasing tool wear. 
Compared to conventional cooling can be 
noticed that the surface roughness the 
slightly higher in HPJA techniques due to 
action of high pressure jet to the surface. 

 For both CLF delivery techniques 
(conventional flooding and HPJAM) similar 
surface roughness was obtained. 

Results of experimental investigations 
indicate that HPJAM techniques can be 
successfully used for hard turning of steel 
100Cr6 (62 HRc):  
 The significant increase in chip 

breakability was achieved by use of 
HPJAM. 

 Significantly reduction of the consumption 
of cutting fluid in comparison to 
conventional machining. 

 The influence of cutting speed on tool 
wear is higher expressed in percentages 
than influence of feed. Intensive tool wear 
is a result of high contact pressure on the 
cutting tool edge and intense heat 
generation during machining.  

 Experimental studies have shown that, in 
terms of tool wear and productivity of 
processing, optimal results were achieved 
with lower values of feed and cutting speed. 

Results of presented experimental 
investigation show that the hard turning  with 
carbide cutting tools and HP supply CLF 
provides numerous advantages from the 
techno-economic aspect: greater productivity, 
reduce of temperature in the cutting zone, 
improved control chip formation, longer tool 
life, significant reduce of production costs 
related to the CLF, similar surface roughness 
compared to conventional CLF technique. 
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Abstract: As a result of the increasing environmental pollution and reduction of crude oil reserves, has 
intensified the development of environmentally friendly lubricants. Environmentally friendly lubricants are 
rapidly biodegradable and non-toxic to living organisms. The most important raw materials for the 
formulation of environmentally friendly lubricants are vegetable oils.  
Vegetable oils are triglycerides that make up the complex mixture of fatty acids with different chain length 
and number of double bonds. Triglycerides are rapidly biodegradable and have excellent lubricity properties. 
Advantages of vegetable oils compared to mineral are reflected in the following characteristics: toxicity, 
rapid biodegradability, good lubricity, high flash point, high viscosity index and low volatility. Disadvantages 
of vegetable oils compared to mineral are: poor oxidative stability, poor flow ability at low temperatures 
and poor hydrolytic stability that limits their application.  
The paper presents the tribological properties of vegetable oils, which was compared with the tribological 
properties of mineral oil. 
 
Keywords: environmentally friendly lubricants, vegetable oil, biodegradable oil, tribological characteristics, 
wear 

 
 
1. INTRODUCTION 
 

The louder and more justified 
environmental requirements for the 
protection of the environment causes 
introduction of increasingly stringent 
requirements, rules and regulations. The two 
main aspects: saving and preservation of non-
renewable resources and reduce the harmful 
effect of lubricants on the environment are 
core tasks. All these issues have increased 
public awareness and environmental 
conscience for the development of 
environmentally friendly lubricants. Terms of 
the environmental acceptability are 
biodegradability and non-toxicity lubricants. 
The most important raw materials for the 
formulation of environmentally friendly 

lubricants are vegetable oils, which, in addition 
to biodegradability and non-toxicity, is a 
renewable resource. Research suggests that 
vegetable oils have advantages and 
disadvantages in relation to the mineral. 

Vegetable oils have a great advantage over 
mineral because they are non-toxic, 
biodegradable, less polluting, and they are 
particularly interesting because they are made 
from renewable raw materials. Besides that, 
they provide lower consumption due to the 
lower loss by evaporation, a better lubricating 
properties, higher viscosity index, higher 
resistance to fire because higher flash 
temperature, a higher solubility for additives 
and oxidation products. 

The disadvantages of vegetable oils, 
comparing with a mineral are: they are less 
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thermally stable, in the presence of moisture 
are susceptible to hydrolysis forming corrosive 
acids, have a considerably higher pour point 
and a much greater tendency to foam, and 
have a shorter shelf-life and period of use.  

With high probability it can be supposed 
that in the near future environmental 
requirements further increase and intensify. 
The direct and important role of tribology is 
the development of environmentally friendly 
lubricants. In this complex and long process 
tribology plays a very important role and can 
not be, as until now, considered a science or 
profession which deals with the reduction of 
friction and better lubrication. 

 
2. EXPERIMENTS 
 
2.1 Preparation of sample 

Tests should show the difference that 
exists between the mineral and vegetable base 
oils in terms of their tribological properties, 
and their ability to additive. As a mineral oil 
was taken SN 150 base oil, which is used for 
the production of mineral lubricants. This 
mineral base oil will be in the following text 
labeled as MIN 30, and has a viscosity that is 
comparable to the viscosity grades of 
vegetable oil from the rapeseed which is 
labeled as REP 30. Physico-chemical 
characteristics of MIN 30, and the REP 30 are 
shown in Table 1, and physico-chemical 
characteristics of anti-wear additive in table 2, 
and the additive for extreme pressures in table 
3. These additives are conventional and they 
use in the production of mineral lubricant. 

Table 1.  Physico-chemical properties of vegetable 
oils used in the experiment  

Phisicalchemical 
characteristics 

Unit 
MIN 
30 

REP 
30 

Metods 

Density at 200C g/cm3 0,89 0,92 ISO 3675 
Kinematic 
viscosity, 400C mm2/s 29,15 34,07 ISO 3104 

Kinematic 
viscosity, 1000C mm2/s 5,3 7,84 ISO 3104 

Index viscosity  98 213 ISO 2909 
Flash point 0C 207 322 ISO 2952 
Pour point 0C - 15 -8 ISO 3016 

Neutralisation 
number 

mgKOH 
/g 0,007 0,3 ISO 6618 

Table 2. Physicochemical properties of AW 
additives used in the experiment  

Characteristics Unit 
AW 

additives 
Metods 

Density at 150C g/cm3 0,930 ISO 
3675 

Kinematic 
viscosity, 400C mm2/s 45,0 ISO 

3104 
Kinematic 
viscosity, 1000C mm2/s 8,3 ISO 

3104 

Flash point 0C 180 ISO 
2952 

Zink content % w/w 4.5 ASTM 
D4628 

 
Table 3. Physico-chemical properties of EP 
additives used in the experiment 

Characteristics Unit 
EP 

additives 
Metods 

Density at 150C g/cm3 1,036 ISO 
3675 

Kinematic 
viscosity, 400C mm2/s 42,0 ISO 

3104 
Kinematic 
viscosity, 1000C mm2/s 6,3 ISO 

3104 

Flash point 0C 70 ISO 
2952 

Sulfur content %w/w 30 ISO 
8754 

Phosphorus 
content %w/w 0.5 ASTM 

D4628 
 
Anti-wear (AW ) additives 

 
For protection metal surfaces, which are 

in contact, from wear occuring under 
conditions of moderate temperature and 
pressures standard anti-wear additives is used 
(Zinc alkyldithiophosphate). These are polar 
materials that form a film on the metal surface, 
wherein the polar ends directed at right angles 
to the metal surface, and which together make 
a more or less strong adhesive joint, Figure 1. 
The film formed between the metal surfaces 
reduces friction and provide metal to relatively 
easily slide one after the other. These 
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additives act only under mild conditions of 
loading and temperature conditions. 

Due to the extreme pressures and shock 
loads in particular of gear transmissions, it 
happens the interrupt of oil layer. In that case, 
there is the danger that in touch points of 
gears happens destructive friction and wear 
and because of the high temperatures, which 
develops in the contact zone, welding metal 
surfaces is happening. In order to prevent that,  
an additive for improvement the capability to 
resistance the extreme pressures (Phosphoric 
acid esters / amine salt) is added. 

 
Figure 1. Polar additive 

Additive for improving the capability of 
resistance to the extreme pressure (EP 
additives)   
 

In condition of shock loads and extreme 
pressures this additive chemically reacts with 
the metal surface and builds a solid compound 
with high shear stability than of the metal, 
Figure 2. 

This compound effectively performs the 
function of a solid lubricant and prevents the 
destructive friction and welding of contact 
surfaces of gear until new a layer of oil is form, 
that is a boundary lubrication. 

 
Figure 2. EP additive 

 
2.2 Equipment and test methods 

Antiwear properties (Four Ball Wear Test)  

 
The test of wear resistance is done by the 

standard method ASTM D4172. This test show 
the efficiency of protection against wear, and 
it is used for determining the resistance to 
load of lubricating film in the mixed and mild 
boundary lubrication conditions. Basic test 
element consists of four balls that are in the 
form of a regular tetrahedron immersed in test 
oil. The three are beads in the carrier and 
fastened by a ring and immersed in oil. Fourth 
ball is attached with handle, which along with 
it, rotates around a vertical axis with 1,500 
rpm, Figure 3. The load of 40 kg is transmitted 
through the upper rotating balls evenly on 
three immovable balls. Test duration was 60 
minutes at a temperature of 65⁰C. At the end 
of test,  diameter of worn surfaces (which is 
dome-shaped) of immovable three balls is  
measured, and the result is expressed as the 
average wear diameter in mm. 

Wear of ball directly indicates the load 
resistance of the lubricating film. As the value 
of the mean diameter is smaller, resistance of 
the lubricating film is higher and inversely. 

 

Figure 3. Four ball tests 

 

Extreme pressures properties (Four Ball 
Extreme Pressure Test) 
 

Testing the ability to resistance extreme 
pressures is done according to the standard 
method ASTM D 2783, a device with four balls. 
The difference from the previous wear test is 
that the load are gradually increased until 
scuffing or welding balls, Figure 4. 
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EP-device with four ball is used to 
determine the load that may be carrying by 
lubricants, or the strength of lubricants film in  
the boundary conditions of lubrication (EP 
properties). The basic test element consists of 
four balls that are in the form of a regular 
tetrahedron immersed in oil which is tested. 
Upper ball rotates at a constant speed around 
a vertical axis, touching the other three balls 
which are fastened to the base of the 
tetrahedron. With specific load of balls, the 
test takes 10 seconds. The load is increased 
until balls do weld. Load at which the ball is 
welded is expressed as the welding point and 
it is expressed in Newton (N). As the value of 
the point of welding is greater, greater is the 
strength of lubricating film. 

 

 
Figure 4. Appearance of weld balls 

 
2.3 Test results and explanations 

Results of mesurements of testing samples 
 
Measured values which were obtained in a 

device with four balls for rapeseed (REP 30) 
and mineral oil (MIN 30) are located in tables 4 
and 5. 

Table 4. Resistance to wear 

Treat level of additives 
(%w/w) 

REP 30 
(mm) 

MIN 30 
(mm) 

0,0 0,68 0,80 
0,5 0,66 0,67 
1,0 0,62 0,50 
1,5 0,60 0,42 
2,0 0,58 0,34 
2,5 0,58 0,33 

 

 
Figure 5. Resistance to wear 

Table 5. Capability to resistance to extremely 
high pressures 

Treat level of 
additives 
(%w/w) 

REP 30 
(N) 

MIN 30 
(N) 

0,0 100 60 
0,5 110 100 
1,0 120 150 
1,5 180 220 
2,0 220 270 
2,5 230 300 

 

 
Figure 6. Resistance to load EP 

 
3. RESULTS AND DISCUSSION  
 
The research results showed the following 
observations: 
 Vegetable oil has a better natural anti-

wear characteristics and a better ability to 
resistance the extreme pressures and high 
loads compared to mineral base oils.  

 By Adding of AW and EP additives 
improves the corresponding 
characteristics of the anti wear and the 
extreme pressures and high loads carrying 
capabilities of the tested vegetable and 
mineral oils. 

 By Adding AW and EP additive has greater 
effect on the enhancement of mineral oil 
compared to vegetable oil. The same 
percentage of the additive effectively 
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improves wear characteristics of the 
mineral oil comparing to the vegetable oil, 
Figure 5. In the same way, the same 
percentage of the additive more 
effectively improves the mineral oil 
characteristic of high pressure carrying 
than comparing to the vegetable oil, as 
shown in Figure 6. 

 
 

4. CONCLUSION 

From the present research, it can be 
concluded that, although vegetable oils have 
better natural characteristics of the load 
carrying and anti-wear, they are less 
susceptible to additive compared to mineral 
oils. This could be explained by the different 
chemical structure of vegetable oils compared 
with mineral and because different 
mechanism of interaction with the additives 
that are designed to mineral base oils.  

Vegetable oils can reach a much better 
performance by using additives that are 
intended for vegetable oils. The best known 
manufacturers have been developing additives 
and they already can offer efficient additives 
intended to improve the characteristics of 
vegetable oils that are increasingly in use. 
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Abstract: It is known the wear resistance of the contact surfaces is mostly determined with quality 
parameters of surface layer, including roughness of surface, degree and depth of hardening of surface layer. 
These parameters depend on physical-mechanical properties of machined and instrumental materials, 
cutting modes, geometry of cutting part of instrument.  
Authors defined relation between the above mentioned process parameters of cutting and cutting 
parameters that allowed to defined the dependence for calculating the wear rate of machined surface. It is 
established the minimal wear rate, and also  minimal value of wear of machined surface are maintained in 
case of machining at optimal cutting speed when the minimum of wear of cutter is achieved. 
 
Keywords: Wear resistance, wear rate, surface layer, cutting mode, optimal cutting speed 
 
 

1. INTRODUCTION 
 

It is known the wear resistance of the 
contact surfaces is mostly determined with 
quality parameters of surface layer. These 
parameters depend on physical-mechanical 
properties of machined and instrumental 
materials, cutting modes, geometry of cutting 
part of instrument and other conditions of 
machining [1-8]. 

Thus the wear rate is a function of physical-
mechanical properties of machined and 
instrumental materials (plastic shear 
resistance of machined material, thermal 
conductance and thermal diffusivity of 
machined and instrumental materials) , cutting 
mode (cutting speed, depth of cut, feed), 
geometry of cutting part of instrument (angles 
cutter, the cutter radius at the apex in the plan, 
the rounding of cutting edges). 
 

2. THE BODY OF RESEARCH 
 
A functional relationship is established 

between the cutting conditions, the tool 
geometry on the one hand and the surface 
parameters and accuracy of machining on the 
other hand. The investigations were made 
taking into account the work and tool material 
properties (yield limit, modulus of elasticity, 
coefficients of heat and temperature 
conductivity of the work material, heat 
conductivity coefficient of the tool material, 
etc.), the rigidity of the machine-fixture-tool-
workpiece complex, dimensions of the 
workpiece machined and size of the cutting 
tool [9, 10]. 
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where S is the feed; t is the depth of cutting; v 

is the speed of cutting;   is the plan angle of 

the cutting edge; r is the tool nose radius; ост 
is the residual stress in the surface layer; hH is 
the depth of hardening of the surface 
machined; RZ is the height of asperities of the 
surface; Tp is the dimensional tolerance in 

machining; E and T is the modulus of 
elasticity and the yield limit of the work 

material; Р is the work material resistance to 

plastic shear;  is the coefficient of the linear 
temperature expansion of the work material; a 
is the temperature conductivity of the work 

material;  is the dynamic response factor of 
the machine-fixture-tool-workpiece complex; 

 and Р are the coefficients of the heat 
conductivity of the work and tool material, 
respectively; jсист is the rigidity of the machine-

fixture-tool-workpiece complex; пл is the 

melting temperature of the work material;  is 
the wear land (flank wear) of the tool; H is the 

size of the workpiece machined; B1  H1 and LP 
are the section and length of the tool holder; 

1 is the heat transfer coefficient of the tool 

holder;  and  are rake and clearance angles, 

respectively;  1 is the plan trail angle of the 

tool; 1 is the cutting edge radius; c are the 
specific volume heat of the work and tool 
material. 

It thus follows that cutting conditions and 
the tool geometry are functions of the surface 
characteristics, machining accuracy, work and 
tool material properties, workpiece, and 
cutting tool dimesions and the rigidity of the 
machine-fixture-tool-workpiece complex. 

 
Initial data 

Work material 

properties В, 

Т, Eg, Р, ПЛ, 

g, ,   and 
ets. 

Tool material 
properties 

И, Р, (с)И,  

И, … 

Tool 

geometry , 

, , 1, , 1 

Parameters of 
the machine - 
fixture - tool -

workpiece 

complex JCИCT, 
machine 

dimetions of 
holding the 
workpiece 

Workpiece 
dimensions 
l, d, H and 

etc 

Determination of the cutting conditions from the 

following expression taking into account the tool life 

  ,...,,,, ИPCО  PtThfvv   

Calculation of the cutting conditions from given values of 
the machining accuracy and surface characteristics 

 = f (hH) а1, b1, b B 

S = f (ОСТ) а1, b1, b 

 r  f(RZ) t  f() 

v0 

ОЛ0
maxpc hv

h
T r  

ild

SvT
N



0pcmax
  

 
 

Figure 1. The sequence of the calculated determination of the optimum cutting speed V0
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When it is necessary to attain both the 
required accuracy of machining and 
combination of surface characteristics, 
machining coditions can be calculated from 
the data in the table given below. In this case 
the following sequence of steps may be 
proposed. First, cutting conditions are 
calculated from the initial data preseted in the 
table (work and cutting edge material 
properties, the tool geometry, parameters of 
the machine-fixture-tool-workpiece complex), 
taking into account tool life [11]. Then, 
machining conditions are specified, taking into 
account restrictions on the depth of hardening, 
the height of the asperities, the value residual 
stresses and the accuracy of machinig that are 
imposed by the required operating 
characteristics of the product. 

On the figure 1: И is the compression 
ultimate strength of the tool material; l and d 
are the dimensions of the workpiece; hr is the 

change in dimensional size of the tool; TРС is 
the tool life period; a1, b1, b are the 
underformed chip thickness, the width of cut 
and the total length of the engaged cutting 

edge, respectively; 1tg
1 B  is the inclination 

angle of the shear plane;  is the total 
machining error resulting from the cutting 
process; v0 is the optimum speed of cutting; 
hОЛ is the relative linear surface wear; i is the 
number of passes in cutting. 

It is advisable to select cutting conditions 
which give optimum temperature providing 
minimum relative change in dimensional size 
and, therefore, maximum tool life. The speed 
of cutting, corresponding to the optimum 
temperature, is further termed optimum 
speed and can be calculated from the formula 
obtained by Dr. S. S. Silin on the basis of the 
analysis of the technological variables caused 
by cutting process [12]:
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where  and  are the wedge and tool nose 

angle, respectively; РZ is the force of cutting; 0 

is the temperature in the zone of cutting; K is 
the coefficient, dependent on the cutting 
speed and feed, as well as on the work 
material properties. 

Operation at optimum speed of cutting 
provides the most favourable parameters of 
the quality of the surface layer. Thus, at 
optimum speed of cutting minimum asperity 
height of the surface machined and minimum 

approach of the contacting surfaces under 
load are observed (Figure 2). 

Cutting at optimum speed gives minimum 
wear of the surface machined. The 
investigations were made at rolling friction 
and a load of 1470 N (Figure 3). 

This is explained by the fact that the surface 
machined has the most uniform distribution of 
asperities at optimum speed of cutting (Figure 4). 

When the optimum speed of cutting is 
known the wear rate value for the known 
machining conditions may be determined from 
the following theoretical formula: 

 

0

00

1

75,1

1,0
1

04,0
0

74,026,0
0

0,02543,0

0
075,0

1
57,0

3,0

345,057,00,115125,0
1

874,0

1,2
1

5,0
2

3

s in45,01s in

s in3,46625,0
10

n

nn
p

p

h
bcmtva

ca
m

t
va

nr

a
J


























































15th International Conference on Tribology – Serbiatrib ‘17 505



 

where 1 is the optimum approach of the 
contacting surfaces, expressed in fractions of 
the maximum height of the profile asperities; 
2 is the coefficient dependent on the type of 
contact; n is the number of loading cycles to 

failure; t is the depth of cut; m is the ratio of 
the under formed chip thickness m the feed; c0 
and n0 are values, dependent on the relation 
p1/a1. 

 

6 
 

5 
 

4 
 

3 
 

2 
 
1 

BT9-BK8 
XH73M6TЮ 
(ЭИ698ВД)-BK8 

Y 
RZ RZ 

Y 

0,2 v0 0,6 v0 1,0 1,4 v, м/c 

RZ, 
мкм 

Y, 
мкм 

12 
 

10 
 

  8 
 

  6 
 

  4 
 
  2 

 
Figure 2. Relation between contacting area approach of the surfaces y and v cutting speed. Loading force 
P = 1470N. Work material alloy BT9;  = 10°;  = 0°;  = 45°; 1 = 15°; r = 1 mm; S = 0,2 mm; work material 

alloy ХН73МБТЮ cutting conditions are similar, except  = 10° 
 

1. t1 = 2 мин 
2. t1 = 6 мин 
3. t1 = 10 мин 
4. t1 = 20 мин 
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Figure 3. Relation of the wear rate value and the cutting speed. Work material alloy BT9; S = 0,2 mm; 
t = 2 mm; r = 0,5 mm;  = 10°;  = 0°;  = 45°;  1 = 15°. Tool material BK8.  – wear value of the surface 

machined; t1 – time of friction.
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v = 0,23 м/с 

v0 = 0,37 м/с 

v = 0,73 м/с  

Figure 4. Profile graphs of the machined surface roughness. Work material ХН77ТЮР. Tool material 
BK8; S = 0,2 mm; t = 2 mm; r = 0,5 mm; 1 = 30 mkm;  = 45°; 1 = 15°;  =  = 10°. Vertical 

magnification 2000. Horizontal magnfication 80.  
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Figure 5. Relation of the wear rate to machining conditions of contacting surface.  

Work material steel 40X. Tool material T15K6.

 = 90°; 1 = 15°;  = 10°;  = 15°;  
at Jh = f(S) - t = 1 mm, r = 0,5 mm;  
at Jh = f(t) - S = 0,27 mm, r = 0,5 mm; 
at Jh = f(r) - t = 1 mm, r = 0,5 mm 

15th International Conference on Tribology – Serbiatrib ‘17 507



 

Thus, the wear rate is a function of the 
physical and mechanical properties of the 
work and tool material (resistance of the work 
material to plastic shear, heat and 
temperature coefficients of the work and tool 
material), of the cutting conditions (speed and 
feed of cutting, depth of cut), and of the 
geometrical parameters of tool cutting edge 
(tool angles and tool cutting edge radius). 

The results of the wear rate calculations 
from the formula are given on Figure 5.  

From the analysis of the results of 
calculations given in Figure 5, it may be 
assumed that the qualitative characteristic of 
the wear rate relating it to the machining 
conditions is correct. Increasing feed leads to 
increases both in the asperities height and 
spacing, and, as a result, to the subsequent 
increase of the wear rate of the surface 
machined. Increase of the cutting tool nose 
radius will reduce the asperities height and 
spacing, producing a reduction of the wear 
rate of the surface machined. Increasing the 
depth of cut will reduce the wear rate, if the 
ratio of depth of cut is more than naught point 
two. With further increases in the depth of cut 
the wear rate practically will not change 
because of analogous changes in surface 
roughness parameters when the depth of 
cutting is increased. 

As a rule, quantative results of the calculations 
are found to be somewhat different from actual 
values of the wear rate obtained in the calculations. 

 
3. CONCLUSION 
 

Thus, it appears possible to calculate 
tribological charateristics of the surfaces 
machined and machining conditions providing 

specified operation characteristics (by 
theoretical methods). 
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Abstract: This paper is focused on the analysis of surface roughness obtained in CO2 laser cutting of mild 
steel using oxygen as assist gas. To this aim a quazi-linear mathematical model for the prediction of surface 
roughness in terms of cutting speed, laser power and assist gas pressure was developed. The experimental 
data were collected upon realization of 23 factorial design with central points. The obtained results from 
additional validation trials indicated that the proposed model accurately relate surface roughness and laser 
cutting factors in the covered experimental hyper-space. It has been observed that between surface 
roughness and laser cutting process factors significant three-way interaction exists, which indicate the very 
complex nature of surface formation in laser cutting. 
 
Keywords: CO2 laser cutting, surface roughness, design of experiments, mathematical model, mild steel. 

 
 
1. INTRODUCTION 
 

Laser cutting is thermal based cutting 
method widely used in industry for contour 
cutting of different materials. The cutting 
process is achieved by concentrating high heat 
energy supplied by focused laser beam which 
results in melting and evaporation of 
workpiece material. Laser cutting is a complex 
process characterized by a number of input 
factors which determine efficiency of the 
entire process in terms of material removal 
rate, cut quality criteria and cost [1]. These 
factors are to be adequately set for each laser 
cutting system, laser cutting method, and 
workpiece material and thickness. As in many 
other machining processes, the determination 
of process regimes is done considering certain 
quality, productivity or cost criteria.  

In recent years, researchers and 
practitioners worldwide are focused on 
mathematical modeling and optimization of 
laser cutting of different materials in terms of 
different criteria such as dross formation [1], 
surface roughness [2], material removal rate 
[3], kerf width [4], kerf taper [5], cost [6], heat 
affected zone [7], etc. Experimental 
comparison of the effects of process factors on 
process performances in the fiber and CO2 
laser cutting of low-carbon and stainless steel 
was also performed [8, 9]. In these, and many 
other practical and scientific studies the 
analysis, modeling and optimization of laser 
cutting process was performed by means of 
different methods, techniques, algorithms and 
approaches. 

The present study deals with the analysis of 
surface roughness obtained in CO2 laser 
cutting of mild steel using design of 
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experiments approach. The ultimate aim was 
to develop surface roughness prediction 
model in terms of main laser cutting factors 
such as cutting speed, laser power and assist 
gas pressure. To this aim 23 factorial plan with 
central points was adopted.  
 
2. MATERIALS AND METHODS 
 
2.1 Equipment and setup 
 

The laser machine used in this study was 
the CO2 laser ByVention 3015 manufactured 
by Bystronic (see Figure 20) delivering output 
power maximal output power of 2.2 kW at a 
wavelength of 10.6 μm. Maximum cutting area 
is 1152 x772 x 100 mm and positioning speed 
in X andY directions is 100 m/min. 

The workpiece material used in the study 
was a 2 mm thick mild steel. From a mild steel 
plate the specimens with dimensions of 60 × 
10 mm were cut using oxygen as assist gas 
with purity of ≥ 99.95 %. In experimentation 
the following process factors were kept 
constant: lens focal length of 127 mm, nozzle 
diameter of 1 mm, focus position (0 mm) and 
standoff distance of 0.7 mm. On the other 
hand, three main laser cutting factors were 
selected as main contributing factor leading to 
changes in surface roughness. Cutting speed 
(v), laser power (P) and assist gas pressure (p), 
were varied at two levels in experimentation.  

Surface roughness of the edge was 
measured in terms of the average surface 
roughness (Ra) using Surftest SJ-301 
(Mitutoyo) profilometer. Cut off length was 
0.8 mm and evaluation length was 4 mm. The 
average value of three measurements taken 
along the cut at approximately in the middle of 
the workpiece thickness was recorded for each 
specimen. Surface roughness was selected as 
process response as its measurements are 
essential in characterization of the features of 
a machined surface [10]. 
 
2.2 Experimental design 23 
 

Factorial designs are widely used in 
research and industry for assessing the effects 

of several factors on the observed process 
response (characteristic). Since these designs 
permit changing of factors only at two levels 
during experimentation, linear and quazi-
linear relationship between factors and 
process response is assumed. Still, the general 
factorial designs are important because they 
form the basis for other designs which are 
used for further research on the considered 
process performance [11]. For example, by 
adding axial points to factorial designs one can 
obtain experimental designs of higher 
resolution (such as central composite deign) 
which can be used for development of second 
order mathematical models which assume 
nonlinear relationship between factors and 
process performance. 
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For the investigation of surface roughness 
in laser cutting this study applied 23 
experimental design. This experimental design 
has three factors (x1, x2, x3) which are varied in 
the experimentation at two levels (low and 
high) resulting in total of eight combinations of 
factors levels. If one assigns “-” and “+” for low 
and high factor levels, respectively, one 
obtains the general design matrix of the 
experiment (Table 1). 

Using the general 23 design matrix one can 
estimate any main effect or interaction effect. 
If one joins, on the far right side of the table, a 
column of measured (calculated) process 
performance values for each trial (yi), one can 
easily calculate contrast, i.e. a measure how 
average response is changing, by summing all 
yi in trials where given factor or interaction is 
on low level (–) and subtracting it from the 
sum of all yi in trials where given factor or 
interaction is on low level (+). For any 2k 
experimental design with n replicates, the 
effect estimates can be calculated as [11]: 

1
ContrastEffect=

2kn
.                         (2) 
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Table 1. The general 23 design matrix 

Trial x1 x2 x1x2 x3 x1x3 x2x3 x1x2x3 

1 – – + – + + – 
2 + – – – – + + 
3 – + – – + – + 
4 + + + – – – – 
5 – – + + – – + 
6 + – – + + – – 
7 – + – + – + – 
8 + + + + + + + 

 
In situations where continuous factors are 

used in experimentation, it is beneficial to 
observe response values for factor settings in 
between those realized in the experiment. This 
is particularly desirable when small changes in 
factor settings result in considerable increase 
or decrease in process performance. The 
method consisting of adding central points to 
the 2k design is an approach to reveal whether 
assumption of linearity holds or there exists 
considerable nonlinearity in the covered 
experimental region. It has to be noted that 
addition of nc replicates trials at central points 
xi=0 (i=1,...k) do not affect the estimates of 
main and interaction effects [11]. 

The experimental design used for 
assessment of the effects of laser cutting 
factors and their interactions on surface 
roughness is given in Figure 1. In the 
experiment, two replicates in central point 
(x1=0, x2=0, x3=0) were performed. The coded 
and real values of laser factors as well as 
surface roughness measurements are given in 
Table 2. 

 
Figure 1. Applied experimenta design 

 

Table 2. Experimental trials and results 

Trial x1 x2 x3 
v 

[m/min] 
P 

[kw] 
p 

[bar] Ra [µm] 

1 -1 -1 -1 3 0.9 3 1.26 
2 1 -1 -1 7 0.9 3 0.83 
3 -1 1 -1 3 1.3 3 1.53 
4 1 1 -1 7 1.3 3 1.19 
5 -1 -1 1 3 0.9 7 2.08 
6 1 -1 1 7 0.9 7 1.61 
7 -1 1 1 3 1.3 7 3.36 
8 1 1 1 7 1.3 7 0.89 
9 0 0 0 5 1.1 5 1.42 

10 0 0 0 5 1.1 5 1.59 
 
3. RESULTS AND DISCUSSION 
 

Considering the previous discussion and 
with the use of Eq. 2 the main and interaction 
effects of laser cutting factors on surface 
roughness were calculated (Table 3). For 
example, the effect of factor x1 (cutting speed) 
is obtained as: ((0.83+1.19+1.61+0.89)-
(1.26+1.53+2.08+3.36))/223-1=-0.93 

Table 3. Main and interaction effects 

x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 

-0.93 0.29 0.78 -0.48 -0.54 -0.02 -0.52 
 
As could be observed from Table 3, the 

negative sign in front of the effect of cutting 
speed reveals that cutting speed and surface 
roughness are in opposite relationship. The 
main effects showing the difference in process 
performance at low and high levels are 
graphically represented in Figure 2. 
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a) b) c) 

Figure 2. The main factor effects on surface roughness: a) cutting speed, b) laser power, c) assist gas 
pressure 

   
a) b) c) 

Figure 3. Change of surface roughness within covered experimental hyper-space a) interaction of cutting 
speed and laser power, b) interaction of cutting speed and assist gas pressure, c) interaction of laser power 

and assist gas pressure 
 
As it is well known in 2k factorial designs the 

regression coefficients of the linear or quazi-
linear model are one half of the estimated 
effects so on the basis of calculated effects 
one can develop mathematical model for 
relating surface roughness and laser cutting 
factors in the following form: 

 
   

  

1 2 3

1 2 1 3 1 2 3

1.59 0.46 0.15 0.39
0.24 0.27 0.26
aR x x x

x x x x x x x
. (3) 

Here it should be noted that the intercept, 
β0=1.59, is estimated as the mean average of 
surface roughness obtained in all trials. As 
given in Eq. 3, the interaction term x1x2 was 
omitted in the model since the effect of this 
interaction is several times smaller and thus 
can be neglected. 

The validity of the developed model was 
assessed by calculating coefficient of 
determination and mean absolute error. 
Coefficient of determination of R2=0.99 and 
mean absolute error of 1.6 % prove that the 

proposed quazi-linear model is adequate for 
describing the relationships between laser 
cutting factors and surface roughness in the 
covered experimental hyper-space. The 3D 
surfaces in Figure 3 visualize the change of 
surface roughness values with respect to 
change in laser cutting factors. 

As could be observed from Figure 3 
maximal surface roughness values corresponds 
to combination of low cutting speed and high 
values of laser power and assist gas pressure. 
Combination of the low cutting speed and high 
laser power produce higher heat input 
generating higher melt volume. Moreover, 
higher levels of assist gas (oxygen) pressure 
affect hydrodynamics of the molten metal flow 
and also result in increased exothermic-
induced burning of the cut surface. These 
effects in sum deteriorate surface quality of 
the laser cut. 

On the other hand minimal surface 
roughness values correspond to either low 
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levels of laser power and assist gas pressure 
and high level of cutting speed or high levels of 
all three cutting factors. Not only in the case of 
minimal roughness values, it can be observed 
that certain surface roughness values can be 
obtained with a drastically different 
combinations of laser cutting factor values and 
this is consequence that the third order 
interaction term is significant and is included 
in the model. 

The obtained results clearly indicate a very 
complex nature of surface roughness 
formation in laser cutting and the need of 
development of mathematical models for its 
prediction for each workpiece material and 
thickness, given laser cutting method and 
selection laser cutting experimental hyper-
space. 

Finally, the developed model was used to 
estimate surface roughness values for laser 
cutting regimes which were not used in 
experimentation. Two combinations of laser 
cutting factor values were tested: 

Combination 1: Cutting speed = 5 m/min, 
laser power = 1.1 kW and assist gas pressure = 
7 bar, or in terms of coded factor values (x1=0, 
x2=0, x3=1), produced surface roughness value 
of Ra=2.26 µm, and 

Combination 2: Cutting speed = 3 m/min, 
laser power = 1.3 kW and assist gas pressure = 
3 bar, or in terms of coded factor values (x1=0, 
x2=0, x3=1), produced surface roughness value 
of Ra=1.44 µm 

 

 
a) 

 
b) 

Figure 4. Cut surface patterns obtained in 
validation trials a) combination 1, b) combination 2 

The prediction error between predicted and 
experimentally measured surface roughness 

value were obtained around 5% which further 
confirms the validity of the developed model. 

The cut surface patterns obtained under 
these conditions are given in Fig. 4. 

 
4. CONCLUSION 
 

This study presented the design of 
experiments approach for analysis and 
modeling of surface roughness in CO2 laser 
cutting of mild steel using oxygen as assist gas. 
Cutting speed, laser power and assist gas 
pressure were considered in the experiment 
that was planned according to the 23 factorial 
design with central points.  

From the analysis of obtained results the 
following conclusions can be drawn: 

 Cutting speed and assist gas pressure 
main effects predominantly affect 
surface roughness. 

 Interaction effect of laser power and 
assist gas pressure is negligible, however, 
the three-way interaction of laser power, 
assist gas pressure and cutting speed has 
considerable effect on surface roughness. 

 The developed quazi-linear model 
accurately relates surface roughness and 
laser cutting factors in the covered 
experimental hyper-space and can be 
used as a basis for further investigations 
of surface roughness. 

Formulation and solving single and multi-
objective laser cutting problems considering 
surface roughness as functional constraint is 
future research scope. 
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Abstract: The article describes the features of contact interaction of the mating machine parts without 
lubricant considering power and thermal factors, allowing carrying out the design and calculation of 
tribocontact in step of design and technological preparation of production. The description of an approach 
for determining the value of the equilibrium parameters of the quality of the surface layer in order to reduce 
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the software implemented on the basis of the developed mathematical model of the visualization of 
topography of the machined surface, as well as its change as a result of the break-in period is shown. 
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1. INTRODUCTION 
 

At present, in connection with the intensive 
development of means for measuring the 
geometrical parameters of the surfaces of 
parts, a growing number of methods and 
techniques for measuring, and, together with 
them, software products. There are new 
possibilities of measuring systems; therefore 
the number of parameters describing the 
surface of a part also increases. The task of 
measuring and visualizing the surface relief of 
micro objects is extremely relevant in various 
fields of science and industry. Methods for 
measuring and visualizing the surface relief 
using computerized optical complexes require 
large calculations and were implemented only 
at the current level of computer technology. 
The software requires an increase in the 
amount of hardware resources and is 

continuously complicated. To perform high-
precision measurements, high-quality 
software products are required, so now special 
standards in the field of software quality are 
developed. 
 
2. THE STUDIED MATHEMATICAL MODEL 
 

According to ISO 25178-2 the set of 
measured data of the height of surface 
irregularities in the volume on the basis of the 
introduced standards is proposed to be 
analyzed and described by the autocorrelation 
function fACF (tx, ty) (Fig. 1). This function 
describes the correlation between the surface 
and a similar surface transformed by analysis 
of the set of points (tx, ty) (1): 
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where z(x, y) is the height of the surface with a 
limited scale at the position x, y, and the 
coordinate system is based on the reference 
surface; A is the domain of definition, (tx, ty) is 
the set of measured points. 

 
Figure 1. Function of autocorrelation 

In addition, taking into account the Laplace 
transform, we can use the operator F(p, q) 
which transforms a surface with a bounded 
scale into a Fourier space (2): 

 




A

ipyipx yxeyxzqpF dd),(),( )( , (2) 

where z (x, y) is the height of the surface with 
a limited scale at the position x, y; p, q are 
complex numbers; A is the domain of 
definition. 

Applying various kinds of data filters 
obtained from various equipment for scanning 
the surface of a part, it is possible to visualize 
the surface by means of both specialized 
software supplied with the measuring 
equipment and by using special software 
packages. 

The classical process of modeling consists in 
the design of parts and products according to 
the nominal values of the geometric 
characteristics of length, width and height. In 
modern CAD/CAM/CAE systems, the surface 
roughness parameters are not taken into 
account in the form of generating surface 
coordinates, although in principle this 
possibility can be realized by constructing a 
surface by, for example, importing the 
coordinates of points from a file. In this case, 
there is a problem of positioning parts during 
the assembly of the product in the assembly 

file or in the file of the electronic model of the 
product. 

Calculation of the coordinates of the points 
of surfaces cannot be carried out only on the 
basis of various models of the theory of 
probability, since the geometric parameters of 
the quality of the surface layer are directly 
dependent on the machining conditions, in 
particular, on the shaping motion during the 
processing of blanks. 

The surface of a real machine part is largely 
different from the idealized geometric shape, 
which is depicted in the drawings. Surface 
roughness consists of deterministic 
irregularities due to the type of processing and 
random in size, shape and location of 
irregularities. The deterministic profile is 
characterized by a periodic combination of 
irregularities of a strictly defined shape, and 
can be described by a periodic function. 

During machining there is influence on 
roughness from geometric characteristics of 
the cutting tool, value of feed, plastic 
deformation in chip formation zone, friction of 
the resulting surface against the surface of the 
cutting tool, elastic deformations arising 
during the machining, dynamic phenomena 
caused by vibrations during the machining, 
also the properties of machining coolant. 

The process for the formation of the 
machined surface occurs as a result of 
successive passage of the cutting tool along 
the surface of the workpiece in the direction of 
the speed V, each successive pass being 
shifted from the previous one by the feed 
amount S. Thus, a transverse roughness is 
formed in the cross-section in the feeding 
direction. 

The parameters of the transverse 
roughness are determined on the basis of the 
geometrical parameters of the cutting tool: 
the radius at the vertex r, the angles in the 
plan φ and φ1, and the feed amount S. 

Consider a square wave f(x) of length 2L. In 
the range [0, 2L], this can be described by an 
expression of the form (3): 

 1)]1/()/([2)(  LxHLxHxf , (3) 
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where H(x) is the Heaviside function, x is the 
argument, and taking into account that the 
formation of the transverse roughness 
depends on the radius at the vertex r of the 
cutting tool, the angles in the plan φ and φ1, 
the feed S, the cutting depth t, the cutting 
forces Px and Py, the cutting zone temperature 
Θp, for the function of transverse roughness 
for turning (4): 

 ).,,,,,,,,()( 11 xSrPPtFxf рyx   (4) 

In addition to the transverse roughness, 
there is a longitudinal roughness measured in 
the direction of the cutting speed due to the 
oscillations of the technological system, as a 
consequence of the rigidity of the 
technological system j, as well as the cutting 
speed v, the front γ and the posterior α angle 
of the cutting tool, cutting forces Pz and Py, 
temperature in the cutting zone Θp. In addition, 
the longitudinal roughness can be influenced 
by errors associated with the wear and tear of 
equipment, for example, the spindle of the 
machine. 

Longitudinal roughness can be represented 
by a pseudo-random number algorithm that is 
based on the Box-Muller transformation or 
described by the transition function to the 
general normal distribution after obtaining the 
standard normal random profile value, which 
allows the generation of a normal random 
variable to be completed. 

In this case, for the longitudinal roughness 
function for turning (5): 

),,,,,,,,,,()(2 yzRvPPjFyf рyz   (5) 

where z is the surface roughness value due to 
the action of random factors, σ is the intensity 
of the impact of random factors on the 
longitudinal roughness, or after the 
transformation, R is the radius of the 
workpiece. 

On the basis of the functions (4) and (5), 
specialized software was developed that 
allows generating the coordinates of the 
points of the surface of a workpiece machined 
by turning (Fig. 2) and forming a spectrogram 
of a rough surface (Fig. 3). Visualization of the 
obtained set of points for surface construction 

can be realized in any CAD system based on 
the import of the coordinates of points from 
the file (Fig. 4). 

 
Figure 2. A fragment of the specialized software 

for generating the coordinates of the points of the 
surface of a workpiece 

 
Figure 3. Forming a spectrogram of a rough 
surface by means of specialized software 

The normalization of the parameters of the 
surface roughness of the workpiece is directly 
related to application conditions. Roughness 
determines not only such performance 
properties as fatigue strength, wear resistance, 
contact stiffness, but also is closely related to 
the mechanical properties of the surface layers. 
Surfaces contact of machine parts is discrete. 
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Figure 4. Visualization of the obtained set of 

points of a surface of a part, processed by turning, 
in CAD KOMPAS-3D 

The ratio of the nominal area of contact to the 
actual depends on the load and often is about 
fraction of a percent. In the process of 
compression, various surface protrusions are 
being under the different stresses. The 
protrusions, originally located farther from the 
opposite surface, have lower stresses, and 
those located closer to the surface of the 
pressed counter body are larger. Specific 
pressures are obtained commensurate with 
the hardness of the material and can exceed 
the hardness of the harden material by up to 
3-5 times. 

Research the wear can provide a theoretical 
justification of the possibility of existence of 
stable reproducing geometric shapes of 
surfaces and their physical and mechanical 
properties in wear process in the given 
conditions of relative motion and loading. 
Thus, equilibrium parameters of the quality of 
the surface layer are formed, which conformal 
are reproduced during the period of normal 
operation of the unit. 

For surfaces of parts machined by turning, 
the functions of the transverse and 
longitudinal roughness can be represented in 
the first approximation by equations (4) and 
(5); an algorithm can be offered to visualize 
changing of roughness of the contacting 
surfaces during operation. Such an algorithm 
can be implemented in the software of both 
static and dynamic representation of the 
contact of surfaces. Fragment of the work of 
the developed software for generating the 
coordinates of the points of the surface of the 
part after run-in is shown (Fig. 5). 

 
Figure 5. A fragment of the specialized software 

for generating coordinates of the points of the 
surface of the part after the run-in 

Forming a spectrogram of a rough surface 
after the run-in by means of specialized 
software is shown on figure 6. 

 
Figure 6. Forming a spectrogram of a rough 

surface after the run-in by means of specialized 
software 

The view of the combs of irregularities in 
the contact zone according to the developed 
algorithm is satisfactory. To visualize the 
obtained set of points of the used surface of a 
part, CAD KOMPAS-3D was used based on the 
import of the coordinates of points from the 
file (Fig. 7). Profile of the surface has acquired 
brightly expressed contact areas similar to 
those shown in the photograph of the real 
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surface after the run-in, performed with an 
increase of 40. 

  
Figure 7. Visualization of the obtained set of 

points of the run-in surface of a part in CAD 
KOMPAS-3D and comparison with the photograph 

of the real surface of the part after running-in 
(increase 40) 

Based on the foregoing, it is possible to 
present an algorithm for calculating the 
equilibrium 3D roughness in the following 
form (Fig. 8).  

 
Figure 8. Algorithm for calculating the 

equilibrium 3D roughness 

As initial data the conditions of operation of 
parts in the friction unit, the physical and 
mechanical properties of the materials of the 

mating parts are taken into account. The 
calculation of the parameters of the 
equilibrium roughness can be performed using 
the dimensionless Kragelsky-Kombalov 
criterion. Based on the calculated value of the 
parameter of the equilibrium roughness and 
the geometry of the working surfaces of the 
parts, a choice is made of the processing 
method: turning, milling, grinding etc. Next, 
the longitudinal and transverse surface 
roughness functions are calculated from 
equations (4) and (5). Calculation of 
technological processing conditions is 
performed on the basis of known design 
dependencies for selected methods of surface 
treatment of the workpiece. Depending on the 
method and processing modes, 
recommendations for choosing lubricant-
cooling agent are offered. 
 
3. CONCLUSION 
 

The main factors influencing the formation 
of three-dimensional roughness are revealed, 
and the basic equations for calculating the 
longitudinal and transverse roughness’s of the 
surfaces of parts obtained by turning are 
presented on the basis of ISO 25178-2. 

The obtained mathematical models 
describing the roughness of the treated 
surface in the three-dimensional 
measurement are implemented 
algorithmically in the developed software, 
allowing visualizing the pattern of the 
formation of a rough surface obtained by 
machining. 
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Abstract: Plasma Jet Cutting process is one of the most important nonconventional machining methods that 
uses a thermal energy of highly ionized gas to cut specified material. Its optimal combination of cut quality, 
productivity and costs in cutting various types of materials increase its demand in the market and usually 
position it in front of the other cutting processes. This process is controlled by technological parameters 
recommendations given by the manufacturers of the cutting equipment. These parameters 
recommendations usually do not lead to optimal cut quality but refer to manufacturers’ business targets. 
Accordingly, various experimental researches have been done trying to describe process and define 
technological parameters levels that lead to optimal cut quality. In this paper, mathematical model for 
prediction of surface roughness in plasma jet cutting process was developed. Process parameters whose 
influence was analyzed are cutting speed and arc current. Experiments were conducted according to 
Taguchi L9 orthogonal array design on aluminium sheet thickness of 3 mm. Mathematical model was 
created using a single hidden layer artificial neural network trained with the Levenberg-Marquardt 
algorithm. Prediction accuracy of developed model was verified using statistical measures such as Mean 
Squared Error (MSE) and correlation coefficient (R) between experimental and predicted values. To analyze 
the main and interaction effects of the plasma cutting parameters on the surface roughness 2D and 3D 
diagrams were generated from which optimal cutting regions were identified. 
 
Keywords: plasma jet cutting, experiments, surface roughness, neural networks, modeling 

 
 
1. INTRODUCTION 
 

Plasma jet cutting process is a 
nonconventional thermal process that uses an 
energy of highly ionized gas injected into an 
electric arc to cut various materials such as 
mild steel, stainless and aluminium at various 
thicknesses. Advantages that characterize this 
cutting process and position it in front of the 
other nonconventional processes are 

competitive investments, high productivity, 
long consumables life and lower costs per part.     
Working with plasma jet cutting systems is 
usually supported by machinery 
manufacturers recommendations. Because of 
process complexity it is not simple to obtain 
best cut results just by using these 
recommendations. It is necessary to conduct a 
comprehensive researches trying to analyze 
influences of process parameters on cut 
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surface quality and to find their values that 
lead to optimal results. In the last few years 
examinations about plasma jet cutting process 
and obtained cut surface quality have been 
occupation of many reserchers.  

Kumar Das et al. [1] conducted experiments 
on EN31 steel and investigated influence of 
process parameters such as gas pressure, arc 
current and torch height on material removal 
rate and surface roughness characteristics. 
Their experimental results were analyzed 
through ANOVA and grey relational analysis. 
Bini et al. [2] analyzed influence of arc voltage, 
cutting speed, plasma gas flow rate, shield gas 
flow rate and shield gas composition on kerf 
position and shape in cutting of 15 mm thick 
mild steel plates. ANOVA and Response 
Surface Methodology (RSM) were used for 
data analysis and optimization. Gullu et al. [3] 
investigated variations of structural 
specifications in heat affected zone that occur 
after cutting of AISI 304 stainless steel and 
St52 carbon steel, considering to cutting speed. 
Gariboldi et al. [4] conducted experiments on 
titanium sheets using high tolerance plasma 
arc cutting process. They investigated 
temperature and microstructural variations in 
the regions near to the cutting edge and 
geometric and surface atributes that occur 
under different process conditions such as 
using different feed rates and adoption of 
oxygen and nitrogen as cutting and shielding 
gases. Salonitis et al. [5] monitored cut quality 
by measuring the kerf conicity, the edge 
roughness and the size of the heat affected 
zone. Experiments were conducted on 15 mm 
thick S235 mild steel sheets by varying process 
parameters: cutting speed, cutting current, 
cutting height and plasma gas pressure. They 
used Taguchi method and RSM for data 
analysis and optimization. Chamarthi et al. [6] 
conducted experiments on 12 mm thick 
Hardox 400 plate and investigated influence of 
arc voltage, cutting speed and plasma gas flow 
rate on unevenness of cut surface. ANOVA and 
Design Expert software were used for results 
analysis and optimization. Nedic et al. [7] 
analyzed the cut quality in plasma jet cutting 
process using standard EN ISO 9013. They 

investigated the influence of arc current and 
cutting speed on surface roughness, kerf width, 
dross width and height of molten metal on the 
bottom edge of the cut in cutting 15 mm thick 
S235 steel plate. Radovanovic et al. [8] used 
artificial neural network (ANN) modeling 
approach to describe the influence of cutting 
speed, cutting current and plate thickness on 
surface roughness (Rz). Developed ANN model 
was used for generating contour plots which 
show optimal process parameters area. Peko 
et al. [9] conducted experiments on 15 mm 
thick structural steel S235 plate. They 
investigated the influence of cutting current 
and cutting speed on surface roughness (Ra). 
Artificial neural networks were used for 
mathematical modeling and optimization.  

In present research paper experiments were 
conducted on aluminium alloy 5083 plate 
thickness of 3 mm. It was analyzed the influence 
of cutting speed and arc current on the cut 
surface roughness (Ra). Mathematical modeling 
was carried out using artificial neural networks.  
 
2. PRINCIPLE OF PLASMA JET CUTTING 
 

Plasma jet cutting process was developed at 
the end of 1950s. Plasma is a state of 
substance which is obtained by supplying a 
tremendous amount of energy to any gas or 
when a gas is subjected to a high electric field. 
In this process an electric arc is generated 
between the electrode and the work piece, 
where the electrode acts as a anode and work 
piece is taken as cathode. The plasma gas 
expands with the high velocity through the 
nozzle at the same time an electric current 
passes through this gas with the help of a 
tungsten electrode due to which a high 
intensity plasma jet is generated. In a nozzle 
there is a space between the outer periphery 
of the electrode and an inner periphery of the 
nozzle where the plasma gas get heated and 
ionized which leads the jet to expand in 
volume and pressure greatly. This jet has a 
sufficient energy to melt or vaporize the 
surface being cut and move very fast to flow 
the molten metal away from the cut [10] 
(Figure 1).  
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The basic plasma cutting system consists of 
a power supply, an arc starting circuit and a 
torch. These system components provide the 
electrical energy, ionization capability and 
process control that is necessary to produce 
high quality, highly productive cuts on a 
variety of different materials. Plasma cutting 
can be used to cut plates to 180 mm thick [8]. 

 
Figure 1. Plasma Jet Cutting process 

 
3. EXPERIMENTAL PROCEDURE 

 
Experimental work was conducted on a CNC 

FLAMECUT 2513 plasma jet cutting machine. 
Plasma jet cutting parameters considered in 
this paper are cutting speed (v) and arc current 
(I). These parameters were varied in the 
following ranges: cutting speed 2000-6000 
mm/min, arc current 45-85 A on more levels 
(Table 1.). Parameters that were kept constant 
throughout the experimentation are: nozzle 
diameter of 1.2 mm, plasma gas pressure of 6 
bar and cutting height of 1 mm. Specimens 
were cut on aluminium alloy 5083 plate 
thickness of 3 mm with the use of compressed 
air as plasma gas (Figure 2). In each 
experimental trial straight cut 80 mm in length 
was made and the cut quality was evaluated in 
terms of surface roughness (Ra) values. The Ra 
was measured using Talysurf Hobson 6 
profilometer. Each measurement of surface 
roughness was taken in the middle of the cut 
surface height and in the middle of the cut 
length. The measurements were repeated 
three times to obtain average values. 
Experimental design matrix was constructed in 
accordance with the standard L9 Taguchi 
orthogonal array (OA) (Table 2). 

 

 
Figure 2. Plasma jet cut specimens prepared for 

surface roughness measurement 
 

Table 1. Plasma jet cutting parameter values 

Parameter Unit 
Level 

1 2 3 
Cutting 
speed, v mm/min 2000 4000 6000 

Arc current, 
I A 45 65 85 

 

Table 2. Experimental plan and results 

Exp. 
trial 

Process parameters Experimental 
results 

Cutting 
speed, v 

[mm/min] 

Arc current, 
I [A] 

Surface 
roughness, 

Ra [µm] 

1 2000 45 15.3 

2 2000 65 17.7 

3 2000 85 19.3 

4 4000 45 13.2 
5 4000 65 7.4 

6 4000 85 13.0 

7 6000 45 10.6 

8 6000 65 8.9 

9 6000 85 5.5 
 
4. MATHEMATICAL MODELING 
 

To analyze the effects of the plasma jet 
cutting process parameters on the surface 
roughness a mathematical modeling should be 
preformed. Mathematical model enables an 
estimation of surface roughness values 
obtained with any combination of cutting 
process parameters. Although the 
mathematical models obtained by regression 
analysis are very promising for various 
applications, it was shown that artificial neural 
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networks offer better data fitting capability  
than regression models for complex processes 
with many non-linearities and interactions 
such as plasma jet cutting process. Artificial 
neural networks are able to learn the key 
information patterns within multidimensional 
information domain and can be used in 
modeling of complex physical phenomena [11, 
12]. Therefore, in this paper a mathematical 
model for prediction of surface roughness was 
developed using artificial neural netwoks.  

To describe the relationship between 
surface roughness (Ra) and input process 
parameters: cutting speed (v) and arc current 
(I) a feed-forward backpropagation artificial 
neural network was selected. Two neurons in 
the input layer (for the each of input process 
parameters), one neuron in the output layer 
(for the surface roughness response) and one 
hidden layer were selected to define ANN 
architecture (Figure 3). Hidden layers have a 
function to map a complex relations between 
inputs and outputs of ANN model. In this case 
single hidden layer was chosen because it was 
concluded that such neural network 
architecture is appropriate to model each 
relationship between process parameters and 
performance measures in engineering 
problems  [13, 14, 15, 16]. Aiming to find the 
simplest ANN model that has the total 
prediction error considerably low it was 
decided that number of hidden neurons will be 
three.  

 
Figure 3. Selected feed-forward backpropagation 

ANN architecture  
 

Before training the experimental data were 
normalized in the range [-1,1] and randomly 
divided into three subsets, for training (50%), 

for validation (25%) and for testing (25%). 
Hyperbolic tangent sigmoid and linear transfer 
functions were used in the hidden and output 
layer, respectively. Prior to ANN training initial 
values of weights were set according to 
Nguyen-Widrow method. Training was 
performed using Levenberg-Marquardt 
backpropagation algorithm with momentum.  

The mean squared error (MSE) was selected 
as the performance measure of the ANN 
training process. That is the average squared 
difference between predicted and 
experimental values. The goal is to get MSE as 
close as possible to zero. The training process 
was stopped when no further improvements 
in performance was achieved and by 
considering the well known bias-variance 
compromise in neural network model 
development [11]. Another measure of 
developed model accuracy is the correlation 
coefficient (R). It shows the strength of 
correlation between predicted values and 
actual data. Good ANN model should have R 
values ≥0.8 [17].  MSE and R values of 
developed ANN model were given in Table 3 
and in Figure 4.  

Table 3. MSE values for ANN model 

Number of epochs: 5 
 Train Validation Test 

MSE 0.067 0.015 0.100 
 

 
Figure 4. Correlation between experimental and 

ANN predicted values 
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5. RESULTS AND DISCUSSION 
 

According to MSE and R values it can be 
concluded that developed model has good 
prediction accuracy and it can be used further 
to analyze the effects of cutting process 
parameters on the surface roughness response.  
The effects of individual process parameters 
were shown in Figure 5 and Figure 6 by 
changing one parameter while keeping other 
parameter constant at center level - level 2. 
Influence of parameters interaction was 
shown in Figure 7.  

From next figures it can be observed that 
surface roughness is quite sensitive to selected 
process parameters. It is obvious that increase 
in the cutting speed results in a decrease of 
surface roughness. This decrease is more 
expressed at higher currents. On the other 
side the arc current has a different influence 
on surface roughness considering cutting 
speed values. At lower cutting speed values 
(<4000 mm/min) an increase of arc current 
leads to increase of surface roughness while at 
higher cutting speed values (>5000 mm/min) 
lower arc current results in a slight increase of 
surface roughness. From Figure 7 optimal 
cutting parameters region can be defined. 
That would be process under cutting speed 
values >5000 mm/min and arc current values 
>65 A. These ranges result in the minimal cut 
surface roughness. 

 
Figure 5. The effect of cutting speed (v) on surface 

roughness (Ra) 

 
Figure 6. The effect of arc current (I) on surface 

roughness (Ra) 

 
Figure 7. The effect of parameters interaction on 

surface roughness (Ra) 
 
6. CONCLUSION 
 

Plasma jet cutting process is a 
nonconventional thermal process that has 
wide industrial application and many 
competitive benefits. Identification of process 
parameters that lead to optimal cut surface 
quality has been in a research focus of many 
authors. In this paper prediction of surface 
roughness in cutting of aluminium plate using 
artificial neural network model was performed. 
Prediction accuracy of developed model was 
validated using statistical measures. According 
to these indicators the model has proven to be 
effective  for further anaylsis of process 
parameters effects on surface roughness and 
to define optimal cutting region. This region 
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includes parameters values: cutting speed 
>5000 mm/min and arc current >65 A. Future 
research will be oriented towards 
improvement of the developed model 
incorporating more experimental data either 
as comparison of prediction capabilities 
different mathematical modeling approaches.  
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Abstract: At most full evolution of tribocontact the unique nanostructure (subtribosystems) is formed and 
the basis of which is one mechanical (nano) quantum. Mechanical quantum represents the least structural 
form of solid material body in conditions of friction. It is dynamic oscillator of dissipative friction structure 
and can be examined as the elementary nanostructure of metal’s solid. At friction in state of most complete 
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quantums is the lost – standard of wear. Some practical examples with using of mechanical quantum idea 
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1. INTRODUCTION  

 
When exploitation of friction pair a contact 

is deformed and its states and properties are 
changed too. From the structural-energy 
interpretation of friction process point of view 
a contact of friction has evolution regularities. 
It is determined by competition of two 
opposite interrelated and simultaneous 
trends: growth of latent energy density eu  of 
various defects and damages which are 
generated and accumulated in the material 
due to work done by the external forces p  
and reduction (release) of the density as a 
result of relaxation processes in deformed 
body element. The first trend is concerned 
with strain hardening and damage of material, 
the second — with dynamic recovery and 
dissipation of the strain energy which govern 
the thermal effect q  of plastic deformation. 

During evolution contact process the size of 
wear particles are changed. Minimum wear 

has the contact at term of most full evolution. 
It is maximum adaptation. Minimum wear 
particle size should be considered as the 
standard of wear.  
  
2. TRIBOERGODYNAMICS METHOD 
 

This paper in its basis is a logical completion 
of axiomatic analysis of sliding friction (rolling) 
within the framework of triboergodynamics, a 
scientific trend suggested by the author [1-3]. 

The general evolution regularities of states 
and properties of tribosystem in the frame of 
triboergodynamics are analysed. 
Triboergodynamics is based on our modern 
knowledge of friction: 1. friction is a 
phenomenon of resistance to relative motion 
between two bodies, originating at their 
surfaces contact area; 2. friction is the process 
of transformation and dissipation of energy of 
external movement into other kinds of energy; 
3. friction is the process of elasto-plastic 
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deformation, localized in thin surface layers of 
rubbing materials. 

Methodology of triboergodynamics [1-3] is 
based on the analysis method to plastic 
deformation of ergodynamics of deformed solids 
[4]. Ergodynamics is a synthesis to the problem 
of deformation most general laws of 
thermodynamics for non-reversable processes, 
molecular kinetics and dislocation theory in 
their mutual, dialectical tie on the basis of a 
most general law of nature – the law of energy 
conservation at its transformations.   
Within the framework of triboergodynamics the 
model of elastic-plastic deformation of contact 
volumes is examined as a generalized 
mechanism of transformation and dissipation 
energy and determines essence of resistance to 
surfaces displacement. 

Friction is regarded as a global (energy) 
phenomenon of relative movement 
transformation. It strongly obeys equation of 
energy balance and from thermodynamic 
point of view it is a competition of two 
simultaneous, interconnected and opposite 
tendencies of accumulating latent (potential) 
energy eU  of various kinds of defects and 
damages of contact volumes structures and 
releasing (dissipation) energy Q  due to various 
relaxation processes.  

According to the energy balance scheme 
(Figure 1) for plastic deformation and fracture 
[2,4] presented below, equations for friction 
work fW , frictional force F  and friction 
coefficient   (without lubrication) has view 
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 ; 

efe uVU   ; tuu ee  d d - is the rate of latent 

energy density change in the contact volumes; fV  - 

is the deformable (friction) volume;  - friction 

coefficient; adapt - adaptive friction coefficient; 

)(disT  and )(disQ
  - static and dynamical 

components of dissipative friction coefficient; TU - 

thermal component of internal energy; N - normal 

load; l - distance of friction; v -sliding velocity. The 

latent energy density eu  is an integral parameter 

of tribostate and damageability (failure (
 eu )). 

 

 
 

Figure 1. Scheme of the energy balance for the 
plastic deformation of a solid body [1-4] 

 

Thus, viewed thermodynamically [1-3], the 
work done by friction forces fW  (the friction 

power fW ), the friction force F  and the 
friction coefficient   may be classified 
conventionally into two specific components 
with different kinetic behavior [4-6]. The first 
component is associated with microscopic 
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mechanisms of adaptive type and relates to 
the change of latent (potential) energy 
( 21 , ee uu  ) of various elementary defects and 
damages that are generated and accumulate 
in the deformable volumes of materials 
friction pair (Figure 2). This energy is a unique 
and integral characteristic of the submicro- 
and microstructural transformations that 
occur in plastically strained materials [4-6]. 
This energy is a measure of strain hardening 
and damageability of materials. The second 
component is associated with microscopic 
mechanisms of dissipative type and relates to 
dynamic recovery processes in which latent 
energy is released and heat effect of friction 
( 21 ,qq ) take place. This energy originates in 
the motion and destruction of various 
elementary defects of opposite signs, the 
egress of these defects to the surface, the 
healing of reversible submicroscopic 
discontinuities, etc. The ratios of the 
components 1eu  and 2eu  as well as 21 ,qq  
of the balance vary over a wide range, 
depending on the physical, chemical, and 
structural properties of the materials that 
comprise the friction couple and the friction 
process conditions. 

 
 
 
 
 
 
 
 

Figure 2. Schematic view of elementary 
friction’s contact [1] 

 

Thus, the thermodynamic analysis of 
friction (plastic deformation and fracture) has 
led to generalized (two-term) relations (1)-(6) 
for the force F  and coefficient of friction  , 
which agrees with current concepts of the 
nature of friction. 

Relationships (1)-(6) which generalize the 
mechanism of energy dissipation at friction 
allow classify the tribosystem states. 
According to ergodynamics of deformed solids 
(relationships Te uuu     and 

quq T


  ) and equations (1)-(6), all 

exhibitions of friction and wear may be 
reduced conventionally at least to two 
basically different states: the first state defines 
all types of damage and wear, the second — 
the so-called "wearless" condition. The state 
of damage and wear is characterized by the 
components of energy balance (1)-(6), which 
are responsible for accumulation of internal 
energy 2121      TTee uuuuu  in 
deformed volumes, i.e. the process is 
irreversible. The "wearless" state is 
characterized by the components responsible 
for dynamic dissipation (reversibility) of strain 
energy into elastic and structural dissipated 
energy 21 qqq


 of friction contact. 

In its turn, the first state may be classified 
depending on the relation between potential 

eu   and kinetic Tu   components of internal 
energy. It is subdivided conventionally into 
mechanical damage and wear (due to so-called 
structure activation) and thermal damage and 
wear (due to thermal activation). For instance, 
let the thermal component of internal energy 

Tu   be equal to zero ( 0  Tu ) and the 
internal energy variation at damage and wear 
be defined only by variation of the potential 

    ee uuu  component. Then, the 
mechanical damage and wear with brittle 
fracture of surfaces take place. On the 
contrary, if we have 0  eu ( Tuu    ), then 
the thermal damage and wear with ductile 
fracture of surfaces take place. All the 
intermediate values of the components are 
associated with quasi-brittle or quasi-ductile 
fracture of solids. 

In the most general case, the energy 
balance at dry friction (1) should be written as 

 

  321321 QQQUUUW eeef  .   (7) 
 

In the special case, where the friction is 
localized into volume of the "third body" 
equation (7) develops into 
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 According to thermodynamic theory of 
strength [4], the damageability parameter and 
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the fracture criterion are defined in terms of 
the internal energy density u accumulated 
within the strained element of a solid body. A 
solid body is assumed to suffer fracture if the 
internal energy density has reached a critical 
value u  in at least a single macrovolume that 
is responsible for fracture. 

 
3. ENERGY INTERPRETATION OF LEONARDO 

DA VINCI (AMONTON’S) FRICTION 
COEFFICIENT 

 
According to thermodynamic theory of 

strength [4], the structure parameter should 
be related to the portion of the accumulated 
plastic deformation that is responsible for 
strain hardening. This portion is uniquely and 
integrally defined by the density of the 
potential component of internal energy (that is, 
the latent energy eu   density) of various 
defects and damages that accumulate in a 
plastically strained material. With this in mind, 
if we neglect the heat effect Q  of friction, one 
will infer from the thermodynamic analysis of 
friction of equations (1)-(6) that the Amonton 
(Leonardo da Vinci) friction coefficient is 
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Consequently, the coefficient of friction has 
a very deep physical sense. On the one hand, it 
is the parameter which generally characterizes 
the resistance of relative displacement 
(movement) of surfaces, for it reflects the 
portion of energy, which «is done by friction 
away» as accumulated latent energy eU  , by 
relation to parameter of external forces work 

Nl  (energy of external relative movement). 
On the other hand, it is the generalized 
characteristic of damage, for it is defined of 
the latent energy density eu   as integral 
characteristic of the structure defectiveness 
measure, because this energy is the 
generalized parameter of damage. Here too, 
coefficient of friction generally reflects the 
structural order (disorder) of deforming 
contact volume, since the parameter 

fee VuU   is defined of the energy of 

defects and damages of different types, that 
are accumulated into contact volumes fV  
solids. 

Therefore, coefficient of friction is a true 
and generalized parameter of tribosystem 
state. From this conclusion we can say that the 
analysis of the evolution of the states of a 
tribosystem is primarily an analysis of the 
latent deformation energy accumulated within 
the contact friction volumes. 

 
4. ENERGY REGULARITIES OF RUBBING 

SURFACES EVOLUTION 
 
An analysis of modern experimental data 

using equations (1)-(9) has shown that the 
experimental friction curves of type 

),( vN   are the generalized friction curves 
that reflect the evolution (the change in the 
friction coefficient) of tribosystem. 

We propose an energetic interpretation of 
the experimental friction curves ),( vN   
(Figure 3).  

Figure 3. Structural-energy diagram for 
evolution of rubbing surfaces [1-3]. stat ; dyn ; 

elast ; plast  – static, dynamic, elastic, plastic 

friction coefficients correspondingly; fT ; ST  – 
ignition (flash) temperature in contact friction 
volume in point 3 and melting temperature. 

 

According to our concept [1-3], the 
ascending portion of the friction coefficient 
curve   is mainly controlled by processes 
associated with the accumulation of latent 
energy eU  in various structural defects and 
damages. Here the increase in   is due to the 
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increasing density of latent (potential) energy 
eu   and the increasing adaptive friction 

volume fV . The descending portion of the 
friction curve is mainly controlled by processes 
associated with the release and dissipation of 
energy QUQ T


 . Here the decrease in   

is due to the decrease in latent energy density 
within the friction volume fV  or (which is 
virtually the same) to the decrease of the 
adaptive friction volume adaptV  )(  ee uu  and 
to the increase of the dissipative volume 

disV )(   euq


. 
Tribosystem evolution presented as a 

diagram (Figure 2), has adaptive-dissipative 
character (1) and reflects competitive  
(dialectical) nature of friction. Evolution curve 
has a set of principal points (1-5) of transitive 
states of tribosystem, which strongly obeys a 
balance principle of friction. The most 
characteristic areas between these points 
reflect general properties of its non-linear 
dynamics. 

So, in Figure 2 it is possible to see the 
following conventionally designated points 
and stages: 0-1 – a stage of static friction and 
deformational strengthening; 1 – a point of 
limit for deformational strengthening; 1-2 – a 
stage of pumping of excess energy; 2 – a point 
of gripping (adhesion) and transition of outer 
friction into internal (critical non-stability): 2-3 
– a stage of forming dissipation structures  
(formation of heat fluctuation in friction 
volume); 3 – a point of minimum compatibility 
(maximum frictionness); 1-2-3 - a stage of 
selforganization; 3-4 – a stage of compatibility; 
4 – a point of wearlessness (anormal-low 
friction); 5 – a point of thermal adhesion. 

An ideal evolution of tribosystem is 
symmetrical. The process starts and finishes 
within areas of elastic behavior. A plastic 
maximum (a superactivated condition) exists 
between them as a condition of 
selforganisation and adaptation. 

In the most general case evolution 
(adaptation) regularities of tribosystems may 
be presented as a 2-stage (Figure 2). At the 
first stage (0-2) of adaptation the evolution of 
friction contact rushes to form some critical 

volume of friction fV  (point 2). It is 
elementary tribosystem that is the elementary 
and self-sufficient energy transformer. The 
first stage - latent energy density growth eu   

to a limited magnitude  eu  within critical 
friction volume fV . 

This friction volume fV  is constant at the 
second stage of evolution, but here it is 
evolutionary developed owing to structural 
transformation; by this one may realize wide 
spectrum of compatibility friction structures 
(Figure 3). 

The second stage (2-4) – structural 
transformation of critical friction volume 
(elementary tribosystem) fV  into adaptive 

adaptV  and dissipative disV  volumes. The limit 
(point 4) of this stage is characterized by a full 
transformation of adaptive critical volume 


adaptV  into 

disV  dissipative. 
The volumes mentioned above characterize 

different regularities of transforming energy of 
outer mechanical movement at friction. 
Adaptive volume adaptV  is connected with non-
reversible absorption of deformation energy. It 
is in this volume where latent deformation 
energy eu   accumulates and where the 
centres of destruction initially emerge (birth). 
Dissipative volume disV  is capable of reversible 
transformation (dissipate) of outer movement 
energy. It doesn’t accumulate latent 
deformation energy owing to reversible 
elastic-viscous-plastic deformation. 

Suggested theoretical and calculation 
assessments [1-3,7-9] showed that dissipative 
friction volume performs reversible elastic 
energy transformation of outer mechanical 
movement with density q


 equal to critical 

density of latent energy 
eu . 

Culmination of tribosystem evolution is its 
final and limited condition of point 4 – a state 
of anomalously low friction and wearlessness 
(maximum efficient). 

Calculation show [1-3] that at an ideal 
tribosystem evolution an adaptive (Amontons) 
friction coefficient adapt  in a point 2 of a 
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diagram falls abruptly down, reaching in a 
point 4 the value of elastic friction coefficient 

elast . For point 4 of compatibility area 3-4 an 
equation of energy balance (1) showed be put 
in the following way: 

 
disadapt   

;01 elastplastdis   0,1    (10) 

Thus, point 4 stands for an ideal evolution 
of contact friction volume a condition of ideal 
elastic-viscous-plastic deformation. Equation 
(10) shows as a matter of fact exactly it, i.e. 
Amontons friction coefficient adapt   being in 
its essence plastic friction coefficient plast  has 
a minimum value equal to zero. It follows then, 
that plastic friction became elastic with friction 
coefficient elast . It means that plastic 
deformation of contact volume friction is 
implemented with the maximum dynamic 
dissipation ( maxQ


) of accumulated latent 

energy. That is why the value of accumulated 
energy in point 4 is equal to zero ( 0eU ). 
This fact proves an ideal condition at full 
evolution of contact volume. From the physics 
point of view this condition may be explained 
by the full dissipation of accumulated energy 


eU  in point 2 and by newly emerged 

structures of point 4 in the form of elastic 
energy of interaction between them (dynamic 
dissipation energy Q


). Here, 0,1dis . The 

structural elements themselves are 
defectlessness - 0adapt , and friction is 
elastic - elast  . 

It has been demonstrated [2,3,7-9] that 
value of minimum adaptive friction volume 

min
adapt

V  corresponding to the zero meaning of 

plastic friction component adapt  is not equal 
to zero, but is equal to some minimum 
structural element of deformed solid body. 

 
5. THE IDEA OF MECHANICAL (NANO) 

QUANTUM OF DISSIPATIVE FRICTION 
STRUCTURES 
 
The result of ideal elementary tribosystem 

(contact) evolution is forming of unique 

nanostructure – a mechanical (nano) quantum. 
Strict notions about mechanical quantum have 
been obtained [2,7-9] considering equation of 
quasiideal solid body for point 4 of diagram of 
friction evolution 

 


  qVuVNlTSQ feffdisQ


 ,            (11) 

which is particular case of solving equation 
of energy friction balance (1) at 0adapt  and 

 disdis  1 . Here QS


 – inertia entropy of 
compatible friction volume; T  - characteristic 
temperature of contact friction volume; fl  - 
linear size of elementary contact. 

Correspondingly, in conditions of maximum 
compatibility (point 4) when tribosystem 
implements full evolution cycle of adaptation 
with formation of most perfect dissipative 
structure, the behaviour of structure is subject 
to equation of quasiideal solid body condition. 
So, it is to be presumed that, interaction 
between elements of this structure, are 
minimized – a condition of ideal elasticity in 
dynamics. Equation (5) with taking into 
account Plank-Boltzmann formula WkS ln   
and real number of atoms oscillators fN  in the 
volume of elementary tribosystem (contact) 


fV  is brought to the form explaining friction 

regularities from the point of view of system 
evolution: 

 

f

f

f

Q

Nl

WkTN

Nl

TS ln
diss 



 ,        (12) 
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dissadapt Nl

WkTN
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f

Q

Nl

TS

Nl

TS




1 .                   (13)

 

 

Where k   - Boltzmann constant; W  - 
condition probability; US  - configuration 
entropy of  friction (contact) volume. 

Tribosystem always tends to some optimal 
condition, characterized, i.e. to a most 
probable condition WNW f ln  for the given 
friction conditions. 
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Analysis and solution of these equations 
[2,7-9] allows to demonstrate the principle of 
constant probability value (parameter of 
tribosystem condition (order)) W  for the 
whole range of compatible friction precisely 

3ln W  and ...08553696,20e3 W . 
The value of thermodynamic probability W  

equal to ...08553696,20  was interpreted 
[2,3,7-9] as a minimum value of linear, atomic 
oscillators in one of three directions of 
minimum adaptive friction volume min

adaptV  
corresponding to condition of practically 
absolute elastic friction – anomalously-low 
friction (safe deformation threshold). Then the 
number of atomic oscillators in this volume 
equals 

    083969,8103...08553695,20e 333 QV  
atom’s oscillators.      

 It is the universal size (volume) of 
mechanical quantum [2,3,7-9]. 

On the other hand, adopting the meaning 
of Boltzmann entropy S , a universal friction 
constant ff kNR   [2,3,7-9] is obtained, which 
characterizes in physical meaning «energetical 
size» of elementary tribosystem (TS), 
containing in ideal conditions the same 
number of atomic oscillators fN  (mechanical 
quanta QN ): 

QMQQff NRNWkNkR  3 , 

(
TSgrade

J


);                             

(14) 

3WkRMQ  ,  (
MQgrade

J


),            (15) 

where MQR  - universal constant of 
deformation at friction. 

As it follows from calculations [2] the size of 
minimum adaptive friction volume min

adapt
V  

coincides in its value with the size of 
submicroscopic area in crevice mouth, which is 
equal for metals   6109...4  mm, i.e. of critical 
volume size responsible to fracture. Thus the 
size of minimum adaptive friction volume 

elast
min
adapt

VV  , can be presented as the size of 

some mechanical quantum. 

Table 1. Parameter W  for Metals and Steels [3] 
 

Metals 
and 
steels 

310E

, MPa 
  310

SHue 

, MJ/m3 

rE/E 3  

Cr 235,4 8,5 27,69 
Mg 44,4 1,9 23,37 
Ag 79,0 3,7 21,35 
Au 78,7 4,0 19,67 
Co 200,1 10,6 18,88 
Fe 211,4 9,9 21,35 
Ta 184,4 10,6 17,39 
Ti 105,9 6,7 15,8 
Nb 104,0 9,2 11,3 
Zr 95,6 5,7 16,77 
Mo 316,9 12,0 26,4 
W 392,4 14,4 27,25 
Ni 201,1 9,4 21,39 
Iron 210,9 10,1 20,88 
20 200,1 9,5 21,06 
1Kh13 206,0 8,9 23,14 
3Kh13 218,8 9,2 23,78 
Kh18N9T 199,1 9,4 21,19 
Kh18M9 199,1 9,6 20,74 
30Kh 214,1 10,2 20,99 
30N3 207,5 10,3 20,11 
40 209,4 9,7 21,58 
30G2 207,2 10,0 20,72 
30KhGN3 208,0 10,2 20,4 
G13 204,0 10,0 20,4 
50S2G 196,2 10,3 19,05 
U8 198,0 10,3 19,22 
U12 198,0 10,4 19,04 

rS EH 3 ,   77,203 rEE . 

This mechanical quantum constitutes a 
minimum number of atoms capable to provide 
such a configurational distribution (structure) 
which obtains the property of reversibly taking 
and dissipating (recovering) energy of outer 
mechanical movement. It also constitutes 
minimum structure in conditions of plastic 
deformation and it is formed at tribosystem 
transition (deformed volume) through an 
ultimately activated (critical) condition (see 
Figure 2) due to development of 
selforganisational tribosystem adaptation 
processes. Mutual rotation-oscillation 
movement of these mechanical quanta in 
respect of each other within elementary 
tribosystem (contact) determines condition of 
most perfect dissipative friction structure. 
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Properly speaking, such condition is described 
by equation of quasiideal solid body condition 
(9), a condition when interaction between 
structural elements (mechanical quanta) is 
minimized – a condition of ideal elasticity of 
quasiviscous flow. Calculation friction 
coefficient between quanta equals about 810  
[2,3,7-9]. 

A conclusion that mechanical quantum 
constitutes a minimum structural form at 
plastic deformation (friction) is supported by 
calculation. If values of elasticity modules E  
correspond to atomic (true) elastisities rE  
then values equal to 60  are obtained, where 

W360   can be interpreted as a characteristic 
of volume elasticity of one mechanical 
quantum – minimum adaptive friction volume 

min
adapt

V . Calculation assessment of parameter 

rE/EW 320  , done for various metals and 
steels gives an average value 7720,  ((Table)); 

rEHS 3  - entalpy of melting. 
A conclusion is made [2] that the number of 

atoms (mechanical quantum (MQ)) within 
volume of one elementary tribosystem (TS) in 
conditions of ideal tribosystem evolution is a 
constant value. Thus, it is possible to speak 
about the quantity of substance equal by mass 
to one elementary tribosystems and to one 
mechanic quantum. 

 
6. SYNERGISM OF TRIBOSYSTEM AND STATE 

OF OPTIMUM 
 
Mechanical quantum is dynamic oscillator of 

dissipative friction structure. An ideal 
quasielastic contact condition at its full evolution 
constitutes effect of most fully dissipated energy 
of outer mechanical movement throughout 
newly formed (by mechanism of 
selforganization) structural elements – 
mechanical quantums (dynamic oscillators) 
which most fully realize their rotationary – 
oscillatory behavior in relation to each other 
within elementary tribosystem volume. Their 
resistance to relative interaction here is 
minimally elastic and corresponds to elasticity of 
ideal atomic (thermodynamically balanced) 
interactions at the level of electron orbits. 

Universal constants of mechanical quantum 
and elementary tribosystem (material point) 
determine quantum model of surface 
damping: 

,1
3

1

1
adapt
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inMQ
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TR
 



 




n
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n desti
adapt 1 ,          (16) 

 

taking into account destruction quantums 
destn  (non-reversible process component) and 

damping quanta in  (reversible, elastic 
component – fatique number), and also 
probability evolution tribosystem model to a 
most ordered condition: 

 




W

W

Nl

WTR i

f

if
disadapt

ln

ln
1

ln 
11      (17) 

 

 where QMQ UTR 13   - energy of one 
mechanical quantum; iW  and W  - current 
and ultimate probabilities of tribosystems 
compatibility conditions. 

According to a model of quantum surface 
damping at friction in state of most complete  
evolution (adaptation) of elementary 
tribosystem all mechanical quanta with the 
exeption of one elasticity and reversibly 
transform energy of outer impact (mechanic 
movement). One mechanical quantum of 
radiation ( 8103  atoms) – is a minimum loss 
(essence of wearlessness or other wear 
primary standart). 

Linear size of quantum is equal to diameter 
of spherical ideal crystal with atomic 
roughness : 

.)( 177,73
1

432 nmdWD aMQ       (18) 
 

Here ad - mean atomic diameter for metals; 
3eW - parameter of state for mechanical 

quantum [2,3,7-9]. 
Mechanical quantum (Figure 4) can be 

examined as the elementary nanostructure of 
metal’s solid body. 

Calculations have shown [2,3,7-9] the 
number QN  of such mechanical «quanta» 
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(subtribosystems) within the elementary 
tribosystem’s volume   disf VV  to be 8

1063,0  , 
which is close to the safe number n  of fatigue 
cycles. 

In these terms (point 4) only one 
mechanical quantum [2,3,7-9] is the lost – 
standard wear. The tribosystem (friction 
contact) has the ideal damping properties – 
«wearlessness». 
 

 
 
 
 
 
 
 

 
 

Figure 4. Model of elementary nanostructure of 
friction (8103 atomic cubical cells) [2,3,7-9] 

 

The principle of mechanical quantum 
determines nanoquantum levels of all friction 
parameters of compatible tribosystems and 
other. 

 
7.  NANOQUANTUM MODELS OF 

TRIBOSYSTEM MAXIMUM CAPACITY FOR 
WORK 
 

7.1 Gear wear calculation principle 
 
The all parameters of compatibility 

(optimal) friction have to be in quanta levels - 
commensurable with the parameters of the 
one mechanical quantum – standard of wear. 

So, all heavy-loaded tribosystems it is 
necessary to examine with position of 
tribosystem ideal evolution. This ideal state of 
tribocontact is true indicator of tribosystem 
state for practical examples of tribology. It is 
the standard of maximum tribosystems 
efficiency - anomalously low friction and 
wearlessness. 

The state of friction contact under its most 
full evolution is the characteristic with 
exploitation of hard loaded Hertzian contact, 
for example, on the surfaces of gear wheels 
teeth and systems of wheel-rail and other. We 
can examine the active surface of gear wheel, 

which consist of equilibrium spherical form 
asperities after run-in. During one revolution 
of gear wheel each asperity of gear wheel 
teeth is loaded one time too. Under it the loss 
of one friction contact is equal to one 
mechanical (nano) quantum. Therefore, the 
whole contact volume is fatigue failured 
during about 63 millions cycles. The linear 
wear h  of gear wheel is equal to diameter 

size m 1085,2 6TSQ  of an equilibrium 

friction volume 
fV  (Figure 9) [10]. It is the 

physical criterion of wear. One may 
understood that the constructive (limiting) 
criterion of gear teeth is equal to the limit 
bend strength between tooth surfaces. For 
example, it is about 3,0  modulus of gear 
wheel tooth.  

Thus, an elementary nano-structure of 
deformed solids may examine as the standard 
of wear and to apply with optimization the life 
time of real hard pressed Hertzian contact 
systems.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure.5.  Model of an active surface of gear 
wheel with equilibrium spherical form asperities. 

7.2 Estimation of bearing capacity for work of 
internal combustion engines 
 
Take the engine with a frequency of 

-1min 1500n  shaft rotation. Take the limit 
wear (linear) of bearing is equal to 

mm 1,0h . We know the line size [10] 
elementary tribosystem: 

.102,85mkm 85,2 6 mDTS
  For every 

revolution shaft one elementary tribosystem 
(equilibrium, run-in contact) loses one 
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mechanical quantum. The number of turns 
required to wear one elementary tribosystem 
equals the number of mechanical quantum in 
this tribosystem. 

So, there are  81063,0 MQn  revolutions. 
Now you can define the time of wear for 

one elementary tribosystem: 
 





60

42000min 42000
1500

1063,0 8

n

n
t MQ

TS

 day 166,29
24

700hour 700  

year 0799,0
365

29,166
 . 

 

Now let's define the number of layers of 
elementary tribosystems into linear wear - 

mm 1,0 : 
 

351035,0
1085,2

101 2
6

4













TS
h D

h
a . 

 

Now, let's define the time of wear of shaft-
bearing system with the ultimate linear given 
wear - mm 1,0h , namely: 

 

year 7968,2350799,0  hTSmotor att . 
 

Total we have 2,7968 years of continuous 
operation on limit load.  

If you work 8 hour per day, then we get the 
following result: 

 

year 8,393 7968,2  . 
 

This is a very real result for modern cars. 
And if the ride is not 8 hours per day and less 
durability increases considerably-really to 
decades. 

For this result we have the wear rate - 
hnm i 4 . It is good correspondence with 

the data for wear rate - hnm i 5  by Prof. F. 
Franek [11]. 

 
7.3 The principle of critical velocity of rolling 

wheels 
 

This speed limit is determined by the 
principle of filling the entire nominal friction 
sliding system area with elementary 
tribosystems, damping process. Above this 

speed happens full unloading tribosystem, 
detachment of wheels from the surface of the 
rail as distorts the principle of minimum 
resistance to movement (the principle of one 
elementary tribosystem or irreversibility). In 
this case, all mechanical  quanta of elementary 
tribosystem will repel the wheel. There will be 
no quantum which activates a process to 
maintain the system in an excited state. 

The calculation will be performed in the 
following order. Denote elementary nominal 
contact area. By definition [12], on elementary, 
nominal area of tribosystem can accommodate 
and work of 81063,0 n  elementary 
tribosystems. Each elementary tribosystem (for 
model of spherical roughness) has a size of 

mD TS  1085,2 6
1

  and is able to implement 
rolling wheel path in the elementary act of 
rolling at length of this tribosystem. 

Thus, if per unit of time all elementary 
tribosystems work on elementary nominal 
area of friction time, then the path passable 
wheel per unit of time, equal to 

 

 


86
1 100,631085,2TSTSTS nDL

m 179,55  
 

Consequently, the critical speed of wheel 
rolling is equal 

 

hkmL TS 38,6463600v   . 
 

This result is close to modern speed of 
hkm  574,8  (TGV, France). 

 
8. CONCLUSIONS  

 
8.1. Structural-energy analysis of the friction 
process allows us to examine the friction 
process as the evolution process; 
8.2. From the energy balance equations of 
friction follows that the evolution of 
tribosystem (contact) has an adaptive-
dissipative character. 
8.3. Experimental friction curves of ),( vN   
type may be examined as generalized friction 
experimental curves; 
8.4. The fuller evolution of tribosystem has 
symmetrical view - the friction process is 
started and finished within elastic area. 
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8.5. Under fuller evolution of friction contact 
(elementary tribosystem) the unique 
nanostructure is formed; the basis of this 
structure is the mechanical (nano) quantum 
and the contact (material point of mechanics) 
consists of about 81063,0   such quanta. 
8.6. We can examine the mechanical quantum 
as the least structural form of solid material 
body and the standard of wear. 
8.7. Interaction between nanoquanta is nature 
the net elasticity. The value of the coefficient 
of friction between mechanical quanta has the 
order - 810587,1 MQ . 
8.8. Exploitation of gear wheels and other 
heavy-loaded tribosystems (Hertzian contact) 
are subjected to model of nanoquantum 
damping, when one mechanical quantum of 
contact is the standard of wear. 
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Abstract: There are many standards relating to the anti-slip properties of footwear and flooring. These standards 
describe the different test methods and procedures for determining the footwear and floor slip resistance in 
different conditions. In this paper authors systematize the standards in this field applied in the EU and in Serbia 
and cite the Serbian institutes which are certified for this type of testing. In addition, the authors have carried out 
an analysis and comparison of the tests that are defined in these standards, indicating their advantages and 
disadvantages. Importance of the static and kinetic friction testing in determining the anti-slip properties of 
footwear and flooring is specifically indicated. Considering the current standards in area of slip resistance of the 
footwear and floor covering authors have determined the testing conditions for laboratory measuring the friction 
forces of different floor and footwear materials. The laboratory measurement has carried out at Faculty of 
Mechanical Engineering in Niš. The measuring results and their analysis are presented in the paper, as well. 
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1. INTRODUCTION 
 

Numerous accidents occur due to the 
slipping during human walking. Selection of 
appropriate shoes and floor combination, 
considering the slip resistance properties, is 
the most important measure for slipping 
accidents prevention. Evaluation of floor and 
footwear slip resistance should be based on 
understanding of basic tribological 
characteristics. There are different principles 
and methods to assess the slip resistance of 
flooring coverings and footwear. 

Wetzel et al. [1] describe the requirements 
concerning the slip resistance and the state of 
art in slip resistance measurement standards in 
the European Union. They note: ‘’Slip resistance 
is influenced by a numerous factors, such as: 

combination of shoe sole, floor covering, 
contaminants and their properties; surface 
structures of shoe soles and floor coverings and 
changes to them as a result of wear; motion 
speed and ambient parameters’’ [1]. 

The comparison of the slip resistance of 
outdoor footwear and safety footwear 
according the performed experimental 
research is described in the paper [2]. 

In paper [3] author points out that there 
are many different standards and methods 
for assess the slip resistance, but there are 
no obligation to apply them for the 
producers of footwear and floors. He 
indicates that evaluation of slip resistance 
should be based on understanding of basic 
tribological characteristics between the 
shoes and floors. 
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A number of organizations have developed 
standard tests for measuring friction force ie. 
coefficient of friction. These tests have 
numerous similarities, but vary greatly in type 
and purpose. List of tests that have been 
standardized by ASTM is presented in [4]. 
Some are directed towards a particular 
application, while others are for general 
evaluation of materials. 

Structural, operation and interaction 
parameters should be taken into account in 
friction experimental research of solid 
elements [5]. The contact between rubber and 
hard material is specific compared to pure 
metal-metal contact. In contact between 
rubber and hard surface, friction depends 
significantly on load and on geometry of the 
surfaces [6]. The author in the paper [7] claims 
that friction force between rubber and rough 
(hard) surface can be described by the 
adhesion and hysteretic components. 

There are different European standards that 
have adopted various test methods and rating 
systems [11-15]. These standards include test 
methods that are based on different principles 
and are used under different conditions. Analysis 
of their advantages and disadvantages are 
presented in papers [8-9]. 

Basic factors influencing accidents and 
injuries in human walking can be divided in 
next groups: footwear, floor, human factors 
and environment (location) [10]. Footwear 
factors are: sole construction, sole material, 
sole elasticity, sole hardness, tread pattern, 
wear etc. Floor factors are: material type, 
roughness, hardness, maintenance, wear, etc. 
Human factors represent individual 
characteristics of human such as gait, age, 
weight, mobility, etc. Environment factors are 
lighting, humidity, obstacles, changes of 
surfaces, contaminants, etc. 

Footwear and floor factors in friction 
testing are considered in this paper. 
 
2. BASIC PRINCIPLES OF FRICTION TEST 

METHODS 
 
The basic principle of determining the 

footwear and floor slip resistance is testing the 

real materials in real conditions considering 
the tribological characteristics. 

The possibility of determination of friction 
coefficient is presented on Figure 1.  

 

  

 

 

 

  

Figure 1. Friction coefficient determination by 
pulling force (a), friction angle (b) and energy loss 

(c)  

Main principles of friction coefficient 
determination are the tests with measuring of 
the pulling force (Fig. 1a), where friction 
coefficient is ratio of pulling force (FZ) and 
pulled weight (mg); tests with measuring the 
friction angle (Fig. 1b), where friction 
coefficient is in function of friction angle (α); 
and tests with measuring of energy loss due to 
friction (Fig.  1c), where friction coefficient is a 
function of difference of potential energies (E1 
– potential energy at the start, E2 – potential 
energy at the end of measurement). 
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2.1 Static and dynamic coefficient of friction 
 

There are static and dynamic (kinematic) 
friction force and according to that static and 
dynamic coefficient of friction. There are 
opposing views about the importance of static 
and dynamic coefficient of friction in slip 
measurement. Some engineers claim that the 
dynamic coefficient of friction is more 
important than the static coefficient for an 
evaluation of slip resistance. 

The static coefficient of friction is usually 
greater than the dynamic coefficient of friction 
and it is the initial barrier against slippage. If 
slippage has begun, a higher dynamic 
coefficient of friction may help one to recover 
from a slip, but it is better to prevent the 
slippage and static friction is relevant for that.   

Static friction is friction between two 
bodies that are not moving relative to each 
other. The static friction force must be exceed 
by an applied force before an object can move. 
The static friction has an important role in 
transport means, especially in railway and 
road vehicles, but also in human walking. 
Regardless of the installed power of the drive 
units, motion of a vehicle is only possible if 
there is an adequate static friction between 
drive wheels and the ground. In the same way 
static friction between shoes sole and floor 
coverings is necessary for human motion. 

 
2.2 Basic group of parameters in a friction 

test 
In a friction test the resulting tribometric 

characteristics data must be understood as 
tribological systems characteristics associated 
with the following group of parameters [5]: 

 Structural parameters, which 
characterize the components 
(materials, lubricant, and environment) 
involved in the friction process and 
their physical, chemical, and 
technological properties; 

 Operational parameters, that is, the 
loading, kinematic, and temperature 
conditions and their functional 
duration; 

 Interaction parameters, which 
characterize, in particular, the action of 
the operating parameters on the 
structural components of the 
tribological system and define its 
contact and lubrication modes. 

Structural parameters include 
triboelements, interfacial element such as 
lubricant or dirt particles, and environmental 
medium such as air or moister. Structural 
parameters can be divided in: 

- Geometric parameters (geometry 
dimensions, surface topography, etc); 

- Microstructural parameters (grain size, 
dislocation density, etc); 

- Mechanical parameters (elastic 
modulus, hardness of triboelements; 
viscosity and viscosity-pressure of 
interfacial elements and environmental 
medium, etc) 

- Chemical parameters (volume 
composition and surface composition 
of triboelements; composition of 
interfacial elements and environmental 
medium such as acidity and humidity, 
etc) 

- Physical parameters (density, thermal 
conductivity, etc). 

 
The basic operational parameters in 

tribology [5] are: 
 Type of motion (sliding, rolling, spin, 

and impact; the kinematics can be 
continuous, intermittent, reverse, or 
oscillating); 

 Load, defined as the total force 
(including weight) that acts 
perpendicular to the contact area 
between triboelements; 

 Velocity, to be specified with respect to 
the vector components and the 
absolute values of the individual 
motions of triboelements;  

 Temperature of the structural 
components at stated location and 
time, that is, the initial (steady state) 
temperature and the friction-induced 
temperature rise; 
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 Time dependence of the set of 
operational parameters; 

 Duration of operation or test. 
 

2.3 Friction conditions in contact rubber-
substrate 

 
Rubber is the most often used material for 

shoe sole, so the contact between rubber and 
hard material should be studied. Rubber 
friction differs in many ways from frictional 
properties of most other solids due to very low 
elastic modulus of rubber and high internal 
friction. 

In situation of contact between rubber and 
hard surface the friction depends markedly on 
load and on geometry of the surfaces [6]. 
Rubber is a truly elastic solid and if the sliding 
surfaces are flat (so that they touch over a 
large number of contact regions) the area of 
contact and friction force are more nearly 
directly proportional to the load.  

 
Figure 2. Rubber in contact with a hard 

substrate with a rough surface [7] 

When a hard steel ball slides over a clean 
rubber surface the friction is dominated by the 
adhesion between the surfaces. When the 
surfaces are thoroughly lubricated the friction 
is dominated by the deformation of the rubber 
due to elastic hysteresis losses [6].  

The friction force between rubber and 
rough (hard) surface can be described by the 
adhesion and hysteretic components [7]. 

Contact of rubber and hard substrate with 
a rough surface is presented in Figure 2 in 
different conditions [7]. Rubber on a hard 
substrate with long-wavelength surface 
roughness is shown in Figure 2a. Because of 
adhesion to the substrate, rubber in contact 
area deforms in to completely follow the 
short- wavelength surface roughness profile of 
the substrate (Figure 2b). Rubber surface 
dusted by small particles sliding on a hard 
substrate is presented in Fig. 2c and rubber 
sliding on a water covered surface is presented 
in Figure 2d. 

 
3. FOOTWEAR AND FLOOR SLIP RESISTANCE 

STANDARDS 
 

Testing and assessment of anti-slip 
characteristics of footwear and floor is of 
major importance for the prevention of 
slipping accidents. Numerous different 
methods and devices have been developed 
over the years to measure the slip resistance 
of floor and footwear. Different European 
countries have adopted various test methods 
and rating systems. Because these test 
methods are based on different principles and 
are used under different conditions there is no 
correlation between them. No single test 
currently in use is perfect. All have their 
advantages, but also their own particular 
disadvantages [8]. 

The most often used standard tests for 
floor testing are Ramp test according to the 
German norms DIN 51130 and DIN 51097, 
Pendulum test according to the British and EU 
norm BS EN 13036-4, and tribometer test 
according to the norms DIN 51131 and BS EN 
13893. The operating principle of ramp test is 
measuring of the friction angle; the principle 
of pendulum test is measuring the energy 
loses due to the friction and the tribometer 
test is based on measuring the pulling force 
which is actually the friction force.  

In the ramp test (DIN 51130), a test person 
(operator) is wearing standard footwear and 
walks backwards and forwards over a sample 
of a flooring material that has been evenly 
coated with oil (Figure 3). The angle of the 
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ramp is increased until the operator slips [11]. 
The acceptance angle obtained is used to 
express the degree of slip resistance. In the 
ramp test (DIN 51097) the operator walks 
barefoot. 

 
Figure 3. Ramp test 

According the angle of ramp there are five 
class of slip resistance that is shown in Table 1. 

Table 1. Slip resistance classes of floorings 
according to the norm DIN 51130 

Classification R 9 R 10 R 11 R 12 R 13 
Slip angle [o] 6÷10 10÷19 19÷27 27÷35 >35 

The pendulum test measures the loss of 
energy due to friction as the standard rubber-
coated slider assembly slides across the test 
surface [12]. Pendulum friction tester is 
presented in Figure 4. It provides a 
standardized value of slip resistance. This is 
the pendulum test value (PTV). 

 
Figure 4. Pendulum friction tester  

The pendulum is the preferred test method 
in the United Kingdom. Relative risk of slipping 
is determined with PTVs (Table 2). 

Table 2. Slip potential due to PTV 

Slip potential PTV 
HIGH 0÷24 
MODERATE 25÷35 
LOW >36 

Tribometer test method is based upon a 
friction force measurement. A body equipped 
with sliders is pulled at a constant speed over 
the flooring surface. The force required to pull 
the body is determined over the length of the 
measuring distance. An example of a 
tribometer tester according to the norms DIN 
51131 is shown in Figure 5. 

 
Figure 5. An example of a tribometer tester 

 
Figure 6. Test equipment for measurement the slip 

resistance of footwear 

In order to determine the sliding friction 
coefficient, this force is divided by the 
vertically acting force. This test can be carried 
out in wet and in dry conditions both in a 
laboratory and on-site. This device is 
predominantly used in Germany, Poland and 
Austria [9]. 
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The method for measurement of the slip 
resistance of shoes is described in EN 13287 
[14]. The  footwear to be tested is placed on 
the base of ceramic tile or steel floor, 
subjected to a given normal force (Figure 6). 
The base is moved horizontally and sliding of 
footwear occurs. 

Dynamic coefficient of friction is calculated 
according the measured frictional force. 
Glycerin or sodium lauryl sulphate solution 
acts as contaminant on the surface. 

Some EU standards related with measuring 
of slip resistance of footwear and floor 
coverings are adopted in Serbia. There are: 

SRPS EN ISO 13287:2014 - Personal 
protective equipment - Footwear - Test 
method for slip resistance; 

SRPS EN 13036-4:2012 - Road and airfield 
surface characteristics - Test methods - Part 4: 
Method for measurement of slip/skid 
resistance of a surface: The pendulum test; 

SRPS EN 13893:2011 - Resilient, laminate 
and textile floor coverings - Measurement of 
dynamic coefficient of friction on dry floor 
surfaces. 

Manufacturers and distributors of 
protective footwear in Serbia are usually 
required to test their products according to 
standard SRPS EN ISO 13287. But 
manufacturers and distributors of other types 
of footwear rarely present the slip resistance 
properties of their products. In rare cases they 
advertise the slip resistance of their shoes 
referring to standards EN ISO 13287 and DIN 
51130. 

Manufacturers and distributors of sports 
flooring in Serbia presenting their products 
usually refer to standard EN 13036-4 
(Pendulum test). Manufacturers and 
distributors of laminate and textile floor 
coverings most often refer to standard EN 
13893. Other manufacturers and distributors 
of floor coverings refer to standard DIN 51131, 
DIN 51130 and DIN 51097. 

 
4. EXPERIMENTAL INVESTIGATION 

 
Determination of floor and footwear slip 

resistance is often conducted by measuring 

the friction force and calculating the 
coefficient of friction. Dynamic (kinetic) 
coefficient of friction is the most often 
determined. 

The requirements setting in the standard 
very often are not in compliance to the real 
conditions. For example in standard DIN 51130 
specimens of floor material is the same 
material as the application, but footwear is 
special, and walking of test person is with low 
speed. Also, this way of walking on ramp isn’t 
the same as walking on horizontal surface. In 
pendulum test sliders are made of materials 
with specific characteristics which are not 
similar to the shoe sole. The kinematic of 
pendulum isn’t similar with kinematic of 
human walking/running, as well. 

The contact pressure depends on the 
person's weight and surface texture and shoe 
soles, and the relief (texture) of substrate. 
Velocity of sliding corresponding to human 
stroke has a great range, from slow walking to 
running. 

Importance of dynamic and static 
coefficient of friction should be considered as 
the equal. 

Based on the above, in experimental 
determination of friction coefficient it is 
significant to provide the following: 
- Experimental samples should be made of 

real shoes sole/floor materials with 
determined mechanical properties,  

- Surface structure (macro and micro 
structure, roughness, etc.), 

- Contact pressure, 
- Sliding velocity, 
- Contact condition (temperature of contact 

bodies, lubricant, contaminants, etc.), 
- Environment (temperature, humidity, etc). 

In order to estimate the laboratory test 
procedure and check the test conditions 
experimental research is performed at Faculty 
of Mechanical Engineering in Nis, Serbia. 

Principle of determining the friction 
coefficient in performed experimental 
research is measuring the pulling force. 
Applied measuring method is based on 
settings in standards EN 13893 and DIN 51131. 
The measurement was carried out on dry and 
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wet surfaces. The test facility is equipped with 
sliders which are pulled parallel to the surface 
of the floor covering. 

Materials of sliders were shoe sole made of 
rubber and leather (three pieces with 
dimensions 10x40 mm) cut from the real 
shoes. Experimental samples of flooring covers 
were three different materials: laminate, 
ceramic tiles and linoleum (vinyl). Contact 
pressure was 91 kPa. 

Sliding distance was 500-800 mm. Sliding 
velocities were: 2, 10, 50 and 250 mm/s. 

Friction force was measured and coefficient 
of friction was calculated in experimental 
research. 

The test equipment is shown in Figure 7. 

 
Figure 7. Test equipment in laboratory at Faculty 

of mechanical engineering in Nis 

A typical example of measured friction 
force is presented in Figure 8. 

 
Figure 8. Measured friction force in sliding rubber 

sole sample on vinyl floor covering 

Static and kinetic coefficients of friction 
were estimated during the experiment. There 
are significant differences between static and 
kinetic friction coefficient values in different 

type of contact and different conditions 
(Figure 9). Static and kinetic friction coefficient 
values presented in Figure 9 are average 
values of groups which consist of five 
measurements. 

 
Figure 9. Static and kinetic friction coefficient 

values (LL-leather-laminate; LC- leather-ceramic 
tile; LV-leather-vinyl; d-dry contact; w-wet contact) 

In most cases the values of static friction 
coefficient is higher than kinetic friction 
coefficient. But in some situations static 
friction coefficient is equal or smaller than 
kinetic friction coefficient. 

Investigation of different contact conditions 
and different material samples required 
numerous tests (measurements). Each contact 
case was tested five times. Deviations of 
friction coefficient values within the group of 
measurement were not so big. Figure 10 
presents the maximum and minimum values of 
friction coefficients in testing the leader sole 
samples on floor coverings within the twelve 
groups of five measurements. 

 
Figure 10. Minimal and maximal experimental 

friction coefficient values 

Comparing the kinetic friction coefficient 
values in dry and wet condition it can be seen 
that values in wet condition are bigger in case 
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of leader sole sliding on all types of flooring 
coverings (Figure 11). 

 
Figure 11. Average values of kinetic friction 

coefficient values in case of leather sole samples 

 
Figure 12. Average values of kinetic friction 

coefficient values in case of rubber sole samples 

In contrast to the case of leather sole 
samples, kinetic coefficient of friction in case 
rubber sole sliding is two to three times lower 
in wet condition than for the dry condition 
(Figure 12). 

 
5. CONCLUSION 

 
There are numerous causes of slip accident 

in human walking and they are mostly 
stochastical. The key activity in slip accident 
prevention is systematic examination of 
influential parameters and implementation of 
the measures which are sufficient to prevent 
harm. But no one shoe sole design will be the 
best on all different types of surface and 
contaminants, and because of that it is 
necessary to investigate different 
combinations of materials and conditions. 

Measuring (determining) of the friction 
coefficient should be conducted in conditions 
which are identical with real conditions. 
Measuring with different types of shoe sole 
(soft and hard; smooth and rough) should be 
conducted in cases where the substrate 

material is known. In order to provide 
environmental conditions that may occur in 
real conditions (sunny, very hot, cool, dry, wet-
rain, wet-snow, etc.) on-site testing is 
preferably. If shoe material is known, flooring 
materials should vary with different properties 
of hardness, macro and micro texture, etc. 

Evaluation of floor and footwear slip 
resistance should be based on recognition of 
the basic tribological parameters and their 
testing. 

Assessment of the floor and shoe slip 
resistance should be based on the recognition 
of the basic tribological parameters for specific 
friction contact and their testing in application 
conditions. 
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Abstract:  Issues of wear occur in the thermoplastic injection molds at high temperature and high speed 
injection so they can achieve a pressure of 100 MPa and temperatures of 210 0 C Steels used have been C120 
which is used to make steel screws injectors and Rp 3 is a tool steel. In this article we are showing a 
graphical analytical modeling linear contact, between steel and composite materials reinforced with glass 
fibers (SGF) at high pressures and high temperatures, based on experimental determinations of the worn 
surface depending on the metal friction coefficient and the evolution of the temperature. The purpose is the 
evaluation of the dependence of the sliding speed and the load loading of the specimen, the amount of wear 
evaluated and measured depth of wear. The thermoplastic composite material transfer processes due to 
metal abrasion and corrosion, adhesion to the contact determined with Archard relationship by measuring 
the length of all using three points were determined graphically. A wear volume and depth of wear 
depending on load and contact pressure for different composite materials reinforced with glass fiber. 
 

Keywords: contact temperature, friction coefficient, plastic material transfer, hardness of steel, steel 
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1. INTRODUCTION  
 

   The process of injecting thermoplastic 
materials for injection molding machines with 
auger is highly complex, including numerous 
factors which influence the wear of metal 
surfaces in permanent contact with the 
material at melting temperature. In the 
technical literature, the following wear factors 
for injection molding machines are known: the 
processing conditions (auger geometry, 
working temperature, working pressure), the 
steels used for fabricating the cylinder and the 
auger, the geometrical conditions between the 
cylinder and the auger. 

In the injection process two conditions 
must be observed: the composite materials 
have different lubrication properties in molten 
state which, if not strictly observed, lead to an 
interruption of material feed in the cylinder 
and therefore to the increase of adhesion 
wear. The second condition for the process of 
filling the cylinder is that there should be no 
ares with molten material present or areas 
with partially molten material, as they will lead 
directly to an increase in the wear of metal 
surfaces coming into contact with the injected 
material.  

Composite materials containing corrosive, 
volatile elements are a special case. These 
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evaporate in the cylinder during the injection 
process and thus lead to an increase in 
corrosive wear. Composite materials 
reinforced with glass fiber have high 
mechanical properties within a wide range of 
values. The friction coefficient metal/plastic 
was presented with micro welds of the couples 
occuring via contact. Bilik [1] determined 
values for the friction coefficient, which is not 
constant, observing that the values depend on 
the temperature, the statue of the surface and 
the contact pressure. Dwyer-Joyce [2] has 
used elastic, hydraulic and dynamic contact 
tests. Using the spherical machine on disk for 
studying the removal of the material in 
partially sliding contact with the particles, 
Stachowiak, et al. [3] have studied the 
experimental testing pin-on-disk including 
abrasive particles and ball-on-plane in order to 
study three-body abrasion. He has found out 
that the best direct correlation between wear 
and particles is present in the sphere-on-plane 
case. Li, et al., [4] studied the tribological 
properties of nanocomposite materials and 
the mechanical properties by means of micro 
hardness tests. Using SEM (scanning electron 
microscope) scanning, Chang, et al., [5] 
studied the temperature behaviour of 
polyetheretherketone (PEEK) and 
polyetherimide (PEI), reinforced with short 
carbon fibers (CSA). By performing an analysis 
of the wear mechanism at microscopic level, 
Myshkin [6] studies the deformation of the 
material and the adhesion for composite 
materials and notices that the component of 
the friction force is much larger than the 
adhesive component. For adhesion, the well-
known Johnson-Kendall-Roberts (JKR) model 
[7] and the Derjaguin-Muller-Toporov (DMT) 
were created [8] .Shen and Dumbleton [9] 
have studied the wear behaviour of ultra-high-
molecular-weight polyethylene (UHMWPE) 
and of the Delrin polyoxymethylene, 
establishing a relationship between the sliding 
distance, normal pressure, wear factor and 
linear wear.  

Chang and Friedrich [10] have shown that 
nanoparticles improve the performances of 
short fiber reinforced polymers (SFRP) under 

maximum sliding conditions. Vos, et al., [11] 
have studied the behaviour of 
polyetheretherketone composites reinforced 
with short glass fibers and have discovered 
that wear is influenced by the thermal 
treatment of SFRP. West [12] has shown that, 
for normal forces, the friction force and the 
friction coefficient are proportional to the 
friction factor. Jost [13] has shown that 
adhesion wear is a component encountered 
mainly in the polyamide/metal couple with 
lubricant or dry contact. 

Bartenev, Lavrentiev et al [14] have 
demonstrated the increase of the friction force 
with the increase of the sliding speed. 

The mechanisms for improving the physical 
and mechanical properties of composite 
materials reinforced with glass fibers are not 
entirely known. The advantage of SFRPs is the 
low price. However, during fabrication, 
respectively during the injection of the 
material, significant damage is caused to the 
components of the injection molding machine. 
Lancaster and Evans [15] have shown that for 
reinforced polymers a decrease in ruggedness 
can be seen for the plastic on metal disk 
contact. Kukureka, et al., [16] have studied 
wear in the PA66 polyamide in rolling-sliding 
contact, and the wear is ten times bigger for 
composite materials reinforced with carbon 
fibers than for composite materials without 
reinforcement. Clerico [17] has studied the 
polyamide/metal couple and establishes that 
the value of the friction coefficient is bigger for 
shorter periods of using the couple than for 
longer periods. Bely [18], Bartenev and 
Laventiev [19] have studied the orientation of 
the glass fibers in the polymer mass. They 
have come to the conclusion that if the glass 
fibers have a different orientation from the 
polymer, then the friction coefficient 
increases. Wang, et al., [20] have studied 
Nylon 1010 composite with MoS2 filler and 
short carbon fibers and have found out that 
oxide particles increase the adherence 
between the sample and the contact surface. 
Guo, et al., [21] have studied the friction 
coefficient for hybrid composite materials with 
nano-SiO2 filler and have noticed a significant 
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decrease in wear and in tribological properties. 
Lancaster [22] has established that for 
polymers reinforced with natural fibers, the 
friction coefficient depends on the state of the 
surface and the lubrication of the couple. 
Barlow [23] has established that the increase 
of the friction coefficient is proportional to the 
increase of the sliding speed.Cho and Bahadur 
[24] have studied polyphenylene sulfide 
composites (PPS) and CuO-filled nanosize 
polyphenylene under compression. They have 
found out that during the contact of the 
polymer on polymer couples similar 
phenomena as in the case of the metal on 
polymer contact occur, in other words, that a 
transfer film is formed. Jacobi [25] has 
discovered that glass fiber reinforced 
polyamides have a friction coefficient between 
0.5 and 0.04. 

P. Boey, W. Ho and S.J. Bull [26] have 
studied hybrid surfaces and the effect of high 
temperatures on the abrasive wear of glass 
fiber reinforced polymers for the ASTM 
G65/1994 test, modified standard and 
adjusting the scheme with rubber (ASTM G65) 
rotary wheel. W. Knappe and W.D. Mahler [27] 
have studied wear for different types of steels 
coated with different layers, for injection 
molding machines with auger. H. Ladwig and 
K.D. Sommer [28] have studied the 
construction of the injection molding screw for 
a large number of injection cycles, determining 
auger shapes with lower corrosion. W.W. 
McCandless et al [29] have performed an 
analysis of the corrosion and wear for injection 
molding machines with auger. 

Dorin Rus et al [30,31] have shown the 
behaviour of composite materials reinforced 
with short glass fibers from the standpoint of 
the tribological behaviour of the 
polymer/metal couple. 
     In specialist literature there are numerous 
advanced studies concerning the wear of 
polymers and to a lesser extent studies 
concerning the wear of the metal part. So far, 
the results in the specialist literature 
correspond to the results of our research.  
However, studies do not show the correlation 
between wear and friction, in order to have a 

clear image of the highly complex friction and 
wear process. 

In this article we have studied the process 
for the Timken type contact, linear dry contact 
under sliding friction conditions. 
 
2.  METHODS 

2.1 Analytical method  

The Timken friction couple with linear 
contact is the base for calculations. Wear 
imprints remain on the metal surface due to 
the contact between the plane and the 
cylinder (Fig. 1). 

 
Figure 1. The imprint scheme for Timken 

friction couples 

We have considered the wear imprint as 
formed from cylindrical sectors with the length 
q. Thus, we can write that the lateral surface is 
a cylindrical sector where: Si (lateral surface of 

the crystal sector), i (the angle), r (the circle 
radius) : 

 2 00.5 180 sini i iS r           (1) 

However, due to deformations during the 
contact between thermoplastic material and 
metal, the elastic deformation of the bush 
under the action of the load, an increase in the 
radius of the cylindrical bush occurs, as seen in 
(Fig. 2) 

We have used polymers reinforces with 
20% or 30% glass fibers. The purpose is 
establishing a link between the sliding speed, 
normal load and the contact temperature 
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Figure 2. The elastic deformation of the 

cylindrical liner on the contact area (bottom) for 
Timken friction couples (a) – theoretical, and (b) – 

real 

Taking into account the fact that r1 is the 
non-deformed radius of the cylinder, and that 
r2 is the radius of the deformed cylinder (Fig. 
2b), then 

2 1r r                      (2) 

However h2 represents the decrease of the 
wear imprint from (a) to (b), considering the 
fact that the deformation of the cylinder is 
negligible: 

2 1h h h                       (3) 

But l  is the length of the wear 
imprint, ABC : 

  2
1 1 12 4r h h l             (4) 

The value of the depth, h1, is small and we 
can neglect it: 

2
1 18h l r                         (5) 

Same happens for FGH : 

  2
2 2 22 4r h h l   

Same consideration for h2: 
2

2 28h l r                         (6) 

(4) and (5) are introduced into (2) : 

   2 2 2
1 2 2 1 1 21 1 8 8 8h l r r l r r r r l r       (7) 

r  is a curvature radius equivalent for the 
deformed cylinder: 

 1 2 2 1 1 21 1 1r r r r r r r          (8) 

From the relationship (4): 

  2
2 1 1 2 28r r r r l h              (9) 

But using Hertz’s formula for the length of 
the wear imprint, where ν (Poisson ratio), 
L (the length of the wear imprint), E  
(equivalent Young module), we can write a 
relationship starting from the hypothesis that 
the couple is loaded elastically, with an 
elliptical load distribution: 

 2 24 8 1l Nr EL              (10) 

Using the indexes 1 and 2 we can write : 

   2 2
1 1 2 21 0.5 1 1E E E           (11) 

We introduce the equivalent elasticity 
module in (12): 

 1 2 1 22 0.91E E E E E             (12) 

From the relationship (7) we will express 
the length of the wear imprint as: 

 
1 2

24 2 1l Nr EL                 (13) 

 2 1 2 1 20.527h N E E LE E        (14) 

The depth for the wear imprint is obtained 
from relationships (5) and (14): 

   2
1 1 2 1 28 0.527h l r N E E LE E      (15) 

We obtain the lateral area of the wear 
sector, considering that the wear imprint 
consists of cylindrical sectors: 

2 3 12iS r                                  (16) 

We replace with the ratio l/r (12): 

 3
2 1 1 2 212 2 3iS l r r r r lh        (17) 

We can obtain the relationship for the 
transversal lateral area and replace h2 in (16): 

 1 2 1 20.35iS l E E Nl E E L       (18) 

Considering that lm is the wear imprint, the 
wear volume has the value: 

   1 2 1 2

1

0.351
n

u i i m

i

V S q E E Nl E E


  
  

  (19) 

But: 
AkvtNAVu //     (20) 
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But hu is the depth of the layer of removed 
material: 

kpvthu      (21) 

The equation (20) is an expression of the 
dependency of wear on the contact pressure, 
but  
Lf = vt so we can write: 

fuu pLhpvthk //     (22) 

fuu NLVNvtVk //           (23) 

It is necessary to perform length 
measurements of the wear imprint in 3 
different locations, thus analyzing the correct 
value. Using the value we obtained, we can 
obtain the wear depth hmu  and the volume of 
wear material that was removed Vu 
 
2.2 GRAPHIC METHOD 
 

Tests were performed using the following 
sliding speeds: a) 18.56; b) 27.85 ; c) 37.13; d) 
46.41; e) 55.70:  f) 111.4 cm /s. Volume wear 
and wear depth were calculated under 
different wear conditions, modifying the 
parameters normal load and sliding speed. The 
steels used were of the C120 and Rp3 types. 
All tests were performed for a period of one 
hour. Wear parameters were expressed in 
mm/h and cm3/h. Tests were carried out using 
different polymers reinforced with 30% glass 
polymers. We have performed the graphic 
interpretation for each material and sliding 
speed, see figures from Fig 3 to Fig. 11. 

Table 1 Regression functions between wear scar 
volume (Vu) and normal load (N) 

Friction 
couple 

v 
(cm/s) 

Regression function 
wear scar volume (Vu) 

Polyamide + 
30% 
SGF/C120 
steel 

18.56 Vu = 0.0005 N 2 + 0.012 
N  

Polyamide + 
30% 
SGF/C120 
steel 

27.85 Vu = 0.0004 N 2 + 
0.0188 N  

Polyamide + 
30% 
SGF/C120 
steel 

37.13 Vu = 0.0005 N2  + 0.0104 
N + 0.1423  

Polyamide + 
30% 
SGF/C120 
steel 

55.70 Vu = 0.0034 N 2 - 0.0922 
N + 0.877  

Polyamide + 
30% 
SGF/C120 
steel 

111.4 Vu = 0.0006 N 2 - 0.0205 
N + 0.272  

Polyamide + 
30% 
SGF/C120 
steel 

153.57 Vu = 0.0007 N 2 +0.1668 
N + 0.0675  

Polyamide  + 
30% SGF/ Rp3 
steel 

18.56 Vu = 0.0003 N 2 + 0.018 
N  

Polyamide + 
30% SGF/Rp3 
steel 

37.13 Vu = 0.0004 N 2 +0.0077 
N + 0.2291  

Polyamide + 
30% SGF/Rp3 
steel 

46.41 Vu = 0.0003 N 2 + 
0.0236 N  

Polycarbonate 
+ 20% 
SGF/C120 
steel 

27.85 Vu = 0.0002 N 2 +0.0212 
N + 0.0138  

 
Using a special program the regression 

functions for (Vu) Table 1 and for (hu) Table 2 
were calculated. The parameters were 
expressed depending on the normal load. 
 

Table 2. Regression functions between wear 
scar depth (hu) and normal load (N) 
Friction couple v 

(cm/s) 
Regression function 
 wear scar depth (hu)   

Polyamide + 
30% SGF/C120 
steel 

18.56 hu = 0.0007 N 2  + 
0.1099 N  

Polyamide + 
30% SGF/C120 
steel 

27.85 hu = 0.0017 N 2 + 0.0223 
N + 2.5401  

Polyamide + 
30% SGF/C120 
steel 

37.13 hu = 0.0027 N 2 - 0.0345 
N  + 3.7722 

Polyamide + 
30% SGF/C120 
steel 

55.70 hu = 0.0038 N 2 + 0.0017 
N + 4.0728  

Polyamide + 
30% SGF/C120 
steel 

111.4 hu = 0.0005 N 2 - 0.0607 
N + 5.0222  

Polyamide + 
30% SGF/C120 
steel 

153.57 hu = 0.0062 N 2 - 0.0569 
N + 5.1224  

Polyamide  + 
30% SGF/ Rp3 

18.56 hu = 0.0008 N 2 + 0.0106 
N + 2.2026 
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steel 
Polyamide + 
30% SGF/Rp3 
steel 

37.13 hu = 0.0032 N 2 - 0.1452 
N + 5.7442  

Polyamide + 
30% SGF/Rp3 
steel 

46.41 hu = 0.0022 N 2 - 0.061 
N + 4.8439  

Polycarbonate 
+ 20% 
SGF/C120 steel 

27.85 hu = 0.002 N 2 + 0.1141 
N + 2.6028 

 

We have opted for a graphic presentation 
of the experiments in order to have an 
overview on the Timken type couple for glass 
fiber reinforced polymers and metal under 
complex conditions of modifying normal loads, 
contact pressures and temperatures, with the 
variation of the sliding speeds. 
 

 
a) 

 

b) 

Figure 3. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ C120 steel 

 

 

a) 

 

b) 

Figure 4. Wear evolution as scar wear volume 
(a) and depth (b) function of the normal load and 

contact temperature and variation of contact 
temperature Nylonplast AVE Polyamide + 30% SGF 

/ Rp3 steel 

 

 
a) 
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b) 

Figure 5. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ C120 steel 

 

 

a) 

 
b) 

Figure 6. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ Rp3 steel 

 

 

a) 

 

b) 

Figure 7. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ C120 steel 

 

 
a) 
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b) 

Figure 8. Wear evolution as scar wear volume 
(a) and depth (b) function of the normal load and 

contact temperature and variation of contact 
temperature Nylonplast AVE Polyamide + 30% SGF 

/ C120 steel 
 

 
a) 

 
b) 

Figure 9. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ Rp3 steel 

 

a) 

 

b) 

Figure 10. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 

temperature Nylonplast AVE Polyamide + 30% SGF 
/ Rp3 steel 

 

 
a) 
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b) 

Figure 11. Wear evolution as scar wear volume (a) 
and depth (b) function of the normal load and 
contact temperature and variation of contact 
temperature PC Lexan 3412 + 20% SGF / C120 

 

3.  CONCLUSION 
 
The injection process of thermoplastic 

composite polymers reinforced with glass fiber 
is a highly complex process, as can be seen in 
(Fig 12). Adhesion and corrosion phenomena 
occur during injection. The Timken couple 
polymer on metal simulates the conditions 
inside the auger very well, obtaining 
temperatures of 300 0C which leads to 
material flow. 

 

Figure 12. The complexity of the evolution 
process of friction-wear at a linear contact polymer 

with SGF / steel 

For the Rp3 steel the equation (9) is 
confirmed, meaning that the friction 
coefficient has an absolute value that is 
smaller than the friction coefficient for the 
C120 steel. This also results from the wear 

volume (Vu) which is smaller for the Rp3 steel 
used for manufacturing tools. 
We can notice once again that with the 
increase of the normal load, an increase in the 
wear volume also occurs. We can see that we 
have a parabolic increase in wear and not a 
linear increase. This means that if the load 
increases, the temperature and the wear 
volume also increase. This is a known fact and 
it can be demonstrated. 

Another aspect is noticed – each polymer 
has a specific behaviour so that the 
determined regression functions are not 
common. 
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Abstract: The lubrication regime at the piston-liner assembly plays a significant role in engine friction and it 
is, therefore, a major concern in modern engine designs. Nowadays, the stringent emission regulations, 
require the characterization of the oil film in between and under the piston-rings of the piston-liner 
assembly so that, first to understand the complex tribological system and second, to achieve through 
experimental results minimal energy losses and at the same time meeting the strict emissions standards. In 
a simplified test rig, a steady piston-ring section of overall width 5 mm is placed under a flat surface used as 
a reciprocating liner. The advantage of this layout is that it can ignore the many uncertainties that follow 
the piston movement in an internal combustion engine, such as piston-ring and piston dynamics, starved 
lubrication, liner geometry deformation, lubricant and additive degradation and blow-by in order to 
generate reliable results. Moreover, a number of sensors, such as optical ones (laser induced fluorescence - 
LIF) and transducers that can measure the lubricant film thickness, the oil film pressure, friction between the 
surfaces and temperature, can be fitted more easily and provide measurements of the lubrication between 
the two surfaces. Visualisation results in the test rig provide a good understanding of the lubrication regime 
at the piston-cylinder assembly and thus, the onset and development of cavitation throughout the stroke is 
identified.  
This presentation is focused on previous experimental findings in the simplified test rig, how these can be 
applied on specially designed and modified engines with the respective sensors fitted and the issues 
concerning the engine experiments. An emphasis is given on the simplified test rig lubricant parametric 
study, as some very useful results can be drawn for further analysis and possible engine applications, so that 
further friction reduction can be achieved via design consideration and oil formulation. 

 
Keywords: piston-ring lubrication, single-ring test rig, engine experiments, oil film, friction and pressure 
measurements, visualisation, cavitation, laser induced fluorescence 

 
 
1. INTRODUCTION  
 

The lubrication regime formed in the 
piston-ring cylinder liner interface which is one 
of the biggest contributor to mechanical losses, 
is critical to the amount of surface contact, 
friction, oil consumption and wear. The 

optimum lubrication of the piston-rings is 
necessary to reduce friction and also limit oil 
consumption. 

The lubricant film formed between the 
piston-ring and cylinder liner is very thin and 
the measurement of this essential variable is 
difficult. All the proposed methods 
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(capacitance, resistance, Laser Induced 
Fluorescence – LIF, ultrasound, inductance) are 
combined with respective error sources. 
Therefore, it is of great importance to have 
tools available for evaluation of friction, oil 
film thickness and pressure, at the interface 
between the piston-ring and liner. The test rig 
can be used for investigation of effects of 
different components and running conditions 
and also for validation of numerical simulation 
models [1].  

Of particular interest is the role of 
cavitation in the performance of the piston-
ring pack. When considering lubricant flow, it 
is known that when the pressure becomes too 
low (drops below the lubricant vaporisation 
pressure or the saturation pressure of 
dissolved air), the continuous film will rupture 
and air bubbles are formed. Once the pressure 
drops to a critical value, the oil will cavitate, 
separating into liquid and vapor [2].  

In the 2011 European Comission White 
Paper on transport a reduction of at least 60% 
of greenhouse gas emissions from transport by 
2050, with respect to 1990 levels, was called 
for. Therefore, the efficiency and frictional 
losses in a vehicles powertrain are areas of 
great importance [3]. 

This manuscript presents the comparison 
between cavitation visualisation results from a 
simplified experimental single ring test rig and 
the extension of the same method applied to a 
motored single cylinder engine. Since in an 
engine the liner and piston–ring configuration 
are reversed relative to the examined test rig, 
any direct extrapolations of the conclusions 
should be treated with some extra caution [4]. 
The solid results derived from the simplified 
test rig are also presented and used for Laser 
Induced Fluorescence calibration that can be 
applied to the simplified test rig at first and 
the engine afterwards. 
 
2. EXPERIMENTAL SET-UP  

 
Both engine and simplified test rig 

measurements were accomplished. Data from 
the simplified single-ring test rig were going to 
be verified from the engine test rigs. At the 

same time, the many uncertainties that follow 
the engine experiments, that can introduce 
certain difficulties during data interpretation 
when studied, were going to be eliminated. 
The test rig, with its inherent and purposed 
simplicity can be used as a test bed for 
developing new advanced sensor fittings and 
signal output, prior to their installation in an 
engine test bed.   
 
2.1 MAN-AVL Castrol lubrication engine 
 

For the purpose of studying the oil film 
properties, a supercharged, 2-litre, single 
cylinder MAN AVL - Castrol engine was used as 
an experimental test bed. This specially 
modified engine is using lubricant draining 
points in different positions, so that oil could 
be drained out of the engine during its 
operation. After the initial engine installation 
[5], it was proposed that the method used for 
oil film visualization was going to be an issue 
that had to be solved first, and study after.  

 
Figure 1. The MAN-AVL Castrol engine cylinder 

block (upper part, with liner and piston) [5] 

 
Figure 2. The MAN-AVL Castrol lubrication engine 

without the cylinder block – upper part [5] 
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Cavitation which was evident at an 
idealized test rig [4, 6], was also going to be 
observed in engine experiments and 
conclusions were going to be drawn regarding 
the phenomenon of cavitation and how can it 
be characterized with the addition of oil film 
pressure measurements. 

(a)  

 
(b) 

Figure 3. (a) Detailed drawings of the proposed 
TDC fibre probes installation. 

(b) Detailed drawings of the proposed mid-stroke 
fibre probe installation [5] 

 

2.2 Lister-Petter PHW1 diesel engine used for 
the LIF engine experiments  

 
Engine visualisation experiments were 

carried out after the introduction of a direct-
injected, single-cylinder water-cooled Lister-
Petter PHW1 diesel engine used for the LIF 
engine experiments in previous research 

projects [7], [8]. The PHW1 engine was 
coupled to a Plint TE/46 engine test bed. Table 
1 shows the Lister-Petter engine specifications 
and Figure 4 the dynamometer – engine setup. 

Table 1. Lister Petter engine specifications 

 

 
Figure 4. Plint dynamometer coupled to the Lister-

Petter engine 

For the purpose of visualisation, pockets 
had to be machined in the sides of the engine 
block enabling a large viewing area for the 
imaging process. The pockets were machined 
with spark erosion technique. The quartz 
windows were made to suit the spark eroded 
pockets. Above, between and below the 
window pockets, holes have been machined to 
accommodate a pressure transducer (novel 

 

Cylinder Bore 87.31/87.35 

Stroke 110 mm 

Stroke/Bore ratio 1.26:1 

Swept volume 659 cm3 

Compression ratio 16.5:1 

Connecting rod length 231.9 mm 

Conrod/crank ratio 4.22:1 

Oil capacity 2.8 l 

Max engine torque 32.5 Nm@1700 rpm 

Max Speed 2000 rpm 

Tangential Ring Tension 

Top ring 14.36-19.21 N 

2nd 14.54-19.43 N 

3rd 13.16-17.57 N 

4th 21.17-28.6 N 
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technique) and optical fibres, similar to an 
engine block fitted with LIF probes, that was 
used for oil film thickness engine data ([7], [8]). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 5. 3-D views of Lister Petter engine block 

and piston [9]. 
 

 
 

Figure 6. Details of the pressure transducer 
fittings, the fibre probes and the viewing windows 

of the Lister Petter engine liner 
 

(a)  
(b) b 

 
 
 
 
 
 
 
 
 
 
 

 
(a) (b) 

Figure 7. Upper and lower window, (a) anti-thrust 
side window visualisation area (b) front side of the 

Lister-Petter block [9]. 
 

 
 
Figure 8. Lister-Petter engine experimental set-up 

[9]. 
 

During the Lister-Petter engine visualisation 
experiments, better images were taken from 
the lower windows, at both anti-thrust side 
and front side (Figures 7 (a) and (b)). The 
pressure transducer (Kulite XCQ-080 500 psi 
(absolute)) failed as the very small wiring of 
the Wheatstone bridge amplifier was snapped 
during fitting of the pressure measuring unit 
from the measuring stations. LIF measurement 
probes were not fitted prior to the acquisition 
of the pressure signal. From the six pressure 
monitoring points the four were saved; the 
necessary machining on the outer surface of 
the engine liner distorted the bore [9]. 
 
 
 

Data 
acquisition 

PCO 12-Bit 
Digital Camera 

Image 
properties 

Engine and Dyno 
Control Panel

Lister-Petter Engine 
Plint Dyno

Liner 
visualisation 

Trigger 
conditioning

Optical trigger 

Anti-thrust
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2.3 Simplified Single Ring Test rig 
 

In Figure 9 below, the single-ring test rig 
configuration can be seen. 

 
Figure 9. Single ring test rig schematic diagram [4] 

This experimental set-up provided some 
solid results of LIF measurements, capacitance, 
pressure measurements, friction and 
visualization with the use of an optical liner 
(Figure 10). Results can be seen in Figures 11 
and 12, where a sample of the parametric 
study results for visualization experiments, LIF 
and pressure is evident. 

 
(a)        (b) 

 
(c) 

Figure 10. (a) Test rig with glass liner and flash 
lamp; (b) close-up of the glass liner and piston-ring 
specimen used for the visualization experiments (c) 

liner fitted with the pressure transducer and 
optical fibre (LIF sensor) [4] 

3. RESULTS 
 
3.1 Simplified Single Ring Test rig 
 
In this section, visualization results from the 

single ring test rig can be seen in Figure 11 and 
friction results as well as oil film pressure 
combined with oil film visualization in Figure 
12, respectively. The solid results from the 
single ring test rig, lead to similar applications 
to the engine test bed, so that direct 
comparisons could be made. 

  

22oCA   30oCA 

     

19.80oCA  20.52oCA 

 

12.06oCA 

Figure 11. (a) Fern growth captured using different 
magnification systems. (a) CF-3 magnification 

(65.3), 700 r/min, 22mm stroke, 1869 N/m. (b) CF-
4 magnification (66.8), 700 r/min, 22mm stroke, 
1869 N/m. (c) CF-4 magnification with extension 

lens (68.7), 700 r/min, 22mm stroke, 2843 N/m [4] 
 

3.2 Engine visualization results – comparison 
with single ring test rig 

 
Engine visualization experimental data were 

also acquired and a direct comparison of the 
visualization results from both test rigs is 
attempted.  There is evidence of the string 
cavities that appear on the surface of the barrel-
faced top compression ring of the Lister PHW1 
engine. The research approach to understanding 
cavitation that was identified in Figure 13, has 
followed the outcome of the visualisation 
research study of the single-ring test rig. 
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(d) 

 

Figure 12. (a), (b), (c) friction parametric study for 
6 different CASTROL oil blends, (d) combination of 

oil film pressure measurements and cavitation 
visualisation ([4], [10]) 

 

The idealised single-ring test rig is being 
used as a large scale model in contrast to the 
real sized engine test rig. In the case of the 
single-ring test rig, the ring was covered in the 
majority of the stroke with string cavities. 
During flow reversal, the cavitation is initiated 
by fern-shaped cavities which grow further, to 
form up bigger ferns and fissure type cavities. 
Later on in the stroke they develop to strings 
on the surface of the piston-ring and they 
grow so that they will be reaching its trailing 
edge. It is important to note, that LIF results 
(see Figure 14) show as well the point where 
the lubricant cavitates, under the piston-ring 
at mid-stroke. 

In the case of the engine, however, the 
stages of cavitation inception and initial 
development are not clear because the size of 
visualisation window has hindered imaging of 
the oil flow at the reversal points close to the 
dead centres. As seen in figures 5, 6, 7 the 
quartz windows size is limited within the areas 
of the measuring stations (pressure transducer 
and fibre optic hole). On one hand, the quartz 
sectioned liner provided cavitation images 
similar to the ones recorded for the single - 
ring test rig, on another, the overall size and 
their span compared to the stroke length is 
not adequate to “scan” the whole of the 
engine stroke length. 

 
 

 

 

 

 

 

Figure 13. Lister Petter anti-thrust side lower 
window, top compression ring at 576 o CA exhaust 

stroke, camera at 11.17 cm from top edge [10] 
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The following schematic (Figure 14) shows 
the most probable cavitation development in 
the engine during the stroke according to the 
images taken. The cavitation stages derived, 
are postulated from engine imaging and the 
simulation test rig results visualisation data. 

 

Figure 14. Load variation on LIF results (dynamic 
calibration) – upstroke 

 
Figure 15. Possible Cavitation stages on the Lister-

Petter engine [9] 
 

Furthermore, it should be taken into 
account that the lubrication is distorted by the 
insertion of the quartz windows as shown in 
the liner surface profilometry results in Figure 
16. 

 
Figure 16. Surface profilometry of lower side of 

upper window [10] 

An attempt was made to compare the 
imaging taken from both experimental test 
rigs, based on the testing parameters and the 
image properties. 

Table 2. Comparison between Lister Petter and 
test rig test conditions 

Test 
Conditions 

Single Ring 
Test Rig 

Lister – Petter 
Engine 

Speed (rpm) 300 398 
Load (N/m) 971 motoring 

Stroke Length 
(mm) 

50 110 

Linear Velocity 
(m/sec) 

1.728 2.016 

Distance from 
(mm) 

TDC: 25 top edge of 
top land at 

TDC: 111.99 
 

The comparison between the two 
experimental test rigs necessitates a 
“cavitation factor” coefficient to be 
determined. This coefficient is the ratio of the 
width or the length of the string cavities  
divided to the piston ring width [10]. 

Cavitation factori = 
ring pistonof  width

stringof  width
 

Following the measurement scale of the image, 
the string distances for every case (test rig and 
engine) are presented (Table 3), so that 
averaged string distances measured from the 
images can be taken for every case. 

Piston-ring 
width 

Cavitation 
boundary 

Window 
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Table 3. Measured string distances for test rig and 
engine 

 
 

Cavitation factors CF calculated for the 
engine CFengine = 0.194 and respectively for the 
test rig CFtest rig = 0.054. CFengine is 72.16% 
greater than CFtest rig. In the case of the single 
ring test rig, the strings are covering 
approximately 50% of the piston ring length 
and have a very uniform shape, due to the 
limited factors affecting the lubrication of the 
single ring test rig [10]. 
 
3.3 LIF Calibration 
 

The identification of cavitation, which was 
first evident during the LIF experiments and 
further on identified in the visualization 
experiments in both the simplified test rig and 
the engine, imposed the necessity of 
calibrating the LIF results in order to get a 
complete picture of the oil film thickness and 
the point where the oil film breaks. The 
process of calibrating the LIF signal, is 
described in [11], where the single-ring test rig 

is used again as a safe method to acquire the 
results from LIF and surface profilometry of a 
specially machined groove on the surface of 
the piston-ring specimen.   

Groove data were acquired at the area 
where the fitted fiber on the liner specimen 
travels. Since the stylus of the profilometer 
was acquiring data for the groove every 10 μm 
of groove length, five (5) profiles in sequence 
have been averaged to get the averaged data 
that were going to be compared to the LIF 
signal (the diameter of the fiber core is 50 μm). 
Eventually the area of the groove over which 
the fiber travels was covered in the best way 
possible. 

Figure 16 shows the fibre travelling over the 
groove of known depth used for the LIF 
calibration [11]. 

 
Figure 16. The groove with the blue - highlighted 
line shows the area over which the optical fiber 

travels [11] 

 

Figure 17. Matching of groove data and averaged 
LIF data [11] 

It is evident, that this specially machined 
piston-ring can be used for LIF calibration of 
the engine experiments. As it was stated 
before, from the MAN-AVL engine lubricant 
stations, used lubricant can be extracted and 
when poured into the single-ring test rig, it can 

 Measured string distances (mm) 

Single-Ring Test Rig Lister-Petter Engine 

0.292 0.531 
0.167 0.368 
0.250 0.344 
0.292 0.478 
0.333 0.514 
0.292 0.589 
0.167 0.414 
0.292 

 

0.292 
0.250 
0.292 
0.250 
0.333 
0.275 
0.333 
0.367 
0.267 
0.208 
0.200 
0.208 
0.292 

Average width 0.268 0.463 
σ 0.056 0.090 
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be used for the calculation of a calibration 
coefficient as described above. This coefficient 
can calibrate the LIF data derived from the 
engine and this time a more accurate 
calibration coefficient can be derived because 
the oil used for the calculation of the 
coefficient and the oil used in the engine 
experiments is exactly the same (meaning that 
its chemical composition has been degraded to 
the same extent). This is very important 
because the chemistry of the lubricant is an 
important factor to its fluorescence properties 
and according to this procedure it is taken into 
account when calibration is attempted.  

As already stated, LIF results from the 
single-ring test rig showed, at first, the point 
where the lubricant cavitated (oil film rupture 
shown in Figure 14). 

In Table 4, calibration coefficients are 
derived, and data are given for a specific 
Castrol lubricant blend, at four different 
temperatures [11]. 

Table 4. Temperature results for the calibration 
coefficients [11] 

Oil Temperature 
(oC) 38 50 60 70 

Calibration 
Coefficient 
(μm/Volt) 

295 364 353 389 

Standard 
Deviation 
(μm/Volts) 

14 26.9 21 55.37 

Error (%) 5 7 6 14 
 

4. CONCLUSIONS 
 

The single-ring test rig is a tool that 
provides robust results in terms of lubricant 
film thickness, LIF, oil film pressure, friction 
measurements, and visualization – cavitation 
results. It is therefore, important to study and 
test whichever experimental method used, 
first at the test rig and afterwards in the 
engine test bed. The test rig results improve 
the researcher’s confidence in experimental 
testing, thus minimizing the risk when applying 
the same method in engine experiments. 
Another supporting factor is that the 

experimental results can be interpreted in a 
much safer and easier manner. The engine 
experiments are inherited with many 
uncertainties, which will be further enhanced 
from cycle to cycle inconsistencies.   

Even without the engine application, the 
single ring test rig results can strongly support 
parametric study of different lubricants, 
different piston-ring curvature and its effect in 
oil film pressure and even so friction results 
throughout the stroke and study the different 
lubrication regimes (hydrodynamic, 
elastohydrodynamic, boundary and mixed) 
with the inclusion of the parametric study, 
that is mentioned above. It is therefore a 
necessity to simulate realistic engine speed 
and strokes, so that the results are as close as 
possible to a real engine. The usefulness of the 
single ring test rig is easily recognizable from: 
 the identification of cavitation in the LIF 

results, 
 the successful implementation of the 

optical liner to acquire lubricant cavitation 
images and the miniature pressure 
transducer for the oil film pressure results 
prior to applying the same method to an 
engine and 

 the proximity of the LIF calibration testing 
(low rpm and no hydrodynamic film) and 
the recognition of the many parameters 
that affect the derivation of a solid 
lubricant calibration coefficient. 
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Abstract: 3D digitizing of high quality machined metal surfaces is considered as highly uncertain in case of 
application of image based methods. This is due to their monotonous visual texture and a very high degree 
of reflection. The aim of this paper is the investigation of influence of surface quality on the 3D digitization 
results obtained by close-range photogrammetry based on structure from motion approach. As an object for 
3D digitization RUGOTEST 1 (Roughness Comparison Specimens) was used. RUGOTEST 1 is etalon for tactile 
and visual comparison of the workpiece surface finish according to various machining processes. Image 
based 3D reconstruction can be time consuming and it depends on image resolution, number of images and 
computer processing performances. The experiment has been carried out with circular image acquisition 
strategy, highest resolution of images and controlled light conditions. After acquisition of the images, they 
were processed by the specialized software and analysis of obtained results was performed. Obtained 
results show poor 3D digitization quality for all surfaces i.e. machining processes. Future research will focus 
on investigation of the application of light textures in order to enhance photogrammetric 3D reconstruction 
performance.  
 
Keywords: surface quality, 3D digitization, close-range photogrammetry, structure from motion, rugotest 1, 
3D data analysis 

 
1. INTRODUCTION  
 

Rough surfaces of the workpiece can not be 
avoided, as they are results of the application 
of different machining processes. They are 
defined by a qualitative data (by comparing 
the surface roughness with a standardized 
sample) and quantitative data (measuring the 
microgeometry with the adequate 
measurement devices, based on the contact 
and non-contact measurement methods).  

The development of close-range 
photogrammetry based on SfM (Structure 
from Motion) approach has enabled a quick 
and simple way to get appropriate 3D models. 
3D models can precisely provide both, 

qualitative and quantitative information of 3D 
digitized surface. This principle is based on 
capturing photos of the object from different 
angles with as much as possible overlaps 
within the photos. In practice, the most often 
used strategy for capturing photos is the 
circular strategy, in which photos cover the 
object in a full 360° circle. 3D model of the 
object are obtained, after photos processing, 
so that classifies this method as a passive 3D 
digitizing method. In order to obtain high-
quality 3D models a high quality photographs 
are required, including the optimal lighting 
conditions for photographs acquisition, large 
depth of field and a high resolution 
photographs. 

566 15th International Conference on Tribology – Serbiatrib ‘17



 

The difference between classic 
photogrammetry and photogrammetry based 
on SfM approach is that no calibrated camera 
is previously required. In SfM approach the 
camera parameters are calculated in the 
image processing step based on the detected 
key-points, and this process is also called 
autocalibration [1]. By determining and 
overlapping characteristic key-points from the 
set of photos it is possible to determine their 
relative position in 3D space. 

Very good results have been shown in the 
field of cultural heritage due to the fact that a 
large number of objects can be digitized with 
this method that have different dimensions 
and geometrical complexity with reasonable 
accuracy [2,3]. This method also finds 
applications in other areas such as Mechanical 
Engineering [4], Biomedical Engineering [5], 
Geology [6], Construction and Architecture, [7], 
Video Game industry etc. The biggest 
advantage of this method is its availability, as 
from the system acquisition (camera) point of 
view, as well as from software support point of 
view [8]. 

The aim of this research is to investigate the 
influence of surface quality on the 3D digitizing 
results obtained by SfM. Surface quality of 
machined parts significantly affects their 
working capability, wear, load capacity, 
dynamic strength etc. In conventional 
methods of machined surfaces, quality 
depends on many factors such as the type of 
operation, workpiece material, tool, 
equipment, machine tools, cutting parameters 
etc. According to the degree of irregularities a 
surface quality of the machined part is 
determined, so that for a specific surface area, 
in relation to its function, an optimum surface 
quality is defined. 

Light rays fall on the surface of an object 
and, depending on the optical characteristics 
of the object, some of light is partially 
absorbed, while some of light rays are 
reflected. Reflection is an undesirable 
phenomenon that affects the proper 
functioning of optical systems in a certain 
extent. During photographs' acquisition light 
rays that are reflected from the surface of the 

object, directly affect the part of the sensor 
creating a hotspots that manifests as a white 
region on photographs. Moving the camera to 
the next point of view, in relation to the object 
being photographed, a change of the angle 
occurs at which previous hotspot occurred. 
This is a reason why a loss of data has also 
occurred. Due to relative changes in position 
between the illumination and the camera, 
finding and matching of common points on the 
photos becomes very difficult.  

 
2. MATERIALS AND METHODS 
 

As an object for 3D digitization RUGOTEST 1 
[9] is used which is the standard for 
comparison of a visual and tactile quality of 
the machined surfaces, depending on the type 
of machining process (Figure 1.). This object 
comprises of samples of surface roughness 
according to ISO 2632-1 and 2632-2 standard 
class from N10 to N2 treated with: side and 
face milling, grinding, lapping, planing/turning 
and honing-superfinish treatment. Object 
dimensions are 120x90 mm, while the 
dimensions of a single sample plate are 12x20 
mm. The acquisition was carried out with DSLR 
full frame camera adjusted on maximal image 
resolution of 22 Mpix, equipped with a 50mm 
focal length lens.   

 
Figure 1. RUGOTEST 1 etalon for tactile and visual 

comparison of the workpiece surface finish 
according to various machining processes  

Acquisition strategy is designed so that the 
minimum number of photos cover the entire 
workpiece. A total of 12 images was captured 
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and they are grouped into 6 stereopairs 
(Figure 2.) from a distance of approx. 50 cm. 

 
Figure 2. Acquisition of photos, circular pattern  

The level of detail that has been achieved with 
this setting is expressed through Ground 
Sample Distance (GSD) (1) of 0.07mm.  

 GSD = D·px/f (1) 

D in formula (1) is the distance between the 
camera and a 3D object, px - size of one pixel 
on the sensor and f - the camera lens focal 
length. The theoretical value of the GSD 
should be taken with caution as it is extremely 
difficult to be achieved. It is being corrected 
with the most common coefficient of 1.5, so 
the real value of GSD in this case was around 
0.105 mm. Since the photogrammetric 
measurements are dimensionless, and the 
results of 3D digitization does not correspond 
to the real situation, it is necessary to use 
reference markers with the known spacing 
between them for the purpose of scaling of 
the digitized 3D object. 

As already stated, SfM is the passive 3D 
digitizing method, and photos that are taken 
are processed after the acquisition. Processing 
consisted of two phases: 
1) detection and finding characteristic key- 
points on photographs (results in sparse point 
cloud) and 
2) generating dense point cloud. 

3. RESULTS AND DISCUSSION 
 

Table 1 shows the results of processing in 
the context of 3D digitizing of the whole etalon 
for each phase. As it can be seen from Table 1 
for the first phase the mean value of the key 
point size is 3.6 pixels, that when multiplied by 
the value of GSD results in the value of the real 
size of the average key point of 0.36x0.36mm. 
Based on the calculated average value of the 
key point a 3D digitizing of microgeometry is 
excluded, but it is possible to show its impact 
on overall results. The impact of 
microgeometry is reflected primarily in the 
ability of software to recognize those key 
points on at least two images with the lowest 
possible RMS reprojection error. Also in Table 
1. is given the time needed for the each phase 
and the total processing time. 

Table 1. General results of image processing  

Sparse point cloud 
Number of photos 12 
Points  2086 valid of 3769 

found 
RMS reprojection error 1.05966 (2.56126 pix) 

Max reprojection  
error 

6.96332 (16.7881 pix) 

Mean key point size 3.61273 pix 
Effective overlap 2.11064 
Generation Time 
Mode: Higest quality 

1 minute 33 seconds 

Dense point cloud 
Points 2603740 
Generation time  
Mode: High quality 

6 minutes 55 seconds 

Total processing time 8minutes 28 seconds  
 

Out of the entire point cloud only points 
that make specimens are isolated and on them 
appropriate inspection (flatness or cylindricity) 
was carried out. The software measures the 
GD&T tolerance according to the ISO 
standards (1101, 5459 etc.) and according to 
the ASME Y 14.5 [10]. In order to perform 
these measurements, reference planes and 
cylinders were created by Gaussian best fit 
method [10] on Figure 3. 
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Figure 3. Example of referent fitting plane creation  

 
Figure 4. Example of flatness tolerance of plane A 
N10 

 
Figure 5. Standard deviation of flatness (Side milling, Grinding, Face milling, Lapping) and cylindricity 

(Planing/Turning, Honing/Superfinish) of measured specimens 
 

Figure 4. graphically shows the flatness 
tolerance of a specimen A N10 which was 
treated with side milling, while Figure 5. 
graphically shows the standard deviation of 
the measured flatness and cylindricity 
tolerance of all specimens. On all cylindrical 
machined surfaces can be seen, from Figure 5, 
that they have a poorer 3D digitizing 
performance, and this can be explained by the 
fact that in every position when photo was 
captured, a high degree of reflection has been 
present.  
 
4. CONCLUSION  
 

On the basis of the presented results it can 
be concluded that the type and surface quality 
have a significant impact on the results of 3D 
digitizing by SfM. Generally, with an increase 
of the surface quality, followed by reduced 
surface roughness, obtained results are 
significantly worse. This is supported by a 

change in the visual characteristics of the 
machined surface - with a roughness reduction  
“mirror like” property is emphasized which 
influences greatly on the 3D digitizing results. 
The future research will be focused on 
reducing the influence of reflections and 
ensuring the improvement of the visual 
characteristics of the treated surface in order 
to improve the 3D digitizing results of 
machined surfaces. 
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Abstract: This article describes, develops and applies approach proposed earlier to build models of the 
interaction of rough surfaces for one of the tasks of simulation of tribological systems of the piston engine. 
In this paper we described the general approach to building a model of interaction between rough surfaces, 
leading to the analysis of the Markov process. This method we applied for friction process, and for fatigue 
failure mode in which the surface element is destroyed after repeated contacts. As an example, we  
considered the "main bearing-crankshaft" tribosystem of a diesel engine. 

 
Keywords: surface asperities interaction, Markov process, tribological parameters, service life 

 
 
1. INTRODUCTION  
 

For the development of components 
machines and mechanisms, where friction 
determines the durability and dimensions, 
there is a need for methods that enable to 
estimate the friction characteristics in time: 
friction force, coefficient of friction, contact 
area, run-in time, wear and so on [1, 2]. 

Friction characteristics determined by such 
factors as surface microgeometry, physical 
characteristics of materials, velocity and the 
applied load. Most methods were based on 
the representation of the relief function for 
the random arguments [3, 4]. Such models can 
estimate the area of contact, the friction force, 
coefficient of friction, wear, etc. However, this 
approach ignores the surfaces change and, 
consequently, contact and friction 
characteristics over the time. In this paper 

model of random change of surfaces heights 
over the time for "main bearing-crankshaft" 
tribosystem is supplemented by taking into 
account the presence of a lubricant in a mixed 
friction mode. 

The "main bearing-crankshaft" tribosystem 
is mostly in the hydrodynamic lubrication 
regime, but at high loading levels, tribosystem 
is in the mixed or boundary lubrication 
regimes that is important for the 
determination of the service life. 
 
2. THE HYDROMECHANICAL 

CHARACTERISTICS OF THE "MAIN 
BEARING-CRANKSHAFT" TRIBOSYSTEM 

 
Reactions of a lubricant film were 

determined on the basis of results of 
numerical integration of modified equation 
Elrod for pressure in a lubricant film [5]. In this 
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paper used modification, written relative to 
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where 0hhh  ; 0
** μμμ effeff  ; aza  ; 

Rzz  ; xR ; RBa 2 ; twτ 0= ; 
( ) 012 -= wwww ; h , effμ - dimensionless film 

thickness and the effective viscosity of the 
lubricant; RB,  –  the width and radius of the 
bearing; *

effμ  – effective viscosity of the 
lubricant, the corresponding temperature 
to *

effТ ; 0μ , 0h , 0w  – respectively lubricant 
viscosity, typical film thickness at the center 
position of the shaft in the bearing and 
rotation speed of crankshaft; w  – the 
dimensionless rotary shaft velocity; g  – the 
switching function. 

The main hydromechanical characteristics 
(HMC) of the tribosystem are: )(min τh  – 
instantaneous values of the minimum oil film 
thickness; )(max τp  – instantaneous values of 

the maximal hydrodynamic pressure; *
minh  – 

average value of )(min τh ; *
maxp  – average value 

of )(max τp ; )(τN  and *N  – instantaneous and 

average power loss of friction; *Q  – the 
average flow rate of oil; *

effT  – the average 
effective temperature of the lubricating layer; 

limhα ,% – the areas, where minimal thickness 
of a lubricant film less than the permissible 
value limh  equal 1.5 µm, which we determined 
from profilograms of samples of the "main 
bearing-crankshaft" tribosystem of diesel 
engine. 

The function  z,  is related to the 
degree of filling of the clearance  z,  and is 

characterized by a function that determines 
the mass content of the liquid phase (oil) in 
the volume of the clearance of the journal 
bearing using the relationship 

  Ω gθ 11 .  
Given the initial data and the methodology 

for calculating the trajectory of shaft on the 
lubricating layer [6, 7], we calculated the HMC 
for all main bearings of diesel engine, but only 
two of them (2nd and 3rd main bearings) had 
nonzero values of 

limhα  (Table 1).  
Table 1. HMC of the "main bearing-crankshaft" 
tribosystem of diesel engine 
Num. 
bear. 

*
minh , 

µm 

*
maxp , 

MPa 

*N , 
W 

*Q , 
kg/s 

limhα , 
% 

2 4.296 131.1 2056 0.067 7.8 
3 4.697 131.6 1820 0.063 11.1 

 
Table 1 shows that the minh  for the 2nd and 

3rd main bearings reach the values less than 
the total value of the sum of the maximum 
heights of microasperities for the contact 
surfaces. 

For only the period of tribosystem's 
working time, where minh less limh (contact 
area), we analyzed characteristics of the "main 
bearing-crankshaft" tribosystem using Markov 
chains. Description of the used approach is 
below. 
 
3. METHODS 
 

To analyze the process of friction in the 
contact area we used the discontinuous model 
where surfaces are represented by asperities of 
random height [8]. Asperities in contact 
deform and destruct each other, that is why 
heights of contacting asperities may change. 
Total height change of all surface asperities 
leads to roughness transformations and 
variation of friction characteristics. 

Let’s consider K pairs of asperities 
positioned in one raw. Time is discontinuous 
and is measured in shift counts. After n shifts 
heights of asperities of one surface are 
represented by vector  Kknξk ,...,1),(  , and 
heights of asperities of the other surface are 
represented by vector )(nηk . The asperity 
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height change of the thk pair in one shift is 
described by general equations: 

 )),(),((Ψ)1( 1 nηnξnξ kkk   (2) 

 )),(),((Φ)1( 1 nηnξnη kkk   (3) 

Kk ,1 , )n()n( Kηη =0 , 

where Φ  and Ψ  determine stochastic 
mechanism of asperity interaction as a sphere 
interaction [9], with random radiuses. 
Presented model of asperity interaction takes 
into account elastic-plastic deformation and 
wear.  

It is proposed to describe the trajectory of 
height changes of single asperity by means of 
Markov series [10]. The height ξ  of single 
asperity changes when it interacts with 
asperities of other surface, having heights  tη  
at the moment t . It is supposed, that asperity 
with the height ξ  interacts with the series of 
asperities of the other surfaces with heights 

...,...1 nηη , distributed with density ( )yqη . 

Thus series of heights ...,...1 nξξ is obtained, 
height value 1nξ  depends on nξ  and 1nη :  

 ),,(Ψ 11   nnn ηξξ  (4) 

where Ψ  determines accepted mechanism of 
asperity contact interaction.  

Series ...,...1 nξξ  is Markov series. 
Moreover, heights ...,...1 nξξ  are discontinuous, 
series ...,...1 nξξ  becomes Markov chain. 
Similarly, ξ  is distributed with density  xpξ  
and next equation is obtained: 

 ).,( nnn 1+1+ Ψ= ξηη  (5) 

Once two functions Ψ and Φ are elaborated 
the system of equations for stationary 
distributions *p  and *q  is obtained: 
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where )Ψ,( *qPξ  and )Φ,( *pPη  are matrices of 
transition probabilities for series of nξ  and nη . 
Elements of matrices are determined by 

distributions *p , *q and by two functions Ψ 
and Φ.  

We can write the interaction function for 
the discrete model. If (t) - the height of the 
fixed element at the moment t, n = (tn),  n+1 
= (tn+) then for fixed element of the surface 
: 

t)V()(W)(D

),(

nnn

nnn

Δ

Ψ

Ν 2+=

==1+

δδξ
ηξξ

ξξ --
, (7) 

where nnn ηξδ -= - contact intersection at 
the moment nt , )(D nδξ - the magnitude of 
the decrease of the height of the protrusion 
due to plastic deformation, )(W nδξ - change in 
height as a result of fatigue failure, t)V( ΔΝ 2 - 
the half value of convergence of surfaces 
under normal load during the time τ=tΔ . 
More detail in [11, 12]. 

4. RESULTS AND DISCUSSION 
 

Initial data were determined on base of 
profilograms of specimens of the shaft and 
bearing: the surface ξ is the surface of the 
bearing, surface η - the surface of the shaft. 

For period of time, where minh less limh  we 
estimated next parameters: the distribution of 
the heights of roughness of surfaces ( ηξ qp , ); 
dependence of the roughness of the surfaces 
( ηξ σσ , ) on the friction distance; the average 
contact area; the friction force frF  and friction 
coefficient f ; the linear wear hI . 

Fig. 1a, 1b present the height distribution of 
surfaces in function of the friction distance. 
Fig.1a shows the result of the surfaces change 
after running-in. It can be seen that after the 
run-in, the surface of the bearing was 
deformed. The process of run-in was observed 
until the pressure on the projections of the 
surface became less than twice true fracture 
stress for the bearing. 

Then there is the process of fatigue failure. 
High protrusions are destroyed, the elastic 
force of mechanical contact increases due to 
convergence of the surfaces, increasing the 
proportion of mechanical contact and to 
reduce the proportion of liquid contact. 
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Figure 1. The distribution of the heights of 
roughness of contact surfaces: after run-in time (a) 
and after friction distance 1380 km (b): 1, 2 - initial 

curves for shaft and bearing respectively; 3,4 - 
curves after interaction. 

Fig.2 depicts the dependence of the surface 
roughnesses on the friction distance (L). Here 
you can also see the transition between the 
mixed and hydrodynamic regimes: the curve 
break at 430 km of the friction distance. 

 
 
 
 
 
 
 
 
 

Figure 2. The heights of surface roughness of 
bearing (1) and shaft (2) in function of friction 

distance. 

Fig.3 represents the dependence of wear 
(the convergence of surfaces) for the 2nd and 3rd  
main bearings on the number of revolutions of 
the crankshaft. As a result the mixed friction 
regime for one revolution for the 3rd main 
bearing is longer than for the 2nd main 
bearing (see Table 1), and the wear for the 3rd 
main bearing is more intensive. 

 
 
 
 
 
 
 
 
 
 
 
Figure 3. The dependence of wear (the 

convergence of surfaces) for the 2nd (curve 2) and 
3rd  (curve 1) main bearings on rev. 

 
5. CONCLUSION  
 
1. The HMC of the "main bearing-crankshaft" 
tribosystem were calculated for diesel engine, 
which allowed us to estimate the duration of 
the surfaces contact interaction for the 2nd 
and 3rd main bearings of diesel engine. 
2. We proposed a Markov model of the 
interaction of rough surfaces, which was 
supplemented by taking into account the 
presence of a lubricant in a mixed friction 
mode. It allows us to estimate the friction 
characteristics over the time for contact area 
of tribosystem taking into account the 
transition between the mixed and 
hydrodynamic regimes. 
3. The proposed model can be used to 
estimate the service life of different 
tribosystems operating under different friction 
modes. 
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Abstract: This work considers the effect of normal contact pressure on the value of static coeficient of 
friction. Contact couples are formed by full steel cylinders of different mass and circumference that are 
sliding on a hollow, shell shaped cylinder. The contact couples are completely submerged in oil and possess 
the identical conditions of lubrication. The experiment was conducted on the specially designed tribometer 
of high reliabilty of measurement. The results of the research indicate a significant influence of the level of 
the normal load and the contact pressure on the value of the coeficient of  friction. 

 
Keywords: Contact pressure, rings, cylinders, static coeficient of friction, tribometer. 
 
 

1. INTRODUCTION  
 

As a science, tribology greatly enables the 
solution of various global problems connected to 
energy and material consumption, along with 
the cost reduction and increase of work 
efficiency of the complex technical systems [1]. 
Modern methods of experimental research, in 
addition to requirements of reliabilty of the 
measuring systems, place a number of additional, 
complex demands and limitations.  All of this 
imposes a constant need for the development of 
new and improvement of existing measurement 
devices and machines. Tribological research of 
the experimental kind in the present day is not 
only the need of research institutions, but of a 
large number of manufacturing companies as 
well, since they realized that such research is 
necessary to survive in the market, and are 
developing new materials and coatings by using 
special load conditions, aggresive enviroments 
and similar conditions. 

 A large number of articles in international 
magazines concerns the issues of the 
coefficient of static friction.  In this regard, it 
should be noted that research is moving in 
several directions, such as:  a) Research 
connected to the design of the topography of 
the contact surfaces which provides the 
maximum value of the coeffiecient of static 
friction [2]; b) Research related to the 
development and the tribological tests of 
composite biomaterials [3]; c) Research 
related to the identification and quantification 
of the impact of various factors on the size of 
the static coefficient of friction in the systems 
of clamping accessories for metalworking [4]; 
d) Research related to the impact of vibration, 
humidity and other factors on the carrying 
capacity of the connection achieved by friction 
[5]; e) Development of devices for the 
measurement of the static coefficient of 
friction, detection of the start of movement 
and measurement of the adhesion force [6]. f) 
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Development of theoretical models for 
calculating the value of static coefficient of 
friction of certain materials [7]. From this 
partial literature review it can be concluded 
that the field of research related to the static 
coefficient of friction is very topical. 
Considering the topic of work it should be 
noted that research related to the 
measurement of the coefficient of friction on 
the principle of the inclined plane is also very 
relevant [8] especially in terms of comparing 
the obtained results with results obtained by 
measuring the static friction coefficient using 
other methods of measurement.  

The surface roughness and the state of the 
contact surfaces is of great interest and 
significance in a number of applications 
including fluid flow. Numerous theories have 
been based on hypotheses and a number of 
considerations, stemming from the 
experimental data and explaining the influence 
of different contact surfaces on the coefficient 
of friction. In studies [9,10] the authors show 
that an increase in temperature of the bodies in 
contact has a significant effect on the increase 
of static friction coefficient. Static friction is 
generated at the moment of the macro 
tangential movement of the body in motion 
relative to a static body in contact [11,12]. The 
coefficient of static friction is dependent on 
several parameters, primarily on the contact 
surfaces, normal load, atmospheric pressure 
and temperature, the absorption properties, 
the state of the processed surfaces and 
materials in contact [13]. 

 
2. EXPERIMENTAL RESEARCH 

 
Experimental research was carried out on 

the tribometer for the measurement of static 
friction coefficient of sliding and rolling. The 
scheme of the basic configuration of the 
tribometer is shown in Figure 1. 

On the stand (position 1.) there are placed 
specially designed bolts (position 11.) which 
are used for leveling the tribometer stand. The 
leveling is performed via a specially designed 
circumferentor for leveling in two planes. The 
bearing plate (position 2.) slides on the groove 

built on top of the stand. On the support plate 
(position 2.) are attached tightly both a screw 
nut (position 12.) and a zero position indicator 
(position 19.) On the stand (position 1.) are 
fixed the carrier plates (position 6.) which hold 
the axial-radial bearings inside them (position 
7.) Helical spindle (position 9.) on a 1 mm step 
is coupled with a screw nut (position 12.) and 
with a nonius caliper (position 8.) through 
which the reading of displacements is 
measured with an accuracy of one minute. 

 
 

 
Figure 1. Schematic representation of a tribometer 

On the bearing plate (position 2.)  a groove 
has been dug, through which it is possible to 
move in vertical direction the bolt (position 5.),  
that has two ball bearing attached on each of 
its sides (position 10.) Ball bearings are 
pressed into discs (positions 3 and 4.) On the 
disc (position 3.) there is engraved an angular 
scale in degrees and two clamped pins 
(position 14). On the inner side of the disc 
(position 3.) are attached two limit beads 
(position 13). Contact pairs (positions 15. and 
16.) with a weight (position 17) with a 
detachable fixing to the sample (position 16.) 
are placed on the pins (position 14). Turning 
the nonius (position 8.) linearly moves the 
support plate (position 2.) while the discs 
(positions 3. and 4.) roll on the stand (position 
1.), and so rotate the plane of overlap of the 
contact pairs (positions 15. and 16.) for the 
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desired angle. An additional burden is added 
via removable weights (item 17). 

For the implementation of programs of 
experimental research, the basic configuration 
of the tribometer (shown in Figure 1.) was 
supplemented by a module (Figure 2.) which is 
through the pins (Position 14 - Figure 1) 
attached to the disk with a scale (Position 3 - 
Figure 1). 

 
Figure 2. Photographic example of the auxiliary 

module. 

The additional module consists of: sub-
assembly supports (position N1) and the sub-
assembly of the carrier contact pairs (position 
N2). The carrier of the contact pairs (position 
N2) is mechanically fastened to the sub-
assembly carrier (position N1). The sample 
holder is a transparent plastic tube (Position 
CP) in which on a specified distance are fixed 
two shell shaped hollow cylinders (bearings) 
forming the first contact element (position 
D1.) A transparent plastic tube is filled with 
hydraulic oil HIDROL 46 for the lubrication of 
the contacts and, after insertion of the second 
contact element shaped like a full cylinder (pin 
or rod) (position D2), is hermetically sealed 
through gaskets (the position Z1) and lids 
(position P1). 

The contact pairs, hollow cylinders and the  
full cylinder (rod) are made of stainless steel 
EN 1.4021. The inner diameter of hollow 
cylinders is Du = 28mm, and the width of the 
hollow cylinders is Bd = 11mm. Hollow 
cylinders are in the course of execution of two 
independent experiments in contact with the 
cylinders (pins or rods) of diameter: dv= 3 mm 
and 6 mm, and of length: b1 = 75m.  

Based on the given geometric values of the 
diameter and the width/length of the contact 

elements, the values of the theoretical Hertz 
pressure can be determined based on a pattern: 

Based on the known value of the normal 
load  Fn, as well as the known type of contacts 
(of the cylinder in the inner cylinder), the value 
of the contact pressure can be calculated using 
the expressions known from the theory of 
elasticity: 
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Where p is the contact pressure, q is a load 
per length unit of the cylinder, D1 is the 
diameter of the cylinder bearing, D2 is the 
diameter of the rods (pins), μ1 is the Poisson's 
ratio of the pin material, μ2 is the Poisson's 
ratio of bearing material, E1 is the modulus of 
elasticity of the material of the pin and E2 is 
the modulus of elasticity of the material of the 
bearing. Since the pin and the bearings are 
made of the same material, 21    and 

21 EE  . 
The measured values of the angle of 

rotation of the inclined plane and the value of 
the friction coefficient calculated based on a 
pattern: μ = tgα are given in Table 1. In order 
to increase the reliability of measurements 
and the determination of the middle values 
and the dispersion of the coefficient of friction, 
the measurements were repeated  30 times 
for both contact pairs. 

The medium values of the coefficient of 
friction and the corresponding dispersion are: 

For the cylinder contact with a diameter of 
dv=3 mm per cylinder: 

         ;               

For the cylinder contact with a diameter of 
dv=6 mm per cylinder: 

          ;               

On the figure 3., a diagrammatic 
representation of the coefficient of friction is 
shown for all of the 30 measurements of the 
both contact pairs. 
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Figure 3. A diagrammatic representation of the value of the coefficient of friction 
 
Table 1. The measured values of angles and 
coefficients of friction 

Rod (pin) Ø 3mm Rod  (pin) Ø 6mm 
Stainless steel Stainless steel 

N 
Angle 

μ= tgα N 
Angle 

μ= tgα 
α° α° 

1 15,87 0,284 1 16,63 0,299 
2 19,33 0,351 2 18,03 0,325 
3 15,77 0,282 3 17,80 0,321 
4 18,70 0,338 4 16,73 0,301 
5 17,38 0,313 5 16,93 0,304 
6 16,03 0,287 6 17,26 0,311 
7 15,50 0,277 7 16,83 0,302 
8 19,63 0,357 8 16,20 0,291 
9 18,42 0,333 9 14,58 0,260 

10 15,68 0,281 10 15,20 0,272 
11 18,70 0,338 11 16,46 0,295 
12 14,68 0,262 12 16,08 0,288 
13 15,33 0,274 13 16,58 0,298 
14 23,38 0,432 14 15,01 0,268 
15 15,72 0,281 15 17,75 0,320 
16 17,45 0,314 16 20,88 0,381 
17 16,53 0,297 17 15,08 0,269 
18 16,80 0,302 18 15,66 0,280 
19 20,72 0,378 19 15,36 0,275 
20 19,51 0,354 20 17,21 0,310 

21 16,03 0,287 21 14,55 0,260 
22 15,98 0,286 22 18,91 0,343 
23 19,86 0,361 23 16,53 0,297 
24 17,16 0,309 24 16,20 0,291 
25 22,98 0,424 25 16,60 0,298 
26 15,73 0,282 26 18,38 0,332 
27 16,18 0,290 27 16,56 0,297 
28 18,31 0,331 28 15,56 0,278 
29 16,96 0,305 29 16,66 0,299 
30 16,68 0,300 30 17,88 0,323 

 
3. DISCUSSION 

 
Based on the analysis of the literature sources 

it can be concluded that the research in the field 
of the coefficient of static friction is very relevant. 
The research presented in this paper were 
performed in order to determine the impact of 
the Hertz contact pressure on the value of the 
coefficient of static friction. In order to achieve 
the identical testing conditions, the contact pairs 
are made of the same material and using the 
grinding pre-treatment brought to 
approximately the same value of the surface 
roughness (                ). Creating 
identical test conditions can largely be 
contributed to achieving contact in the 
enviroment filled with fluid (oil). As from the 
aforementioned, it can be concluded (Figure 2), 
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that the contact pairs were fully submerged in 
oil. That was contributed by a specially designed 
module which was effectively upgraded to the 
basic configuration of the tribometer for 
measuring the coefficient of static friction and 
the coefficient of the rolling friction. The tests 
were carried out at a theoretical maximum value 
of the contact - Hertz pressure p = 29,8 MPa in 
the case of the contact rod with the diameter of 
Ø3mm and cylinder, and p = 56,3 MPa in the 
case of a contact rod of a diameter  of Ø6mm 
and the cylinder. 

Based on the experimental results it can be 
concluded that lower contact pressure values 
correspond to higher values of the coefficient  
of sliding friction. Also, the dispersions of the 
coefficient of friction are considerably higher 
at lower contact pressures. As it is written for 
the rod with the diameter of Ø3mm, the 
middle value of the coefficient of friction is as 
follows: μsr = 0,317 at   = 0,04276 and for the 
rod of the diameter Ø6mm the middle value of 
the coefficient of friction is μsr = 0,2996 at    = 
0,02593, which is in accordance with the 
literature sources. At low contact pressures 
the contact is achieved mainly on the tops of 
bumps with great influence from the micro-
geometry of the surface itself. In addition to 
that, the share of the adhesion effect of the 
presence of a lubricant at low values of load is 
much higher. 
 
4. CONCLUSIONS   

 
Research in the field of tribology as a 

science and tribology as a technology is well 
represented in the modern world. In 
particular, the current field of tribology is 
represented by tribometry. Tribometry 
specializes in finding new and improving the 
existing methods and devices for quantifying 
parameters of friction and wear. For the needs 
of the study from which the results were 
presented in this paper, a specially designed 
and implemented module was mounted on 
the basic configuration of the tribometer to 
measure both the coefficient of static friction 
and the coefficient of the rolling friction. The 
projected module allows for the measurement 

of the friction coefficient to be carried out in a 
controlled environment to allow for complete 
lubrication of the contact pairs which are 
immersed in oil. This opens up the opportunity 
to explore not only the impact of the Hertz 
contact pressure on the value of the 
coefficient of friction, which was done in this 
paper, but also examine the effect of viscosity 
and the general quality of the lubricant. The 
results of the research described in this  paper 
point to the significant impact of the level of 
normal load, or contact pressure, on the value 
of the coefficient of friction, which is 
consistent with the data in the literature. 

Future research should be directed to 
upgrading the designed module by using the 
elements that allow testing of contact pairs in 
the controlled gas enviroment (vacuum, argon 
and other gases). The authors of this paper 
believe that from a technical point of view 
there is no problem in terms of upgrading the 
existing module, so this will most certainly be 
the subject of future research of the authors 
of this work in the field of tribometry. 
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Abstract: Experimental examination of static coefficient of sliding friction on the inclined plane is presented 

in this paper. Authors of this paper designed new equipment for measuring of static coefficient of sliding 

friction and results obtained using this equipment were used to analyze the influence of generated 

temperature on static coefficient of sliding friction. Experimental investigation was conducted on contact 

pair steel-rubber. 
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1. INTRODUCTION 

 

Determining the value of sliding friction 
coefficient is very important for design 
engineers. However, there are large numbers 
of parameters which directly influence on 
determining the values of coefficient of 
friction [1, 2]. 

Based on relative velocity of bodies in 
contact, two types of friction can be 
recognized: friction of motionless bodies and 
friction of moving bodies [3, 4]. Friction 
which occurs at motionless bodies is static 
friction and it depends on many parameters 
such as: materials in contact, surface 
roughness, normal load, temperature of 
environment etc [2]. 
Deladi et al. [5] developed a static friction 

model for contact between rough rubber and 

metal surfaces. This model is based on the 

contact of a viscoelastic–rigid asperity 

couple. Single asperity contact is modelled in 

such a way that the asperities stick together 

in a central region and slip over an annulus at 

the edge of the contact. The slip area 

increases with increasing tangential load. 

Consequently, the static friction force is the 

force when the slip area is equal to the 

contact area. Andrade-Neto and Leyva-Cruz 

[6] have examined the motion of a body that 

rolls on an inclined plane, without the 

assumption of a rigid body. Under these 

conditions, the body may suffer small 

deformations. From the equations of motion 

they obtain an analytical expression for the 

acceleration of the center of mass and show 

that some cases reported in the literature 

can be obtained as special cases of our 

expression. Olsson et al. [7] reviews friction 

phenomena and friction models of interest 
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for automatic control. Particular emphasis is 
given to two recently developed dynamic 
friction models the Bliman-Sorine model and 
the LuGre model. Djurdjanovic et al. [8] 
presented the results of experimental 
estimation of the coefficient of static friction 
in a sliding bearing loaded with external 
force, simultaneously exposed to the 
influence of heat. L. Briançon, H. Girard and 
J.P. Gourc [9] proposed new procedure, 
called the “Force Procedure”, which consists 
of measuring the force required to restrain a 
box on top of the interface beyond a limiting 
value of sliding displacement. With the 
“Force Procedure”, the friction is determined 
from the curve of friction mobilization versus 
plane inclination. Fulleringer and F.Bloch [10] 
consider the paper-on-paper contact as an 
example of application. They first underline 
several drawbacks for the two main standard 
methods, namely the inclined and horizontal 
plane methods. In particular, the horizontal 
plane test method often involves stick-slip 
oscillations that make the measurement of 
the friction force impossible. They proposed 
a method for characterizing these oscillations 
and removing their influence on the friction 
force measurement. The comparison of the 
proposed method to standards suggests that 
proposed method delivers measurements 
that are much more accurate and repeatable. 
Hanaor et al. [11] by spline-assisted-
discretization analyzed asperity interactions 
in pairs of contacting fractal surface-profiles. 
For elastically deforming asperities, force 
analysis reveals greater friction at surfaces 
exhibiting higher fractality, with increasing 
molecular-scale friction amplifying this trend. 
In systems where adhesive-type interactions 
play an important role, such as those where 
cold-welded junctions form, friction is 
minimizedat an intermediate value of surface 
profile fractality. Large number of 
investigations was performed using 
equipment of various design and contact 
geometry [12-14]. 

Authors of this paper presented new 
equipment for measuring of static coefficient 
of sliding friction and results obtained using 
this equipment were used to analyze the 
influence of generated temperature on static 
coefficient of sliding friction. 

 
2. TEORETICAL BACKGROUND 

 

Coefficient of friction is dimensionless 
value which is used for determining value of 
friction force. The friction force is force 
exerted by a surface when an object moves 
across it or makes an effort to move across it 
and it has values from 0 to   .  

              , (1) 

Where Fgr is friction force with value when 
object starts to move, µ0 coefficient of 
friction and N normal force. Friction force has 
tangential direction at the point of contact 
two objects and it is oppositional force to 
motion of two surfaces in contact. 

The two of the most common types of  
friction are static and kinetic, or sliding and 
rolling friction. Force of sliding friction    
when object is not moving is equal to active 
force that tries to move that object and it is 
defined by Coulumb's law. Maximum value of 
frce of sliding friction is              . 
If there is no sliding between the two contact 
surfaces, static friction can occur with value 
that is greater then the value of coefficient of 
kinetic friction. Coefficient of static friction 
cannot be determined by calculations but by 
experiment. 

 
Figure 1. Acting forces between two objects in 

contact 
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Figure 1 represents two objects in contact 
as well as active forces in contact zone. 

 
Figure2. Determining the static coefficient of 

static friction 

Determining the static coefficient of 
friction is shown on figure 2. As it can be seen 
on figure 2, Force G has two components, 
one on x axis         and one on y axis 
         . Next to Force G there is also a 
force of friction    which has negative value 
since it acts oposite of direction of x axis. 
Normal force N has positive value and acts in 
direction of y axis. 

∑               (2) 

∑              (3) 

          (4) 

         (5) 

      (6) 

Since it is,           (7) 

                (8) 

  
  

 
 

      

      
 (9) 

thus,       (10) 

 

3. TRIBOMETER DESIGN 

 

Design of presented tribometer uses 
method for measuring static coefficient of 
friction on an inclined plane. Base purpose of 
presented tribometer is determining of static 
coefficient of friction for metal and non-
metal materials in different conditions (with 
and without lubrication in contact zone). 
Material used for construction of presented 
device was chromed construction steel which 
enables long lifetime cycle of device. 

Presented tribometer enables 
experimental determination of sliding angle, 
angle when object starts to move, and 
coefficient of static friction. Relative 
measurement errorduring determination of 
static coefficient of friction is 0.02.Surface in 
contact of two contact element during 
measurement is 18 x 50 mm, and weights 
used are 1N. As mentioned, type of contact is 
surface-to-surface. Tribometer is constructed 
with several specimens for experimentation 
of static coefficient of friction. Specimens are 
made from material like chrome steal, brass, 
copper, bronze, thermal untreated steal, 
plastic, hard wood (beech), wood (poplar), 
leather, glass and rubber.  

Before conducting experiments on the 
presented tribometer it is necessary to 
conduct leveling of the device. This is 
conducted with a specially designed level in 
two planes, figure 3. At the start of process of 
leveling it is necessary to position rolling disk 
into starting point. It is recommended to 
position rolling disk on the middle of 
movement path.  

 
Figure3.Process of leveling in two planes 
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All impurities from the contact surface of 
specimens are necessary to be removed 
before conducting experiments.  This can be 
done using alcohol and clean dry rag.  If 
experiments are conducting in order to 
understand influence of some lubrication 
fluid on static coefficient of friction it is 
necessary to place thin layer of that 
lubrication fluid after specimen is removed 
from all impurities.  When specimen is clean 
and ready for experiments it is necessary to 
place it on the device. After removing all 
impurities in order to start experiments it is 
necessary to place both contact elements, 
which we are analyzing on the device. 

When the preparation is finished, process 
of measuring coefficient of static friction can 
start by rolling the disk with marked angle 
and coefficient of friction in small steps. 
Turning of the rolling disk should be done in 
steps of one minute with pauses in order to 
check movement of contact element. At the 
point when movement starts it is necessary 
to read the value of angle and coefficient of 
friction, figure 4. As it can be seen from 
figure 4, value of coefficient of static friction 
can be determined on the upper scale and 
value of the angle at the point when contact 
element started its movement can be seen 
on lower scale. 

 
Figure 4.Determining the coefficient of static 

friction 

4. EXPERIMENTAL RESULTS 

Experimental investigation was done using 
contact pair steel-rubber with two types of 
measurements. First type contained 200 

measurements with 20 second breaks 
between measurements. After measurement 
contact pair was separated for 20 seconds 
and then measurement was repeated. The 
measurement results of this type are shown 
in Table 2. Second type contained 200 
measurements without breaks between 
measurements. The results of this type of 
measurement are shown in Table 2. Both 
types contained faze of preparation which 
included 10 measurements without taking 
results. Average value of measured values of 
static coefficient of sliding friction is shown in 
Table 1.  

Figure 3 shows histogram of measured 
values of static coefficient of sliding friction. 
Blue color represents the first type of 
measurement which included 20 second 
breaks. Red color represents the second type 
of measurement without 20 second breaks. 
Histogram shown on figure 3 was created 
based on result analysis of tables 2 and 3.  
 

5. DISCUSSION 

 
Experimental investigation was conducted 

on a device for experimental determination 
of static coefficient of sliding friction, using 
Coulomb's law,      . Experimental plan 
contained 400 measurements which were 
divided into two types. First type contained 
200 measurements which had 20 second 
brakes between conducted experimental 
measurements. Average value of 
experimentally measured static coefficient of 
sliding friction for contact pair steel-rubber in 
type of measurements with 20 second breaks 
was 0.44285. Second type contained 200 
measurements without braks. Average value 
of experimentally measured static coefficient 
of sliding friction for contact pair steel-rubber 
in type of measurements without 20 second 
breaks was 0.726. When results of these two 
types of measurements are compared it can 
be concluded that there is considerable 
difference betweenvalues of static coefficient 
of sliding friction. With statistical analysis was 
performed allocation of coefficient of sliding 
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friction by classes in both cases, in order to 
detect a characteristic phenomenon. 

Diagram with blue colour on Figure 5 
presents basicly ideal Gaussian distribution. 
Dispersion of experimental data is posible to 
lower with increasing number of 
measurements. Diagram with red colour on 

figure 5 does not represend idealy Gaussian 
distribution, which is result of generated 
temperature in contact zone. Generated 
temperature increases with every next 
conducted experiment. 

 

Table 1. Average value and dispersion of measured values of static coefficient of siding friction 

 First type, Measurements with 20 
second breaks 

Second type, Measurement without 
breaks 

Average value, µ 0.44285 0.726 
Dispersion 0.04179 9% 0.085029 12% 

Table 2. Classes and the frequency in the measurement of the friction coefficient with breaks 

Class values, µ Mean of the class, xi Frequency, fi Relative frequency, fri 
Cumulative relative 

frequency 

0.36-0.37 0.365 9 0.045 0.045 
0.38-0.39 0.385 14 0.070 0.115 
0.40-0.41 0.405 28 0.140 0.255 
0.42-0.43 0.425 35 0.175 0.430 
0.44-0.45 0.445 42 0.210 0.640 
0.46-0.47 0.465 28 0.140 0.780 
0.48-0.49 0.485 16 0.080 0.860 
0.50-0.51 0.505 14 0.070 0.930 
0.52-0.53 0.525 9 0.045 0.975 
0.54-0.55 0.545 5 0.025 1 

Total - 200 1 - 

Table 3. Classes and the frequency in the measurement of the friction coefficient without breaks 

Class valuesµ Mean of the class xi Frequencyfi Relative frequencyfri 
Cumulative relative 

frequency 

0.54-0.57 0.555 1 0.005 0.005 
0.58-0.61 0.595 15 0.075 0.080 
0.62-0.65 0.635 25 0.125 0.205 
0.66-0.69 0.675 26 0.130 0.335 
0.70-0.73 0.715 54 0.270 0.605 
0.74-0.77 0.755 21 0.105 0.710 
0.78-0.81 0.795 18 0.090 0.800 
0.82-0.85 0.835 17 0.085 0.885 
0.86-0.89 0.875 14 0.070 0.955 
0.90-0.93 0.915 7 0.035 1 

Total - 200 1 - 
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Figure5. Histogram of measured values 

By comapring average values of measured 
static coefficient of sliding friction it can be 
concluded that experiment with 20 breaks 
have lower values o static coefficient then 
experiment without breaks between 
measurements. 
 

6. CONCLUSION 

 
Based on theoretical and experimental 

examinations it can be concluded:  

Presented device can be used in order to 
experimentally determine static coefficient of 
sliding friction for different types of materials 
in different conditions. 
Experimental process is very easy to conduct 
Relative error is minimal. Error can be only in 
false reading of value of static coefficient of 
sliding friction on scale.  
Experimental values gathered with this 
device are same as results in literal data.  
This device is very useful as a tool for 
teaching, since it is very easy to use.  
Conducted experiment shows an increase of 
value of static coefficient of sliding friction 
for the same pair of contact elements when 
there are no brakes between conducted 
experiments.   
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Abstract: A tribological system is a complex non-linear system composed of the elements that are 
connected structurally and functionally. Tribomechanical system structure is made of elements, 
characteristics of elements and interaction of these elements. Function of tribomechanical system is the 
transformation of inputs into the technical output. The aim of this paper is to present an overview of 
artificial neural networks, its development and possible applications of neural networks in the analysis of 
the results values of certain parameters in tribological related research. The possibility of artificial neural 
networks application to solve complex nonlinear problems and to identify bio-tribological characteristics of 
ceramic materials in terms of abrasion resistance and coefficient of friction is presented. 
 
Keywords: tribological characteristics, prediction, neural networks, mathematical modelling 

 
 
1. INTRODUCTION  
 

Application of ANNs became wider in last 
few decades, especially in different areas of 
production engineering. Hence, in 
tribological experiments, application of 
ANNs models for prediction of tribological 
properties values become more present, i.e. 
for wear rate and friction coefficient, 
according to the defined terms of the 
contact, for materials that are tested. Neural 
networks have been used for prediction of 
short fibre composites tribological properties 
[1], for prediction of carbon fibber and TiO2 
composites properties [2], plasma nitrided 
316L stainless steel tribological properties 
[3], for prediction of composite PEEK-CF30 
tribological behavior [4], etc.  

Particular attention of researchers in recent 
years was occupied by bio-tribology. Bio-
tribology is one of the current and rapidly 
growing field of tribology. The diversity of 
research activities in bio-tribology is very large 
and includes many scientific fields. A large 
number of papers in various fields of bio-
tribology from year to year are published in 
numerous prestigious scientific journals [5]. A 
very important area in recent years that is the 
focus of numerous studies is the field of 
research and development of new 
biomaterials. The term biomaterial, refers to 
materials with such unique characteristics 
which make them particularly suitable for 
close contact with the living tissue, and whose 
production process is often applied, or mimics 
a biological phenomenon [6]. New 
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nanomaterials such as nanotubes, carbon 
fibres, nanolegure, as well as various types of 
polymers, ceramics, or metal alloys and the 
nanocomposite and a number of other 
powerful new class of materials are promising 
extraordinary achievements in the medical 
materials and services. Materials, observed at 
a nano level may exhibit totally different 
characteristics in relation to those which are 
manifested on a macro level, thus allowing the 
unique application. In recent years a 
numerous areas of health services have 
progressed to the point that their new 
approaches to day-to-day raise the patients 
lifestyles. 

Having in mind previously mentioned, ANNs 
method were identified as appropriate for 
prediction of bio-tribological parameters of 
non-metal ceramic material prepared with 
different finishing processes. Ceramic is an 
inorganic, non-metallic material that is 
solidified by the heating process and has about 
30% of the crystal structure of [7]. In dentistry 
it was always pursued and will be strived to 
find new materials that have suitable 
characteristics to replace the natural tooth 
structure. With the development of science in 
general and the development of dentistry 
through various scientific and technical 
research, aesthetic materials for prosthetic 
purposes have evolved almost to the extent 
that their properties meet all necessary 
requirements in the form of aesthetics, 
function and biocompatibility. Excellent 
characteristics enabled the widespread use of 
ceramics as the restorative in the field of 
aesthetic dentistry [8]. 

In the present research paper experiments 
were conducted on lithium disilicate (Lix(SiO2)y) 
sample. The material is characterized by high 
values of bending strength and broad 
application in making restorations and teeth 
bridges. Based on the idea that the future of 
all-ceramic non-metal systems in to use PRESS 
(pressing technology) and CAD/CAM 
technology a new advanced system called IPS 
e.max (Ivoclar Vivadent, Liechtenstein) was 
developed. It embraces the most aesthetic and 
high-resistant materials intended for the 

PRESS and CAD/CAM technology. Hence, 
commercial material IPS e.max CAD lithium 
disilicate glass ceramics for CAD/CAM systems 
and the pressing technology was designed. 
Blocks for CAD / CAM are blue in color, they 
are moulded in one piece and within the 
metasilicate phase (partially crystallized, 
Li2SiO3). As raw material, the value of their 
bending strength is smaller which allows their 
quick processing in the CAD/CAM system. A 
crystallization process is performed to obtain a 
final form of the crystal of lithium disilicate 
(Li2Si2O5). Therefore, blocks are receiving a 
significantly higher bending strength with the 
values of 360 MPa [8,9]. 

In this paper, the influence of input 
nanotribometer parameters, i.e. parameters of 
the device used for testing tribological 
characteristics on to the lithium disilicate 
(Lix(SiO2)y) sample has been analysed. Artificial 
neural network approach was used for 
mathematical modelling and for identification 
of input tribometer parameters that lead to 
minimal degree of wear and coefficients of 
friction values.  
 
2. THE TRIBOLOGICAL PROCEDURE 
 

Within the tribological examination the 
characterization of tribological phenomena, 
friction and wear, according to the defined 
terms of the contact, for lithium disilicate 
(Lix(SiO2)y) are determined. Tribology tests 
whose parameters are shown in Table 1 are 
realized on the linear alternating 
nanotribometer CSM module, at normal load 
micro modes. 

Table 1. Tribological input parameters [9] 

Device characteristics 

- Linear alternating module (linear mode of acquisition) 

- Half of amplitude: 0.5 mm 

- Frequency: 100 Hz 

- The ambient temperature: 23±2 °C 

Tested samples 

Commercial metal ceramics (finishing: polished, glazed 
and brushed) 

- lithium disilicate (Li2Si2O5) (IPS e.max CAD) 

The second body in contact 
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- Commercial pellet: alumina (Al2O3) 

- Pellet diameter: 1.5 mm 

The values of normal force 

- Fn: 250 mN; 500 mN; 750 mN; 1000 mN 

Maximall sliding velocity 

- v: 4 mm/s; 8 mm/s; 12 mm/s 

The test duration 

- 10.000 cycles (20 m) 

Environment contact zone 

- artificial saliva 

 
Based on this literature review, it was 

decided that the tribological examination 
should be carried out in the presence of 
artificial saliva in the contact zone, in order to 
more realistically simulate real conditions of 
the oral environment. The results of the in 
vitro wear test, which were conducted in [10], 
showed that the artificial saliva can also have 
the effect of cooling and lubrication during the 
wear process. Also, the risk of damage to the 
contact surfaces of the materials can be 
significantly reduced in the region of artificial 
saliva, compared with a dry state. Lubrication 
mechanism saliva is based on the complete 
separation of the sliding surfaces in contact 
with a thin layer of saliva [11]. 

The contact elements of tribomechanical 
system are samples made from commercial 
non-metal ceramics produced by Ivoclar 
Vivadent manufacturer and commercial 
alumina pellets (Al2O3) with the diameter of 
1.5 mm. It is generally known that the alumina 
has an ultra-high hardness with the value 9, 
according to Mohs scale [12], immediately 
behind the diamond, and excellent wear 
resistance. 

Tribological examinations were intended 
for tracking of wear and friction values, 
depending on the slip distance. During the 
examinations, the friction coefficient values 
were recorded in real time, by applying 
TRIBOX 2.9.0. software. After each test, the 
sample is removed from nanotribometer and 
the image of wear traces are recorded with 
optical microscopes. Abrasion of the surface 
material layer is measured by the average area 
of a track wear with software tools, based on 

optical images wear trace. Trace wear volume 
and wear rate were calculated for each test, 
according to ASTM G133-05 Standard, after 
the total distance travelled by 20 m. Wear rate 
(W) was calculated according to the following 
equation [13]: 

   
 

 
, [mm3/m] (1) 

wherein the V – is the worn volume of 
material [mm3], and s – is the travelled 
distance [m]. The value of wear rate (W) was 
expressed in the [mm3/m], that is, as the 
volume being lost [mm3] per unit of travelled 
distance [m]. A worn surface of the sample 
volume, is calculated by the average area of a 
track wear and the known geometric pattern, 
assuming that the volume corresponds to the 
flat worn segment of the pellets. Geometrical 
characteristics of the pellets are adopted as 
dimensions of alumina pellets with which the 
surface of the sample is in contact. As the 
alumina pellets wear can be described as 
"undetectable", it is presumed that only the 
surface wear of the sample is obtained and 
accordingly calculated according to the G133-
05 standard. 
 
3. ARTIFICIAL NEURAL NETWORK 

MODELLING OF WEAR RATES AND 
FRICTION COEFFICIENTS 

 
More or less similar to real biological neural 

networks, ANNs are made up of 
interconnected, simple processing elements 
called artificial neurons. When they process 
information, the processing elements in the 
NN operate simultaneously and collectively, 
like biological neurons. ANNs have the 
required properties similar to those which 
possess the biological neural network, such as 
the ability to learn, to be self-organizing and 
support the robustness [14]. Similarly to 
biological neuron, each ANN neuron receives 
the inputs, processes them and delivers the 
outputs. The inputs can be a input set of data 
or the output from another neuron. The 
output can be the final result, or may be input 
to another neuron. In biological neurons and 
synapses, there are different strengths of 
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synaptic transmission, and intensities in the 
neurons, in the ANN these strengths are 
represented as the values of the weight 
coefficients. These neurons are grouped in 
layers. Each ANN contains only one input layer, 
zero or more hidden layers and one output 
layer. The most frequently applied structure of 
the ANN is a neural network consisting of 
three layers, all the layers except the input 
layer contain neurons. Number of inputs in 
ANN, corresponds to the number of defined 
independent parameters used for prediction, 
while the number of neurons in the output 
layer is equal to the number of dependent 
parameters whose values should be predicted. 
There is a direct ANN proportions between the 
number of hidden layers and the number of 
neurons in them and ANN capabilities to 
approximate complex functions. This does not 
mean that the networks with more complex 
structures work better. The reason for poor 
performance in these cases is linked to the fact 
that the complicated ANNs are more sensitive 
to noises that exist in the input data. It is 
necessary to make a compromise between the 
approximate ANNs capabilities and noises that 
are entered by the input data. 

The power of neural network models lies in 
the fact that the weights w and biases b can be 
adjusted. Weights adjustment procedure is 
based on a specific data set and it is called 
ANN training with a certain data set (training 
set). The basic idea of training is to adapt the 
data network, i.e. to determine the relations 
that exist between the independent and 
dependent data in the training set. Using a 
custom network in future situations (for new 
data) is possible on the basis of previously 
established relationships and network capacity 
to generalize these relations to a broader 
group and thus reach possible conclusions. 

ANN training is presented at the Figure 1. 
The present sample consists of two parts of 
the input and the target data portion 
(supervised learning). Initially, the network 
weight coefficients have assigned random 
values (usually in the range of -1 to 1). The 
input part of the first sample is put into the 
network. Network calculates the output on the 

basis of: the value of weight and biases, the 
number of layers that are in incorporated, and 
the type and quantity of neurons in each layer. 
The output value from the network is 
compared with the target value of the sample 
and the weights values of the network are 
adjusted, so that the metric, which describes 
the distance between the target value and 
outputs, is minimized. 

 
Figure 1. General framework of ANN training 

process 

The parameters that are associated with 
training algorithms, that should be appointed, 
are: error function, learning rate and number 
of iterations. Error function is used to measure 
the difference between the target value and 
output values of the network. The values of 
ANN weights are updated in the direction that 
makes the error function to be minimized. 
Frequently used functions are Mean Square 
Error (MSE) and Mean Absolute Error (MAE). 
For training and testing of ANN commonly is 
applied MSE. MSE may be used as a target 
function to be minimized, in order to obtain 
optimal initial values of the ANN weight 
coefficients [15]. 
There are two basic types of ANN training, 
which are incremental and serial training. In 
the context of the incremental training 
weights and biases of the ANN are adjusted 
each time when one of the input samples is 
introduced to the ANN, while in the serial 
training, connection weights of ANN neurons 
are adjusted only when all the input samples 
are introduced into the network [16]. The 
cycle of bringing the entire training set in an 
ANN is called an epoch, a number of cyclical 
repetitions is the characteristic of the ANN, 
called the total number of epochs. 
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The updating mechanism of the ANN weights 
value is called a training algorithm. There are 
several training algorithms proposed in the 
literature [17, 18, 19]. The most commonly 
used training algorithm is related to the feed-
forward ANN. ANN is characterized as a feed-
forward network, if it is possible to connect 
the input layer to the hidden layers and the 
output layer, in a way that the each neuron is 
only associated with neurons from the 
preceding layers. All the algorithms use the 
MSE function to adjust the values of the 
weight coefficients and biases, so that the MSE 
function is minimized. The value of MSE 
function is determined by applying the back 
propagation techniques. Backpropagation is a 
mechanism of ANN learning, this is an iterative 
process in which the difference between the 
outputs of the network and the target values 
are given back into the ANN, so that the values 
of ANN weights coefficients and biases are 
gradually adapted to create output values that 
are closer to the target values [20].  
In this paper, the three layered feed-forward 
backpropagation ANN architecture has been 
proposed for modelling. The input layer of the 
ANN model consists of two neurons 
corrsponding to the two bio-tibological 
parameters that were varied in the 
experiments, normal force (F) and sliding 
velocity (v) and the output layer has one 
neurons for prediction of wear rate (W) or 
friction coefficients (µ). Due to the different 
contact conditions (polished surface, glazed 
surfaces, and brushed surface) and number of 
parameters that have to be predicted (W and 
µ), six different ANN models were determined, 
one for each condition and parameter.  
For all six ANN models, the entire experimental 
data set (Ntot=12xnxm) was divided into a six 
data subsets for different parameters 
prediction (n=2) and different conditions (m=3). 
After this data are further divided within each 
of six subsets into a data subset for training, a 
data subset for validation and a data subset for 
testing. 50 % randomly selected data have been 
employed for training, 25 % for validation and 
25 % for testing, separately for each of the six 
subsets of experimental data. 

Main problems that could occur in 
backpropagation are ANNs overfitting and 
overtraining. Overtraining means that ANN 
only memorizes the training data set and 
excellent learns these data but doesn’t have 
an ability to generalize to new data and 
because of that performance of the validation 
set decreases [21]. Having this in mind, the 
objective is to determine the compatible ANN 
model that has the total MSE acceptably low 
[22, 23]. Selected ANN architecture had one 
hidden layer with ten neurons for prediction 
and bio-tribological process modelling. It has 
been presumed that this architecture could 
obtain minimal MSE value, between the 
output values and real experimental target 
data. Two different functions have been used 
as a transfer function, from the input to a 
hidden layer it was transigmoid function, and 
between hidden and output layer it was pure 
linear function. Prior to ANN training the 
training data were normalized within the 
range [-1 1] and the initial weights values were 
adopted according to Nguyen-Widrow method.  
The performance of the network was 
measured by the MSE of the predicted outputs 
with regards to the real experimental target 
data. The goal is to get MSE as close as 
possible to zero. The zero meaning that there 
is no error between outputs of the network 
and target values. In this case, ANN model 
trainings were initially set to terminate after a 
maximum number of epochs, but they was 
stopped after a certain number of epochs 
since no further improvement in the MSE was 
achieved. MSE values were obtained after 
trainings, validations and testing of ANN 
models and they are shown in Table 2. 

Table 2. MSE values of ANN model 

Mod-el 
no. 

ANN 
archite-
cture  

Mean Squared Error (MSE)  No. of epo-
chs Training Validation  Testing  

M 1 2-10-1 0.0014 0.011220 0.0213 4 

M 2 2-10-1 0.0004 0.003248 0.001 3 

M 3 2-10-1 0.0000 0.006359 0.0011 6 

M 4 2-10-1 0.0012 0.000311 0.0021 4 

M 5 2-10-1 0.0001 0.000070 0.0075 5 

M 6 2-10-1 0.0028 0.003130 0.0059 5 
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Except MSE another performance measure 
for ANN model is correlation coefficient (R). 
This is a statistical measure of the strength of 
correlation between predicted and 
experimental values. A perfect correlation is 
obtained when R=1. A suitable ANN model 
should have the correlation coefficient greater 
than 0.8. Correlation coefficients of the 
developed wear rate prediction ANN models 
for all three diferently processed surfaces are 
shown in Fig. 2a,b,c.  

 
a) polished surface 

 
b) glazed surfaces 

 
c) brushed surface 

Figure 2. Correlation between predicted and 
experimental data during training, validation and 

testing of the developed ANN model for wear rate. 

Similarly to the previous correlation 
coefficients of the developed friction 
coefficients prediction ANN models for all 
three differently processed surfaces are shown 
in Fig. -3a,b,c. 

 
a) polished surface 
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b) glazed surfaces 

 
c) brushed surface 

Figure 3. Correlation between predicted and 
experimental data during training, validation and 
testing of the developed ANN model for friction 

coefficients. 

Table 3. The weights and biases of developed ANN 
model for polished surface wear rate prediction 

Weights Biases 
wji wkj bj bk 

2.9459 -3.1857 0.21534 -4.5085 -0.21755 
3.0566 3.1389 -0.0533 -3.5304  
-3.0417 2.9174 0.42509 2.8794  
4.3825 0.09847 0.52473 -1.559  
1.8201 4.0076 0.27768 -0.5393  
-2.9782 -3.2504 0.46395 -0.9972  
-4.1289 -1.5583 -0.3946 -1.4537  
0.50834 4.3896 0.10039 2.4669  
3.5561 1.9841 0.57493 3.8784  
3.2914 3.5083 -0.3414 3.9908  

The weights and biases of the wear rate 
ANN model with polished surface that were 
determined in training process are given in 
Table 3, for other models values are 
determined in a similar manner.  

Using the weights and biases from Table 3-8 
and in accordance with selected ANN 
architecture the exact mathematical 
relationship between bio-tribological response, 
Wear rate (W), friction coefficients (µ) and 
input bio-tribological parameters, normal 
force (F) and sliding velocity (v) in different 
contact conditions can be expressed by the 
following Equations 2 and 3. In these equation 
X is the column vector which contains 
normalized values of F and v and wnorm and 
µnorm are the normalized value for the W and µ 
for each of the defined contact conditions. To 
obtain actual values of Wear rate and friction 
coefficients it is necessary to denormalize the 
obtained output values. 

      [
 

   
            

  ]         (2) 

      [
 

   
            

  ]         (3) 

The next section provides an overview of 
measured and predicted values of the wear 
rate and friction coefficients, within the 
framework of materials bio-tribological 
examinations, according to the previously 
defined contact conditions. 
 
4. RESULTS 
 

Using Equation 2 and 3 and by varying 
values of both input parameters the effects of 
bio-tribological process on the wear rate and 
friction coefficient were analyzed. Hence, 
comparisons of actual target data and those 
predicted by developed ANN models were 
obtained. Results are shown in Tables 4-5. 

Table 4. The real and predicted values of the wear 
rates of commercial ceramic lithium disilicate (IPS 
e.max CAD) 

Wear rate, W, mm3/m 

Force Velocity Polished surface 

Fn, N v, mm/s Real values ANN predicted values 

0.25 

4 1.893 1.97743 

8 3.512 3.89983 

12 3.983 3.97447 
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0.5 

4 5.244 5.60719 

8 6.617 5.40687 

12 7.446 7.4358 

0.75 

4 6.635 6.99912 

8 8.653 8.72522 

12 10.013 9.98442 

1 

4 7.846 7.85105 

8 10.279 10.302 

12 12.648 12.6478 

Force Velocity Glazed surfaces 

Fn, N v, mm/s Real values ANN predicted values 

0.25 

4 1.905 1.905 

8 3.240 3.23984 

12 3.744 3.74389 

0.5 

4 2.449 2.44915 

8 5.363 5.36283 

12 7.203 6.82267 

0.75 

4 3.647 3.64679 

8 7.592 7.59199 

12 9.553 9.55301 

1 

4 5.122 5.12221 

8 8.655 8.65501 

12 10.348 10.348 

Force Velocity Brushed surface 

Fn, N v, mm/s Real values ANN predicted values 

0.25 

4 0.028 0.028 

8 0.084 0.084001 

12 0.100 0.099999 

0.5 

4 0.352 0.351996 

8 0.469 0.469004 

12 0.524 0.523996 

0.75 

4 0.721 0.721001 

8 0.806 0.806005 

12 1.075 1.075001 

1 

4 1.582 1.581998 

8 1.651 1.650994 

12 1.848 1.848 

Table 5. The real and predicted values of the 
friction coefficients of commercial ceramic lithium 
disilicate (IPS e.max CAD) 

Friction coefficient, µ 

Force Velocity Polished surface 

Fn, N v, mm/s Real values ANN predicted values 

0.25 

4 0.441 0.441 

8 0.406 0.406 

12 0.372 0.372 

0.5 

4 0.383 0.383 

8 0.347 0.347 

12 0.308 0.308 

0.75 

4 0.325 0.32501 

8 0.284 0.284 

12 0.255 0.255 

1 

4 0.249 0.249 

8 0.238 0.238 

12 0.213 0.213 

Force Velocity Glazed surfaces 

Fn, N v, mm/s Real values ANN predicted values 

0.25 4 0.419 0.419 

8 0.359 0.359 

12 0.332 0.332 

0.5 

4 0.366 0.366 

8 0.337 0.337 

12 0.314 0.314 

0.75 

4 0.313 0.313 

8 0.248 0.248 

12 0.236 0.236 

1 

4 0.245 0.24499 

8 0.187 0.187 

12 0.134 0.134 

Force Velocity Brushed surface 

Fn, N v, mm/s Real values ANN predicted values 

0.25 

4 0.247 0.247 

8 0.240 0.24 

12 0.195 0.195 

0.5 

4 0.229 0.229 

8 0.218 0.218 

12 0.188 0.188 

0.75 

4 0.224 0.224 

8 0.207 0.207 

12 0.184 0.184 

1 

4 0.202 0.202 

8 0.183 0.183 

12 0.171 0.171 

Analysing the experimental data the area of 
parameters combinations within certainly 
comes to sheet metal cutting was defined. This 
area was shown in Figs. 4a,b,c-5a,b,c. 

 
a) polished surface 

 
b) glazed surfaces 
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c) brushed surface 

Figure 4. Influence of the F-v interaction on the 
wear rate (W) 

From Figures. 4a,b,c-5a,b,c it can be concluded 
that higher values of normal force (>0.8 N) and 
sliding velocity (>8 mm/s) lead to higher values of 
wear rate (W), while the lower values of normal 
force (<0.4 N)  and  sliding velocity (<8 mm/s) lead 
to higher values of friction coefficient (µ). Having 
this in mind, it is necessary to further optimize the 
input values in order to obtain preferred outputs. 

 
a) polished surface 

 
b) glazed surfaces 

 
c) brushed surface 

Figure 5. Influence of the F-v interaction on the 
friction coefficient (µ) 

 
5. CONCLUSION 

 
In this paper a mathematical modelling of 

wear rate and friction coefficient in bio-
tribological process was introduced. This was 
performed using ANN models for different 
surface conditions. ANNs have proven to be 
suitable due to their potential to learn 
nonlinear features of any system from 
incomplete experimental data regardless of 
external noise. Model was verified using bio-
tribological experimental values obtained by 
means of nanotribometer. Beside that a 
comparison between experimental and 
predicted values was conducted. These indices 
showed that the models are quite acceptable 
for all defined conditions. Created model was 
used to describe the influence of input bio-
tribological parameters such as normal force 
and sliding velocity on analysed material wear 
rate and friction coefficient. According to this 
the plots were created that can be used to 
identify bio-tribological conditions that may 
lead to minimal wear rate or friction 
coefficient. 

Future research will take in consideration 
other materials and conditions, or the 
application of an optimization method used 
for optimal values achievement of wear rate or 
friction coefficient. Their values will be 
included in mathematical modelling procedure 
to obtain a complete view of output bio-
tribological properties. 
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Abstract: This paper is a presentation of a linear model of a magnetic bearing and a comparison of two 
controllers concerning their control performance. Initially, the benefits obtained by the use of magnetic 
bearings in the electromechanical systems are presented. Afterwards, the necessity for a suitable controller 
design is discussed in terms of the instability of the open loop system. Looking for a suitable control manner, 
a controller that behaves non-linearly, such as a fuzzy PID controller has been chosen in this paper. The use 
of such a non-linear controller improves both the results and the range of its use of the above system. The 
linear and the Fuzzy PID controller are compared using extensively simulation tests with the existence of 
white noise signal. The results of these comparisons, concerning the stability of these controllers are 
discussed and presented. 
 
Keywords: Circuit stability, Fuzzy control, Fuzzy logic, linear model, Magnetic bearings, PID control  
 
 
1. INTRODUCTION  
 
The use of magnetic levitation in motor 
bearings is a relative new idea which has been 
widely investigated through the last years. This 
idea seems to have many advantages over the 
conventional technology of existing bearings, 
like ball or oil bearings. The main advantage is 
that, due to levitation, the rotor and the 
bearing don't have any friction between them. 
This means that the motor has lower 
maintenance costs and longer life of the shaft. 
An additional factor contributing to the cost is 
the elimination of the lubrication seals. This 
elimination gives the potential for redefinition 

of rotor's dimensions and limits of strength. As 
lack of friction means absence of additional 
vibrations caused by it and the maximum 
rotation speed of the shaft can be also 
increased. In addition, the non-contact 
between the rotor and the bearing and the 
absence of lubrication make these new 
bearings ideally suitable for use in a variety of 
vacuum applications and sterile clean rooms. 
These advantages, have been the subject of 
research work in a wide range of studies of 
magnetic bearings [1-4]. The above studies 
have shown the need for the use of linear 
controllers, in order to control the behavior of 
the magnetic bearings [5]. The need for better 
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results in conjunction with the limited abilities 
of linear controllers, lead the studies to create 
more complex models. Farmakopoulos et.al 
[6] presented PID models regarding the linear 
Active Magnetic Bearing and a  Hydromagnetic 
Bearing. They also presented the stability 
limits of the proposed controllers.  

Furthermore, a non-linear controller for 
magnetic bearings control which was tested 
on a linearized system reportedly offers many 
advantages. In ref. [7] it is referred by the 
authors, that the use of Fuzzy as a controller, 
the system could have some advantages like 
shorter tuning time, accelerated response and 
reduced overshoot. All the above resulted to 
more robust systems and improved their 
dynamic and static performances. Other works 
studied exclusively the fuzzy controller and 
present classifications based by inputs of fuzzy 
[8], or compare the fuzzy controllers to a 
specific system [9]. In [9] the basic design 
principles of a fuzzy PID controller and the 
comparison with a regular PID is presented. 
These two controllers have been 
simultaneously tested using the same 
linearized active magnetic bearing (AMB) 
model which is excited by external 
disturbances. The system of an AMB and the 
classical PID controller has been analytically 
presented in [10]. 
 
2. METHODOLOGY  
 
2.1 Models and Formulations  
 
The system that is being studied here, 
represents a structure of an AMB which has 
one degree of freedom. It consists of a pair of 
electromagnets and a cylindrical mass of iron 
which corresponds to the rotor of the machine 
(figure 1). This mass has diameter 5cm and 
length 5cm. It is assumed that the mass 
density of the shaft is 7.9 g/cm3 for the sake of 
convenience calculations. The number of turns 
are 50 for each pole and the gap between the 
rotor and the inner wall of the bearing set is 
0.5 mm [11-14]. 
 
 

F1

W

θτ

 
Figure 1. A 1D magnetic bearing. 

The actual system of the magnetic bearing 
contains non-linearities due to the use of non-
ideal coils, electromagnetic forces and due to 
the air gap. For linearizing the above system, 
the following assumptions have been made: 
the rotor is rigid and symmetric, gyroscopic 
effects is neglected, leakage of magnetic flux is 
neglected, the magnetic iron is operating 
below the saturation level, unbalance in the 
rotor is purely static, rotor motion in the axial 
direction is neglected and the flux leakage in 
the air gap is neglected [5,15]. At the 
equilibrium point of the rotor, the weight (W) 
and the force that comes from the 
electromagnet (F1) are acted in the system , as 
described in the following equations (1-3): 
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The characteristic equation of the above 
magnetic bearing can be simply written as: 
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The above characteristic equation represents a 
system which has no zeros and two poles: 
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The system is unstable as it has a positive pole. 
The stability of the system is achieved with the 
presence of an appropriate control of closed 
loop system. 

At first, the system is designed to be 
controlled with a classic PID controller. The 
gains of the controller have been selected in 
our previous paper [10], where the stability of 
the system, the speed of the controller and 
the system response have been investigated. 
The gain values are as follows: Proportional 
Gain 1526.6269, Integral Gain 13330.5096 and 
Differential Gain 15.8724. The reference 
tracking of the PID controller is shown in fig. 2. 

 

 

Figure 2. Reference tracking for PID controller. 

In figure 3, the block diagram of the system 
and the noise existence is also presented. This 
noise signal, is white noise which has been 
added to the system in order to simulate the 
external disturbances which can adversely 
affect the system. The position where the 
noise has been added into the system is not 
accidental, and it is described by an individual 
block. Also, the transfer function of magnetic 

bearing is the transfer function of a linearized 
system in which the previous assumptions 
[5,15] are valid. Therefore, the linearized 
system which is described by the transfer 
function of figure 3 is a system which can be 
considered isolated from external disturbances. 

The determination of the type and the value of 
the external disturbances was based on [6], 
which represents the operation of a magnetic 
bearing, which in its turn accepts external 
disturbances to the downforce of the 
machine's shaft. The white noise has been 
selected, as it is an ideal form of noise, which 
is independent of the frequency variations. 
The spectrum of the white noise has the same 
constant value for all the range of the 
frequencies [16]. This interference of noise 
causes disturbances in the system which the 
PID controller seeks to cancel. As the noise 
isn't a constant value, it would be desirable to 
redefine the controller gains based on noise 
values in each cycle of the closed-loop system. 
This ability is being provided to the system by 
the Fuzzy controller. This controller is based on 
a knowledge representation method and a 
fuzzy logic decision-making mechanism. This 
knowledge is introduced to the controller by 
the fuzzy rules. For the determination of the 
rules, it's necessary to understand the 
influence of the controller gains to the 
response of the system. The theoretical data 
regarding this influence are shown in Table 1. 
For obtaining quantitative knowledge some 
trials were made via simulations, and the 
results are shown in the Table 2. 

 

 
Figure 3. Block Diagram of the system with PID controller.
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Table 1. Effect of controllers in the system 

Controller Raising 
time Raising Restoration 

time 
Permanent 

error 

Proportional Reduction Increase Minor 
change Reduction 

Integral Reduction Increase Increase Elimination 

Derivative Minor 
change Reduction Reduction Minor 

change 

 

Table 2. Test data for the gains effect in the system 

 Raising 
time 

Raising Restoration 
time 

Permanent 
error 

Kp (initial value 1526.6269) 
1200 Reduction Reduction Indifferent Increase 
1600 Reduction Increase Indifferent Reduction 
1800 Increase Increase Reduction Reduction 
2000 Increase Increase Reduction Reduction 
3000 Increase Increase Reduction Reduction 

Ki (initial value 13330.5096) 
10000 Indifferent Reduction Indifferent Increase 
15000 Indifferent Increase Indifferent Reduction 
18000 Indifferent Increase Indifferent Reduction 
23000 Indifferent Increase Indifferent Reduction 
32000 Indifferent Increase Indifferent Reduction 

Kd (initial value 15.8724) 
10 Increase Increase Increase Indifferent 
18 Reduction Reduction Reduction Indifferent 
22 Reduction Reduction Reduction Indifferent 
30 Reduction Increase Increase Indifferent 

 
The fuzzy PID controller (fig.4) has two inputs, 
the rotor position error and the derivative of it, 
and three outputs which are the three gains of 
it discriminate between temporary and 
permanent errors. The variation of the PID's 
gains, which are the outputs of fuzzy controller 
(fig 6-9), is determined by certain rules, which 

are set after the evaluation of the above 
theoretical and experimental data on the 
influence of gains [16]. In figure 10 the block 
diagram of the system with the fuzzy PID 
controller is presented.  the PID controller. The 
small range of the position error (fig.5) in 
combination with the derivative of it, makes 
the controller more sensitive even in small 
disturbances and helps  

 
Figure 4. Structure of the fuzzy controller. 

 
Figure 5. Input membership functions of the 

fuzzy controller. 

 
Figure 6. Output membership functions of the fuzzy controller. 
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Figure 7. The output surface of Kp. 

Figure 8. The output surface of Ki. 

 

 
Figure 9. The output surface of Kd. 

 

3.  SIMULATION RESULTS WITH FUZZY AND A 
CLASSIC PID CONTROLLER. 
 

The system with the simple PID controller (fig. 
3) has the following time-unchanged transfer 

function as the controller's gains are fixed. 
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Figure 100. Block Diagram of the system with fuzzy PID controller.

   

     

2

 

4 3 2

         
 

                     

p d p i i i sn

p d i sn x p i i sn x i i sn

s K N K s K N K K N k kX

X' m s N m s K N K k k k s K N K k k k N s k K N k
 (5) 

The poles of the above function are: 
Ρ1=-9.71450, Ρ2=-90.13387 

Ρ3= - 1128.92409 + 1177.08749*i,                  
Ρ4= - 1128.92409 - 1177.08749*i 

The stability of the system derives from the 
fact that all the poles have a negative real part, 
which means that they reside in the left half-
plane. 

The system with fuzzy PID controller has a 
time-changing transfer function as the gain of 
controller changes in each cycle of the system. 
The variation of the gains, (outputs of the 
fuzzy controller), is made through the fuzzy 
rules so that the system remains stable, having 
all poles in the left (negative), half-plane. 
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Figure 111. Plot of PID and fuzzy PID outputs for 

a noise power of 0.05. 

 
Figure 12.Plot of PID and fuzzy PID control 

currents for a noise power of 0.05. 

 
Figure 12. Plot of PID and fuzzy PID outputs for 

a noise power of 0.075. 

 
Figure 14. Plot of PID and fuzzy PID control 

currents for a noise power of 0.075. 

 
Figure 15. Plot of PID and fuzzy PID outputs for 

a noise power of 0.01. 

 
Figure 16. Plot of PID and fuzzy PID control 

currents for a noise power of 0.01. 
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Figure 17. Plot of PID and fuzzy PID control 

currents for a noise power of 0.01 (detail view). 

 
Figure 18. Plot of PID and fuzzy PID control 

currents for a noise power of 0.01 (detail view). 

The analysis of the above diagrams leads to 
important conclusions. First, the similarity of 
the controller’s output is obvious. However 
the fuzzy controller leads to a more effective 
PID control. Furthermore, as the fuzzy leads to 
a better PID, it is evident that it has better 
response than the classic PID. The main 
conclusions derived by the diagrams are the 
following two: Firstly, the system with the 
fuzzy controller is stable as the position of the 
rotor and the current of the controller remains 
within the permissible limits. This had also 
been secured from the study and the 
determination of the fuzzy controller rules. 
Secondly, (figs. 16-18), the control current of 
fuzzy is less than the control current of PID 
controller. This means, that the overall 
electrical efficiency of the bearing can be 
maximized.  

4. CONCLUSION  
 

In this paper a comparison between two 
different controllers for an active magnetic 
bearing is presented. This comparison shows 
the advantages of fuzzy PID controller than the 
classic PID concerning both the response of 
the system and the energy needed to supply 
the control system. The fuzzy controller 
supplies in each cycle of the control new PID 
gains. This process results to a stable system 
with an optimum PID controller. Finally, the 
two controllers has been simulated in the 
same time with a white noise signal, which 
represents external disturbances. The long 
term objective is the creation of a fuzzy 
control system for the real motor. The 
investigation is still under process and the 
controller may be improved by adding new 
rules and use new forms of input and output 
fuzzy membership functions 
 
NOMENCLATURE  
 
F1: Force from electromagnet. 
g: The gap between the rotor and the inner 

wall of the bearing 
Ibias: Current bias. 
KD: Derivative Gain 
KI: Integral Gain 
Ki: Force-Current factor 
KP: Proportional Gain 
ksn: Sensor Gain 
kx: Force-Displacement factor (stiffness 

coefficients) 
l: Stack length. 
m: mass of shaft  
N: Number of turns 
PID: Proportional Integral Derivative 
S: Cross-section area of flux path. 
W: Weight of shaft 
θt: Angle between shaft and electromagnet. 

θt = 25 deg 
μ0:      Permeability of free space. 
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Abstract: Nanotechnology shapes our present and will shape our future. The age of nanotechnology begun 
with invention of tools, such as scanning probe microscopes (SPM) which enable imaging and manipulation 
of atoms and molecules, as well as surface mapping of different properties in nanometer range. A family of 
SPM techniques was born with the development of scanning tunnelling microscopy (STM) and atomic force 
microscopy (AFM). AFM is generally used for three-dimensional surface measurement on nanometer and 
micrometer scale. Three-dimensional image is formed by scanning sharp tip over the surface of a measured 
sample, and detecting probe movement in a vertical direction. During imaging, tip wears-off and becomes 
blunt. In this study, influence of tip wear on measured topography is investigated. For that purpose, AFM 
measurements were conducted on two hard coated samples. One sample was mirror polished, while the 
second was fine grinded. A set of low magnification (scan area of 100 x 100 μm2) and a set of high 
magnification measurements (scan area of 5 x 5 μm2) were made on each sample. One new, and two worn 
tips were used for the measurements. Before the AFM measurements, all the tips were examined by 
scanning electron microscopy. We found that the tip wear does not have significant influence on the results 
of low magnification measurements, neither qualitative, nor quantitative. On the other hand, the tip 
condition is of the fundamental importance for the high magnification measurements. 

 
Keywords: AFM, tip wear, surface roughness, SEM 

 
 
1. INTRODUCTION 

 
Nanotechnology is a broad term that covers 

many areas of science, research and 
technology that involves understanding mater 
at the nanometer scale. In recent years it 
received increasing amount of attention and is 
being spoken as the driving force behind a 
new industrial revolution [1]. However, in 
order to research nanoscale object, one needs 
to see them. Scanning probe microscopy 
(SPM) allows topographic imaging of the 
atomic-scale features [2]. SPM techniques are 

used not only for imaging in nanometer realm, 
but also for nanofabrication [3].  

A family of SPM techniques has been 
developed to date. Atomic force microscopy 
(AFM) is one of the most commonly utilized 
SPM techniques. Supplementary to 3D surface 
imaging, it allows measurements of magnetic, 
electrical or mechanical properties of the 
widest possible range of samples with 
nanometer resolution [4–6].  

The AFM surface morphology imaging 
offers three different modes of usage: the 
contact (static) mode, tapping (intermittent 
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contact) mode and noncontact mode [6]. The 
employed mode is selected on the basis of 
sample material, environment, and desired 
reliability. Nevertheless, all modes imply 
atomic interaction between AFM tip and the 
sample, and tip geometry plays a vital role in 
the quality of the obtained surface 
measurements. AFM results are a convolution 
of the tip geometry and the shape of the 
features being imaged [7]. 

Constant interactions between AFM tip and 
sample atoms consequently lead to wear of 
the AFM tip geometry [8]. This wear increases 
the surface contact between two bodies, and 
consequently increases the minimum size of 
the features that can be  detected [9]. Thus, 
tip wear significantly reduces the quality of 
AFM images, and is an extensively studied 
phenomenon.  

In order to obtain high-quality surface 
topographies, researchers need to regularly 
change scanning probes. Sharp, high quality 
AFM probes are fairly expensive, and their 
replacement significantly increases the 
measurement costs. Therefore, there were 
numerous studies that have tried to correlate 
scan parameters to tip wear in order to minimize 
it [8]. By optimizing scan parameters, one can 
reduce wear of AFM tips and minimize 
measurement costs induced by the need for 
probe replacement. Another potential approach 
is to precisely define the maximum allowable 
wear that can still give adequate results for 
specific measurements, by keeping in mind 
dominant topological features. Therefore, for 
certain measurement one could use worn and 
discarded AFM probes without notable 
reduction in the quality of obtained results.  

In this study, three contact mode AFM 
probes were subjected to various numbers of 
repeated measurements. Their worn geometry 
is correlated to the results of AFM 
measurements of samples with different 
morphology.  

 
2. EXPERIMENTAL DETAILS 

 
This study was performed for contact mode 

AFM measurements. This mode was selected 

because the wear and its influence on 
measurement results is more pronounced in 
comparison to the two other AFM operation 
modes.   

Three new commercial contact mode AFM 
probes were selected for this investigation. 
The probes were made from antimony doped 
silicon. AFM probe nominal parameters are as 
follows: cantilever length 525 µm, cantilever 
width 35 µm, cantilever thickness 4 µm, spring 
constant 0.9 N/m, tip radius 8 nm, resonant 
frequency 20 kHz.  

The AFM measurements were performed 
by using the VEECO diCP II atomic force 
microscope. Following measurement 
parameters were used: gain of 0.5, set point 
was set at 225, resolution of 256, frequency of 
50 Hz and the scanning direction was 
orthogonal to the cantilever of the probe (X 
direction, from left to right). AFM probes were 
subjected to varying number of low 
magnification measurements, as stated in 
Table 1. These measurements were performed 
in order to obtain initial variance in AFM tip 
wear, and are hereinafter called initial 
measurements.  

Table 1. Number of times the AFM probe was 
used. 

AFM probe Number of measurements 

T1 > 20 

T2 > 50 

T3 > 250 

 
After initial measurements, two sets of 

measurements were performed in order to 
analyze subsequent performance of AFM 
probes: a set of low magnification (scan area 
of 100 x 100 μm2), and a set of high 
magnification measurements (scan area of 5 x 
5 μm2). These measurements will hereinafter 
be called final measurements. 

Final measurements were performed on 
two types of substrates with different surface 
morphologies. The first substrate was duplex 
TiN PVD hard coating deposited on DIN 1.2344 
(AISI H13) tool steel that was subjected to 
progressive grinding with 100 to 2,000 grit 
silicon carbide sandpapers. Hereinafter this 
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sample will be labeled rough substrate. The 
second substrate (labeled smooth) was duplex 
TiAlSiN PVD hard coating deposited on the 
same tool steel. Only additional difference in 
sample preparation was mirror polishing with 
diamond paste performed after progressive 
grinding.  

The AFM tip geometry vas evaluated by 
Scanning electron microscopy (JOEL JSM 6460 
LV Scanning electron microscope). 
 
3. RESULTS AND DISCUSSION 
 

To confirm starting geometry of the AFM 
tips, one of the AFM probes (T1) was imaged 
before the start of initial measurements, 
Figure 1. 

 

Figure 1. SEM image of an unused AFM tip 

The unused tip has symmetric pyramidal 
geometry. The apex of the tip is very sharp and 
has the radius of a couple of nanometers. 
Therefore, tip apex should be able to reach 
into smaller grooves on the substrate surface, 
and is adequate for surface imaging of samples 
used in this study. 

In order to correlate tip geometries to the 
surface topographies of final measurements, 
all AFM tips were analyzed under high 
magnifications. SEM images from this analysis 
are given in Figure 2. 

AFM tip T2 has suffered the least amount of 
wear. The tip showed continuous gradual wear 
without signs of fracture. The tip apex 

consequently has notably larger radius than 
the unused tip shown in Figure 2. However, its 
sharpness should still be sufficient to achieve 
measurements of adequate quality.  

 

Figure 2. SEM images of AFM tips after final 
measurements 

AFM tip T1 has suffered higher wear than 
the T2 tip. Some debris can be seen on the 
side of the tip and are loosely connected to its 
apex. EDS analysis of the debris and 
surrounding tip apex showed almost identical 
chemical compositions. Therefore, it could be 
postulated that the debris represent tip apex 
that has fractured during measurements. This 
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behavior is not uncommon since silicon AFM 
tips have a tendency of apex fracture [10]. 
Fracture of the apex made T1 tip relatively 
blunt. Thus, lower quality of measurements 
could be expected. 

As expected, AFM tip T3 exhibited the 
highest worn volume. Wear debris encompass 
the tip and has made its apex completely blunt 
with a radius that is order of magnitude larger 
than at the start of the measurements.  

High magnification analysis of worn AFM 
probes exhibits some deviations in correlation 
between number of measurements and worn 
volume. AFM tip T1 exhibited higher wear 
despite conducting half as many 
measurements. The explanation could be 
found in several phenomena. The T1 tip was 
studied in unused condition before conducting 
any measurements. In order to obtain valid 
SEM images, i.e. avoid charging effect, the tips 
were plated with thin coat of gold. This coating 
could have influenced subsequent tip 
operation and wear mechanisms. Additionally, 
SEM analysis lasted several hours. Electron 
bombardment during this process could have 
influenced the tip properties. Finally, tip 
impact during the approach process can lead 
to the apex fracture. This process is random 
and can occur after only few approaches [8]. 

Quantitative AFM results of the final 
measurements are given in Figure 3. As a 
quality indicator for the performed 
measurements, surface arithmetical mean 
height (Sa) is used.  

Roughness of high and low magnification 
zones obtained by the same probes from the 
same samples vary significantly. The resolution 
of both high and low magnification 
measurements is the same and both images 
have 256 × 256 data points. Therefore, despite 
the fact that the AFM tip traces surface 
topology accurately even in low magnification 
measurements, the sampling rate prevents 
detection/recording of the small surface 
features. In the same manner, large features 

are out of the scope of high magnification 
measurements, and cannot be detected by 
these measurements. Therefore, direct 
comparison between low and high 
magnification measurements cannot be made. 

 

Figure 3. Average surface roughness of the 
examined samples. Error bars represent ± one 

standard deviation. 

In order to analyze the effect of tip wear on 
obtained surface roughness measurements a 
one - way ANOVA was conducted at the 
p < 0.05 level. Analysis was made for every 
group of measurements conducted with the 
same magnifications on the same samples. In 
most of the measurements the tip geometry 
has statistically significant influence on 
obtained results. This is in accordance with the 
standard procedure to use unworn AFM 
probes, and discard them after only few 
measurements on hard samples. However, it 
was found that the tip geometry had no 
statistically significant effect on low 
magnification roughness measurement of 
rough samples (F(2,15) = 0.29, p = 0.75). 
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Figure 4. High magnification surface topography images 

AFM surface topography images obtained 
with high magnification are presented in 
Figure 4. Tested samples, i.e. TiAlSiN and TiN 
PVD hard coatings, have columnar grain 
structure. Therefore, qualitative analysis of the 
effect of tip wear can be performed by 
tracking changes in the size and shape of the 
grains. As expected, highest resolution of 
these surface features is obtained when using 
AFM probe T2 that has preserved sharpest 

apex, Figure 2. Obtained image is clear, and 
size and shape of the grains can be easily 
observed on both samples. Contrary to these 
results, images obtained with AFM probe T3 
are blurred and surface features cannot be 
distinguished. The tip of this probe has 
suffered significant wear and its large 
diameter apex was unable to penetrate into 
deep narrow grooves. Thus, only grain clusters 
can be clearly discerned on both samples. The 
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quality of AFM probe T1 images is inexplicit. 
Individual grains on smooth sample were 
somewhat blurred, but clearly recognizable. 
Their quality is similar to the one obtained by 
the T2 AFM probe. On the other hand, image 
quality of the rough sample was poor, and 
closely resembles those obtained by AFM 
probe T3. This qualitative analysis is in 
agreement with quantitative results presented 
in Figure 3. Roughness values for smooth 
samples by AFM tip T1 are only slightly smaller 
than the ones obtained by T2. However, for 
rough samples this difference is almost 
fourfold. 

Images obtained by AFM tips T1 and T3 had 
notable, regularly repeating, horizontal bands, 
Figure 4. In most cases, these bands are 
attributed to ambient vibrations. However, all 
measurements were performed in similar 
conditions where AFM was isolated and 
mounted on anti vibration table. Since the 
bands are almost absent on all images 
obtained by utilizing tip T2, explanation should 
be sought in tip geometry. The main difference 
between these tips is the presence of the 
debris near the tip apex. They change 
geometry of the tip and create multiple apexes 
that start to copy certain features that were 
picked up while the surface was scanned [7].  
 
4. CONCLUSIONS 

 
In this paper, study of the effects of tip 

wear on the results of AFM measurements is 
presented.  

In most cases, tip geometry has detectable 
impact on measurement quality. However, one-
way ANOVA analysis has shown that tip wear 
has negligible influence on AFM measurements 
of rough samples made with low magnification. 
Therefore, for this purpose one can utilize 
previously worn and discarded AFM probes.  

Horizontal bands on AFM images that are 
commonly dismissed as vibration related, can 
be caused by debris adhering near the tip apex 
and changing its geometry. If they start to 
appear on regular intervals, it can be used as a 
sign of necessity to replace AFM probe. 
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Abstract: Aim of this project was to study the fretting behaviour of the cemented femoral stem fixation of a 
total hip prosthesis, trying to capture the loss of contact between the femoral stem and 
polymetylmethacrilate cement fixation. To have a landmark, studies were performed compared with 
cementless fixation, where no fretting phenomenon occurs, on real prostheses, under biological 3D loading 
conditions. A fatigue test device, installed on a servo-hydraulic triaxial dynamic testing machine was used. It 
allowed monitoring the flexion-extension, abduction-adduction, inner-outer rotation movements, and the 
variation of the torsional torque, depending on normal loading. The test ends when the sample does not fail 
after 2000000 cycles, or when it has reached a predetermined number of cycles. Test fluid medium used was 
NaCl mixed with distilled water, a favourable environment for appearance of fretting corrosion. After the 
failure of stem fixation at 2450000 cycles, the mantle of bone cement remaining adherent on femoral stem 
was removed. Microscopic inspection of the femoral stem and of the inner part of the 
polymetylmethacrilate mantle demonstrated the existence of corrosion of the femoral stem surface beneath 
the cement mantle, and Fe2O3 deposits on the femoral stem surface and on the inner part of the mantle. 
 
Keywords: Hip prosthesis, polymetylmethacrilate, Ti6Al4V, cemented stem, fretting fatigue corrosion 

 
 
1. INTRODUCTION 
 

Fretting refers to the process involving 
movements of low amplitude, more precisely 
movements with total amplitude smaller than 
the width of contact between two 
components. There are several application 
areas where this phenomenon occurs, such as 
aerospace industry, implants in the human 
body, automotive, etc. In the recent years, 
several studies have focused on the 
understanding of this phenomenon, and on 
finding solutions to prevent and/ or avoid it. 

Fatigue design of certain components in these 
areas, without taking into account the effect of 
fretting, will certainly lead to premature and 
unexpected failure in many applications [1]. 
Fretting corrosion is a degradation 
phenomenon of contact in an aqueous 
medium. It is one of the most critical issues in 
designing total hip prostheses, since it occurs 
at the contact surface between femoral stem 
and bone cement [2]. Fretting in a total hip 
prosthesis is due to the destruction of the 
passive oxide on metal, leading to increased 
corrosion and to the generation of residues, 
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such as polymer and metal oxides particles [3]. 
This leads to serious dysfunctions of the 
prosthetic hip joint. Cyclic loading due to 
human gait and differences between the 
mechanical properties of the femoral stem and 
bone cement give rise to loss of contact 
between the two materials. This leads to 
secondary effects, such as damage and 
cracking of cement. Remains, including metal 
oxides and ions, penetrate the bone tissues 
through cracks and, finally, induce 
inflammation of bone tissues. Currently, the 
most used materials for manufacturing 
femoral stems are CoCr alloy, Ti alloys or 
austenitic stainless steels (SS 316L). Bone 
cement, such as polymetylmethacrilate 
(PMMA) is introduced into the spongy and the 
cortical bones. Damage by fretting corrosion 
between SS 316L femoral stem and PMMA 
bone cement was experimentally investigated 
under similar conditions to those found in a 
real prosthesis [4]. The interfacial energy 
dissipated and the wear volume, after 
2000000 cycles were measured. It has been 
demonstrated that the wear volume can be 
expressed as a function of the dissipated 
interfacial energy. Fretting phenomena have 
been studied both in air and in aerated 
solutions. When exposed to air, it was not 
observed any significant wear on stainless 
steel, but mechanical wear was found when it 
came in contact with PMMA. It has been found 
that the wear volume of PMMA is linearly 
correlated with the cumulative energy 
dissipated [5]. Fretting – material’s damage 
caused by small oscillating movements 
between the bodies in contact – can lead to 
surfaces deterioration and dimensional 
changes. A remarkable decrease of the useful 
life in the presence of bulk effort can also be 
seen. Surface’s damage is defined as the 
fretting wear, while the development of the 
crack can be called fretting fatigue [6]. For the 
life estimation at fretting fatigue, the complete 
process problems are usually divided into two 
phases – crack’s initiation and crack’s 
propagation. There is still a debate on the 
proportion of life time taken by these two 
phases, most of the authors considering both 

of them in the stage of estimating the total life. 
Therefore, it still continues the search for 
more appropriate selection criteria. Each 
criterion is appropriate in some selected 
combinations of materials, geometry, type of 
contact conditions, and loading.  

The level of fretting damage is determined 
by the amplitude of the relative sliding 
between the femoral stem and bone cement 
[7]. If the sliding amplitude is so small that 
some contact parts remain adherent, and 
others slide over the other opposite surface, 
the cracks are predominantly generated in the 
vicinity of the contact edges (fretting fatigue). 
If the sliding amplitude is large enough to 
make all the parts of a surface to slide over the 
other surface, the wear takes place over the 
entire contact surface (fretting wear). It was 
identified by numerical modelling, in which the 
sliding amplitude between the femoral stem 
and bone cement is about 0.05 mm under the 
strains applied during normal human gait. It 
was observed that the sliding amplitude 
induces the fretting wear in total hip 
prosthesis. The concentration of chloride (ionic 
strength), the concentration of protein 
(albumin) and solution pH could affect the 
fretting corrosion of materials used in a total 
hip prosthesis. Influences of ionic strength, of 
albumin and of the potential applied were 
studied by fretting corrosion tests using SS 
316L and PMMA bone cement. It was 
established that the ionic strength increases 
the wear volume on SS 316L at the open 
circuit potential. Albumin with concentration 
of 1 gL-1 does not play a significant role in 
determining the total wear volume of SS 316L, 
compared with albumin of 0 gL-1. At a 
potential applied E = -0.4 V (SCE), there is a 
threshold concentration (NaCl solution) of 0.1 
M over which the metal dissolution is 
improved. A concentration of 20 gL-1 albumin 
decreases the wear volume of SS 316L, but 
increases the wear volume of PMMA [7]. 
Similar findings were presented and for 
femoral stems made of Ti6Al4V alloy [8]. In the 
human body, Ti6Al4V alloy is immersed in a 
physiological solution having a high 
concentration of NaCl (~ 0.2 M) at a 
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temperature of 38 0C. Because of the 
significant difference in mechanical properties 
(especially Young's modulus, with a ratio of 90 
between Ti6Al4V and PMMA) shielding stress 
occurs. This physical phenomenon can be 
explained as follows. Metallic materials and 
polymers do not present the same 
deformation under applied stress, leading to 
unsoldering between the metal and cement. 
Therefore, the adhesion between metal and 
polymer loses after a short period of human 
gait. This unsoldering involves fretting (friction 
under small displacements) and subsequent 
friction between materials in contact. 
Thereafter, Ti6Al4V and the bone cement are 
subjected to small displacements, friction 
loadings in a corrosive environment, resulting 
in fretting corrosion. Consequently, the wear 
between the bone cement and Ti6Al4V alloy 
occurs. It involves the generation of debris, 
which often cause inflammations or reactions, 
ending with aseptic loosening of implants 
fixation and the necessity of replacement. 

Giannakopoulos et al. [9] stated that the 
fretting problem can be addressed as a matter 
of simple fatigue subjected to a localized stress 
concentration. They developed an analytical 
model for the fretting fatigue at a corner of a 
rounded mandrel in contact with a substrate 
and made an analogy with fatigue crack 
initiation at the notch of a tip. They analysed 
the similarities and differences between the 
stress concentration factors at the edge of the 
contact mandrel on flat rounded suddenly and 
the tip of a blunt crack. The methodology 
analogous to the notch provided a direct 
connection between the life of fretting fatigue 
crack initiation of a flat mandrel with rounded 
corners and the life of simple fatigue crack 
initiation of a smooth sample of the same 
material. Model predictions compared with 
fretting fatigue experiments on Ti6Al4V 
showed a good concordance.    

Fretting fatigue is a type of multiaxial 
fatigue, having a non-proportional loading, 
thus introducing multiaxial stress fields and 
severe stress gradients. Therefore, in order to 
define the failure, multiaxial criteria are used. 
In the past, multiaxial criteria that use critical 

damage parameters have been developed, 
together with various ways to define the 
estimated life. Generally, stress and strain 
components combined with material 
constants are fully assimilated to the limit of 
fatigue resistance in tension/ inverted torsion 
or by Manson-Coffin and Basquin relation [10]. 
Hence, it allows computing the estimated life 
time according with the fretting fatigue 
scenario. Some researchers have used the 
approach of continuum damage mediums 
(CDM) mechanics, which is based on 
thermodynamic potential function and on the 
fact that crack initiation life can be estimated 
using bulk materials properties. Based on the 
approach used to model the initiation of 
fretting fatigue crack, different criteria can be 
classified as: critical plane approach, invariant 
stress approach and CDM approach. The aim 
of this paper was to study the fretting 
behaviour of the cemented femoral stem 
fixation of a Ti6Al4V/ UHMWPE total hip 
prosthesis. To have a landmark, studies were 
performed compared with cementless fixation, 
where no fretting phenomenon occurs. The 
study was done on real prostheses, under 
biological 3D loading and motion conditions. 
 
2. MATERIALS AND EXPERIMENTAL 

TECHNIQUES  
 
2.1 Materials  
 

Typically, the stems of hip prostheses are 
made of SS 316L, Ti6Al4V or CoCr alloys, 
because of their mechanical properties and 
good biocompatibility [1]. In this study, the 
contact of Ti6Al4V alloy with PMMA was 
studied, simulating the femoral stem/ fixation 
material contact. PMMA is a thermoplastic 
optically transparent material. At room 
temperature, it is a hard and brittle material. 
Its mechanical resistance is much smaller than 
that of Ti6Al4V alloy, so a prosthetic stem 
made of Ti6Al4V alloy, with chemical 
composition shown in Table 1, was used. 
Fixation was realized with PMMA bone cement 
(PMMA Perspex®) whose mechanical 
properties are shown in Table 2. 
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Table 1. Chemical composition of the Ti6Al4V alloy 
(w/w) 

Elements Composition  
Al 5.60-6.75 

O (max) 0.020 
N (max) 0.05 

V 3.50-4.50 
Fe (max) 0.40 
St (max) 0.015 
H (max) 0.10 

Other (max) 0.40 
Ti Balance 

 

Table 2. Mechanical properties of the tested 
materials  

 Ti6Al4V PMMA 
Poisson Coefficient (υ) 0.29 0.39 
Young modulus (E) [MPa] 119 2.5 
Yield strength (σc) [MPa] 825 65 
Tensile strength (σt) [MPa] 805 75 

 
2.2 Experimental devices  

 
Fretting tests were performed on a Instron® 

device for fatigue testing of the femoral stem 
cemented fixation of the total hip prosthesis – 
Figure 1, installed on a servo-hydraulic 
multiaxial dynamic testing machine MTS Bionix, 
equipped with testing system for hip implants 
– Figure 2.  

Instron® device – Figure 1(a) simulates 
fatigue loading of a hip cemented stem during 
a gait cycle. Device consists of a support made 
of a composite femur model from Sawbones® 
transparent plastic with intramedullary 
channel, in which the prosthetic stem is 
cemented. It has a low friction loading head, 
incorporating a low friction bearing and an 
adapter for mounting to the system loading 
cell – Figure 1(b). This device is mounted in a 
sealed saline chamber, which contains a NaCl 
high concentration solution (~ 0.2 M) at a 
temperature of 38 0C. The ensemble has a 
temperature regulator and a circulation pump 
for in vivo testing. The flexible support for 
prosthetic stem allows a wide variety of hip 

geometries, offset angles, materials and 
embedding depths to be used. The device 
applies compression, bending and torsion to 
meet the ISO 7206-4 requirements. 

 
(a) 

 

 
(b) 

Figure 1. (a) Instron® fatigue test device for the 
femoral stem cemented fixation of the total hip 

prosthesis, and (b) Instron® testing system scheme 
for prosthetic stem fatigue fixture  

Loading compression through the loading 
head makes the femoral stem specimen to be 
subjected to loads and frequencies as specified 
in ISO 7206-8. The test ends either when the 
sample does not fail after 2000000 cycles, or 
when it has reached a predetermined number 
of cycles. In the case of this research, the test 
was stopped at 2450000 cycles, when indices 
of fretting appeared. Test fluid medium used 
was NaCl mixed with distilled water and 
testing frequency was 10 Hz. 

MTS Bionix servo-hydraulic multiaxial 
dynamic testing machine (Figure 2) allows 
triaxial testing of hip implants and in 
tribological terms [11]. 
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Figure 2. MTS Bionix servo-hydraulic multiaxial 

dynamic testing machine, equipped with system 
for testing the hip implants 

MTS Bionix system is equipped with three 
rotating motors for inner-outer rotation (IOR), 
flexion-extension (FE) and abduction-
adduction (AA) movements and with three 
displacement transducers, one for each type 
of movement. In addition, it has a transducer 
for the moment of torsion, with two 
Wheatstone decks, one for measuring linear 
force and the other to measure the torsion 
moment. The moment transducer is of 
resistive type and it is coupled with a current 
converter type 662 20 h-04, to process 
received signals from each Wheatstone deck.  

The test machine allowed setting number of 
cycles, the amount of the normal force on the 

joint implant (the force F that has a pulsating 
form), the lower and upper limits of the 
angular displacement of each rotation, as well 
as the law of motion for each type of rotation 
according to ISO 14242-3. 

Appropriate fitting of the sample was 
verified before the time of the test. It has been 
adjusted at the pump pressure value of 210 
bar, the controller and the application "Station 
Manager" were started, by which were made 
relations to the system calibration settings and 
adjusted. After that, zero settings had been 
done. After the command – response 
adjustments, the output values for each axis 
(axial, torsion, FE, AA, IOR) have zeroed. 

 
3. EXPERIMENTAL RESULTS AND DISCUSSION  

 
Through the "ELITE" software the vertical 

push force and the displacement angles were 
set: FE, AA, IOR, according to ISO 14242 
upgraded in 2014, which sets the parameters 
for orthopaedic implants testing, of the limits 
1 and 2. 

Values in Table 3 show the force, its 
maximum amount being 3 kN. The sign is 
negative because it is a compression force (the 
negative sense of the z axis).  

Values for abduction-adduction, inner-
outer rotation and flexion-extension angles 
are presented in Tables 4, 5 and 6. 

Table 3. Values for the axial force of pressing  

(1) Channel: Axial; Force measurement (kN) 
Time (sec.) Segment count Wave 1 Limit (kN) 2 Limit (kN) 

0.0005 10000 Sinus -0.3000 -0.3000 
0.1195 10000 Sinus -3.0000 -1.5000 
0.2000 10000 Sinus -1.5000 -0.3000 
0.1800 10000 Sinus -3.0000 -0.3000 
0.1200 10000 Sinus -3.0000 -0.3000 
0.3800 10000 Sinus -0.3000 -0.3000 

Table 4. Values for Abduction-Adduction angle, according to ISO 14242 

(1) Channel: Axial; Force measurement (kN) 
Time (sec.) Segment count Wave 1 Limit (kN) 2 Limit (kN) 

0.0005 1.0000 Sinus -3.0000 7.0000 
0.1195 1.0000 Sinus 7.0000 -4.0000 
0.2000 1.0000 Sinus -4.0000 3.0000 
0.3800 1.0000 Sinus 3.0000 3.0000 
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Table 5. Values for Inner–Outer Rotation angle, according to ISO 14242 

(1) Channel: Axial; Force measurement (kN) 
Time (sec.) Segment count Wave 1 Limit (kN) 2 Limit (kN) 

0.0005 1.0000 Sinus -10.0000 2.0000 
0.5000 1.0000 Sinus 2.0000 -10.0000 
0.4995 1.0000 Sinus -10.0000 -10.0000 

Table 6. Values for Flexion-Extension angle, according to ISO 14242 

(1) Channel: Axial; Force measurement (kN) 
Time (sec.) Segment count Wave 1 Limit (kN) 2 Limit (kN) 

0.0005 1.0000 Sinus 25.0000 -18.0000 
0.5000 1.0000 Sinus -18.0000 25.0000 
0.4995 1.0000 Sinus 25.0000 25.0000 

 
After entering values for force and angle of 

movement in FE, AA, IOR, it was set the 
number of test cycles to 2000000 cycles. 

For MTS Bionix system calibration, the 
prosthesis was subjected to simultaneous 
requests of FE, AA and IOR during a cycle and  

 
was considered a time of 5 seconds, where 
human subject achieves 5 complete cycles. In 
Figure 3 are shown the graphs of vertical 
contact force: the answer come from the force 
transducer is represented by the red colour 
and blue is the command set. 

 
  (a) 

 
(b) 

Figure 3. Time graph of the vertical contact force, command-response (blue-red) when testing the 
cemented prosthesis (a) and (b) a cementless prosthesis (press-fitted stem) 

In time graph of the vertical contact force 
and angular displacement of the flexion-
extension (Figure 4) is presented for a 

cemented prosthesis (a) and (b) a cementless 
prosthesis. At the same time, the graph of the 
vertical contact force and angular 

622 15th International Conference on Tribology – Serbiatrib ‘17



 

displacement of the abduction-adduction 
(Figure 5) is presented when testing the 
cemented prosthesis (a) and (b) a cementless 
prosthesis. 

In Figure 6 is presented the graph of normal 
force and angular displacement in inner-outer 
rotation (a) when testing the cemented 
prosthesis and (b) cementless prosthesis. 

 

 
(a) 

 
(b) 

Figure 4. In time graph of the vertical contact force and angular displacement of the flexion-extension when 
testing the cemented prosthesis (a) and (b) a cementless prosthesis 

 
(a) 
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(b) 

Figure 5. In time graph of the vertical contact force and angular displacement of abduction-adduction when 
testing (a) the cemented prosthesis and (b) a cementless prosthesis 

 
(a) 

   (b)   

Figure 6. In time graph of the vertical contact force and angular displacement of inner-outer rotation when 
testing (a) the cemented prosthesis and (b) a cementless prosthesis 

It can be seen as a function of time graph of 
the vertical contact force and angular 
displacement command-response when 

testing the cemented prosthesis and 
cementless prosthesis, is very similar for both 
AA, FE, IOR.   
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Representations of Figures 7 and 8 are very 
important because they show comparatively the 
in time variation graph of vertical contact force 
(blue) and in time variation graph of the friction 
torque (red) of cemented stem and cementless 
stem. These records were made at 2450000 
cycles, when limits of the torque range became 
larger and more variable, showing that friction 
between the femoral head and the acetabular 
cup became bigger, obviously not due to wear, 

because the wear occurs after millions of cycles. 
To illustrate this, Figures 7 and 8 show three 
records for each stem.  

Figure 7 presents the graph of the vertical 
contact force and the friction torque, for the 
cemented stem testing. 

Figure 8 shows the graph of the vertical 
contact force and of the friction torque, at the 
cementless stem testing. 

 
(a) 

 
(b) 

 
(c) 

Figure 7. In time graph of vertical contact force (blue) and of the friction torque (red), at the cemented 
stem testing 
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(a) 

 
(b) 

 
(c) 

Figure 8. In time graph of vertical contact force (blue) and of the friction torque (red), at the cementless 
stem testing 

 

In these graphs, the minimum and 
maximum values of the magnitudes variation 
represented can be observed. These values are 
marked on the x axis with A and B points.  

The joint of the hip implant presented in 
Figure 1(b) is a spherical joint with 3 degrees 
of freedom, which represents the three 

rotations around the coordinate axes (ωx, ωy, 
ωz) – Figure 9. 

 

Translational constraints on the 3 
coordinate axes are materializing by forces Wx, 
Wy, Wz. The friction moment in a spherical 
joint is given by the relationship:  
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Mf = µRW   (1) 

where: Mf is torsional moment of friction, μ is 
friction coefficient, R is the joint radius (in the 
case of the femoral head of 28 mm, R = 14 mm 
= 0.014 m), W is the resultant of forces Wx, Wy,  
Wz from joint (mean the normal contact force 
on the joint), whose values have been set to 
minimum 0.3 kN and maximum 3 kN.  

 

Figure 9. Degrees of freedom of rotation and 
translational movement restrictions imposed by 

the spherical joint in Figure 1(b) 

On the basis of the presented graphs, 
Tables 7 and 8 summarize the values of friction 

torque recorded and of the calculated mean 
friction coefficient in testing of the cemented 
stem of the hip prosthesis, compared to 
cementless hip implant testing, at 2450000 
cycles. 

It appears that when testing the cemented 
stem the medium value of global friction 
coefficient (μ = 0.0147) is less than in the 
cementless implant (μ = 0.0253).  

The relatively high difference between the 
maximum and minimum value of friction 
torque, and the visual observation of 
prosthesis functioning by transparent support 
fixing it, appeared to be a sign of the fretting 
wear manifestation. The testing was stopped 
when this difference occurred, at 2450000 
cycles, and the prosthesis has been removed 
from Instron® device.  

Stem prosthesis was easily extracted from 
the composite bone support, after some left-
right movements, together with much of the 
PMMA cement mantle. Figure 10 shows 
images of both sides of the cemented stem 
prosthesis with a part of cement mantle, 
extracted after 2450000 cycles, from Instron® 
device. 

Table 7. Values of friction torque and calculated friction coefficient for cemented stem 

Graph Point W (kN) M (kNmm) μ 

Fig. 7(a) A 0.3 0.1 0.0238 
B 3 0.3 0.0072 

Fig. 7(b) A 0.3 0.05 0.0119 
B 3 0.6 0.0143 

Fig. 7(c) A 0.3 0.1 0.0238 
B 3 0.3 0.0072 

Average value of the mean friction coefficient 0.0147 

Table 8. Values of friction torque and calculated friction coefficient for cementless stem 

Graph Point W (kN) M (kNmm) μ 

Fig. 8(a) A 0.3 0.1 0.0238 
B 3 0.7 0.0167 

Fig. 8(b) A 0.3 0.1 0.0238 
B 3 0.5 0.0119 

Fig. 8(c) A 0.3 0.1 0.0715 
B 3 0.5 0.036 

Average value of the mean friction coefficient 0.0253 
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Figure 10. The sides of the cemented stem 
prosthesis together with a part of the cement 

mantle, extracted after 2450000 cycles of fatigue 
test, from Instron® device 

PMMA cement mantle was carefully 
removed from the femoral stem to preserve as 
much as possible its integrity. The stem and 
PMMA mantle were separately optically 
inspected and photographed. 

Obvious corrosion of the femoral stem 
surface beneath the cement mantle, and 
reddish Fe2O3 deposits on the femoral stem 
surface and, by transfer, on the inner part of 
the PMMA mantle were observed. These are 
due to fretting corrosion.  

In Figure 11 are shown photographic images 
of contact sides of the Ti6Al4V femoral stem and 
of the PMMA mantle, after fretting experiment. 

  
(a)                                    (b) 

Figure 11. Contact sides appearance of cemented 
stem (a) and cement mantle (b), extracted after 

2450000 cycles of fatigue test, from Instron® device 

The recovered Ti6Al4V stem and interior 
cement mantle were further inspected by 
optical microscopy, hoping to identify specific 
cracks of fretting fatigue. The inspection 
proved to be very difficult due to the shape 
with grooves of the femoral stem and in 
replica, of the inner surface of the PMMA 
mantle. In this situation it could not be used 
only a Mini Handheld Digital Microscope 
CELESTON® #44302, with 15-30x magnification. 
Despite these difficult conditions, very 
interesting images (Figure 12) of the femoral 
stem surface after fretting experiment were 
recorded. They emphasize the existence of 
some obvious cracks on the stem surface – 
Figure 12(a) and of a PMMA thin interface on 
the stem surface – Figure 12(b). 

  
(a)                                    (b) 

Figure 12. (a) Optical image of the femoral stem 
surface after fretting experiment and (b) an x30 

image of a core of fretting corrosion cracks 

  
(a)                                        (b) 

Figure 13. Microscopic images (x30) of the stem – 
cement mantle interface after the fretting fatigue 

test 
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The interface seems to have acted as a 
replica film, which shows the cracks that 
appear to be due to internal forces induced by 
fretting in the stem material. Fretting stress 
imposes to a localized volume under the 
surface, very complex and non-proportional 
triaxial fatigue stresses. Images in Figures 13 
indicate that the prone gradient of the fretting 
effort allows the crack to propagate to the 
surface, slowing or stopping its spread in 
depth. 

Also, Figure 12(b) and Figure 13 suggest 
that growth of fretting cracks seems to be 
trans-granular and this observation suggests 
that cracks growth can be influenced by the 
crystallographic structure of the stem’s 
material. This observation is consistent with 
studies of D. B. Garcia and A. F. Grandt Jr. [12]. 

 
4. CONCLUSION 
 

Fretting behaviour of the cemented femoral 
stem fixation of a Ti6Al4V/ UHMWPE total hip 
prosthesis was studied, trying to capture the 
loss of contact between the femoral stem 
made of Ti6Al4V alloy and PMMA cement 
fixation. To have a landmark, the studies were 
performed comparatively with cementless 
fixation, where no fretting phenomenon 
occurs. The study was done on real prostheses, 
under biological 3D loading and motion 
conditions.  

It was used a Instron® device for fatigue 
testing of the femoral stem cemented fixation 
of the total hip prosthesis, installed on a MTS 
Bionix servo-hydraulic triaxial dynamic testing 
machine. It allowed both monitoring the 
flexion-extension, abduction-adduction and 
inner-outer rotation movements, and the 
variation of the torsional torque, depending on 
normal loading.  

Ti6Al4V alloy was immersed in a solution 
having a high concentration of NaCl (~ 0.2 M) 
at a temperature of 38 0C.  

Because of the significant difference in 
mechanical properties (Young's modulus, with 
a ratio of 90 between Ti6Al4V and PMMA) 
shielding stress occurs. This physical 
phenomenon can be explained by the fact that 

the metallic material and polymer do not 
present the same deformation under the 
applied stress, leading to unsoldering between 
the metal and cement. Therefore, the 
adhesion between metal and polymer loses 
after a short period. This unsoldering involves 
the fretting and subsequent friction between 
materials in contact. Thereafter, Ti6Al4V and 
the bone cement are subjected to small 
displacements, friction loadings in a corrosive 
environment, resulting in fretting corrosion. 
Consequently, the wear between the bone 
cement and Ti6Al4V alloy occurs, involving the 
generation of debris.  

After the failure of stem fixation of 
cemented prosthesis at 2450000 cycles, it was 
visually inspected, photographic records were 
made, whereupon the mantle of bone cement 
remaining adherent on the femoral stem was 
removed. Visual and microscopic inspection of 
the femoral stem and of the inner part of the 
PMMA mantle demonstrated the existence of 
obvious corrosion of the femoral stem surface 
beneath the cement mantle, Fe2O3 deposits on 
the femoral stem surface and on the inner part 
of the PMMA mantle. 
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Abstract: Biomechanics of human walking has a lot of applications in science, sport, medicine and everyday 
life. It is very useful to know which forces exist and how they act between human body (foots, knees, hips, 
muscles) and ground (floors, walkways, sport terrains). Friction in contact between shoe sole and floor is 
necessarz for human walking. Friction force has variable influence on human body and it depends on floor 
surface, kinematics of human walking, shoes sole etc. Some floor conditions need the human walking with 
shorter steps, lower speed, shoes with special sole tread etc. According to floor surface, shoes sole materials 
and their conditions man should adapt step length and angle reaching between legs and ground for specific 
case. This paper presents some of the research in that manner. 
 
Keywords: biomechanics, human walking, friction, footwear, floor, slip resistance. 

 
 
1. INTRODUCTION 
 

Research on biomechanics of human 
locomotion have a wide range of applications 
in medicine, sports, ergonomics, science, etc. 
These studies are refered to forces acting 
between the earth and the human body. 
These forces can be recorded by measuring or 
can be determined using a simulation 
computer model. In this way, one can 
determine the joint reaction forces, torque in 
the joints (hips, knees, ankles) and friction 
forces. 
 
2. THE LOAD OF THE HUMAN BODY IN 

WALKING CONDITION 
 

In standing condition, on human body is 
subjected to force usually called normal force. 
It is ground reaction force and it acts in vertical 
direction. 

When human starts to walk or run, more 
forces occur. One of them is an friction force 
which is necessary for walking/running. 

 
Figure 1. Ground reaction forces [1] 

The vertical force is marked with G and 
friction force marked with F (Figure 1). Force 
shown with G is smaller then force while 
standing. Vertical force in standing condition is 
less than force G (while walking or running) 
because standing force has to balance only the 
human weight. In walking or running condition 
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force G is 1.5 up to 2.9 times greater than 
force in standing condition [1]. 

Friction force F acts opposite to the 
direction of movement, which means that foot 
is pushing forward in start of stance phase. At 
the end of step, that is in swing phase, foot 
pushing backwards and friction force acts in 
the direction of movement. In both cases, 
friction force prevents slipping. 

In the human running, increase of speed, 
stride length and frequency of movement of 
the legs is greater than in walking. Both legs 
rotate as someone runs and the centre of 
gravity of the body also moves up and down 
for a few cm during the each step in both 
conditions, walking and running.  

Shoes should provide better friction 
characteristics in contact with floor and absorb 
these forces. 
 
3. HUMAN WALKING PHASES 
  

In biomechanics one can notice the 
following division of moving: translation and 
rotation. 

Also, moving can be divided to basic 
movement and combined movement. Another 
important movement types are cyclic and 
noncyclical movement. Typical cyclic 
movement are walking and running. 

 
Figure 2. Human walking phases 

If the walking of one leg is observed, the 
following phases are indentified: stance and 
swing. In the phase of stance, foot is on the 
ground and gives support to the body (Figure 
2). In the swing phase foot is in the air. 
 Every phase has two periods: 1a period of 
front stance, 1b period of back stance, 2a 
period of back swing and 2b period of front 
swing. If the walk cycle is observed from the 

top plane, one can see that walk have length 
and width (Figure 3)[2]. 

 
Figure 3. Length and width of step [2] 

Tables 1 and 2 show average values of step 
parameters (time and space). These values are 
obtained with measuring in special laboratories 
for kinematic research of walking [2]. 

Table 1. Average values of step time parameters 
[2] 

Time parameters Average values 
Cycle time (ms) 900 
Stance phase (%cycle) 59 
Swing phase (%cycle) 41 
Frequency (steps/min) 134 

Table 1. Average values of step space 
parameters[2] 

Space parameters Average values 
Step length (mm) 530 
Two step length (mm) 1060 
Step width (mm) 110 
Speed (m/s) 1.17 

 
Figure 4. Reaction forces and components [2] 

Beside kinematic analysis, for fundamental 
study of human walking the kinetic analysis is 
also necessary. Kinetic analysis gives the 
values of forces and moments which act on 
the human body and inverse (on the ground). 
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Reaction force acts with same intensity in 
opposite direction relative to the force which 
acts on the ground by human (Figure 4). 

Vertical force component Fz rises rapidly 
when heel strike the ground (to 120% of body 
mass). When foot is on the ground with whole 
surface, the reaction force falls to 80% of body 
mass and raises again in phase of back stance. 
When foot leaves the ground the reaction 
force falls to zero because there is no contact 
between foot and ground. Fy force component 
acts backward during phase of front stance 
(opposite of movement direction) and this 
force decrease body speed. When whole foot 
is on the ground, force Fz decreases and raises 
again during start phase of back stance and 
then acts in the movement direction and 
increases body speed. In straight line walking 
force Fx can be eliminated because its value is 
only 10% of body mass [2]. 

 
4. SPEED INFLUENCE ON KINEMATIC AND 

KINETIC OF WALKING 
 
In walking process, phase stance is longer 

than phase of swing and when one leg is on 
the ground other is in the air. In human 
running, speed increases and in one part of 
step both legs can be without contact with the 
ground. When speed increases in walking, 
there are changes in kinematic and kinetic 
characteristics. Phase of stance is shorter and 
when falls below 50% it means that running is 
started. Speed change in walking and in 
running is possible in two ways: frequency 
increase and step length increase. Measuring 
data shows that frequency and step length 
increase proportionally [2]. 

Figure 5 shows the changes of the step 
length depending on the speed. 

This means that speed of walking is 
changing proportionally with changing of step 
frequency and length. 

With speed increase there is a change in 
rotation angles in hips, knees, ankles and 
pelvis. Amplitudes of angles are greater and 
walking cycle is shorter. If movement is 
shorter, angle, speeds and accelerations in 
every joint is greater. 

 
Figure 5. Step frequency depend on speed [2] 

Speed change has influence not only on 
kinematic but also on kinetic, ie dynamic in 
walking. Ground reaction forces are greater, 
especially vertical Fz. With speed increasing, 
phase of stance is shorter, speed increase and 
forces are greater. 

 

 
Figure 6. Reaction forces Fz and Fy in stance phase 

[2] 

 
Figure 7. Force components between leg and 

ground 
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Friction force has to be always greater than 
horizontal component Fy in order to prevent 
slips and falls. Relationship between friction 
coefficient and angle is expressed as µ≥tan θ 
(θ is angle between leg axis and vertical line as 
shown in Figure 7) [5]. With smaller friction 
coefficient θ angle have to be smaller, which 
means that human have to walk with shorter 
steps.  

For example, if friction coefficient between 
shoes and ice is 0.18; safe angle of walking is 
less than 10 degrees. If human leg is one 
meter in length, than safe step length should 
be about 0,35 m . Angles of joint rotation are 
also smaller in that situation. That's 
explanation why some animals, like penguins 
or other, walk with very short steps on ice and 
slippery surfaces. If friction coefficient is 0,6 
(shoes on wet concrete), safe angle of walking 
is bigger, about 30 degrees. In that case, steps 
can be longer (about 1.1 m). 
 
5. EXPERIMENTAL RESEARCH OF FRICTION 

COEFFICIENT 
 

The determination of the friction coefficient 
was performed on a test stand specially 
designed for that purpose. The asynchronous 
motor drives the screw shaft which rotation 
moves the ball screw nut along the shaft, 
together with plate which carries the force 
transducer. The plate is supported on the 
opposite end by a linear ball bearing which 
moves along the linear guide. The force 
transducer pulls the 11 kg slider which carries 
the sole samples and moves across the floor 
sample. The motor rpm is precisely controlled 
in a feedback loop by a frequency inverter 
connected to incremental encoder which 
measures the motor rpm. The HBM S2 (100 N) 
force transducer is connected to a 24-bit NI 
cDAQ acquisition device which samples the 
force data at 50 Hz rate. Scheme of measuring 
equipment is present on Figure 8. 

The described setup enables the 
measurement of friction force which resists 
the slider motion across the floor sample at 
different sliding speeds, as well as 
determination of static friction force which can 

be determined when the slider is pulled from a 
stand still position. The sole and floor samples 
are easily changeable and the setup enables 
the measurement of friction force in dry and 
lubricated conditions. 3 D model of test 
equipment is presented on Figure 9 and fhoto 
on Figure 10 . 

 

 
Figure 8. Scheme of measuring equipment 

 
Figure 9. Measuring equipment 3d model 

 
Figure 10. Measuring equipment 

Dimensions of shoes rubber and leather 
testing samples were 10 x 40 mm with 6 mm 
height. Samples were cut from shoe soles. 
Floor samples were plates of laminate, ceramic 
tiles and vinyl. Sliding distance was  
500-800 mm and velocities 2, 10, 50 and 250 
mm/s were used in the experimental 
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investigation. Samples was prepared with sand 
paper and cleaned. 

There was a lot of measuring data, different 
combination of soles and floors samples, 
condition (dry and wet) with repetitions. 
Figures 11 and 12 show recorded friction 
forces for two combinations (leather sole-
laminate and rubber sole-ceramic tile). In both 
cases the measurements were performed in 
lubricated with water (wet conditions). In first 
case, static friction force raises over 100 N and 
than falls to kinetic force of 70 N. 

 
Figure 11. Friction force for leather sole and 

laminate floor (wet) 

 
Figure 12. Friction force for rubber sole and 

ceramic tile (wet) 

 
Figure 13. Static and kinetic friction coefficient for 

leather sole and laminate floor (wet) 

For example with rubber sole and ceramic 
tile (wet conditions) static friction force raises 
up to 35 N and falls to kinetic friction force to 
30-32N. One can see that difference between 
static and kinetic friction force is a lot higher in 
the first case. 

Figure 13 shows friction coefficient in 
sliding between leather sole and laminate 
floor for wet conditions. Static friction 
coefficient raises up to 0,9 and than falls to 
kinetic coefficient of about 0,6. 

Table 1. Average values of friction coefficient for 
leather and different floor coverings (dry and wet) 

 
The Table 1 gives an overview of fricton 

coefficient values for leather sole samples in 
different experimental cases. One can see 
that there is a wide range of friction 
coefficient values for same sole material and 
different floors, as well as for dry/wet 
conditions. Lowest average static coefficient 
value is for ceramic tile on dry 0,34 and the 
biggest for vinyl on wet 0,82. The same case 
is for kinetic friction coefficient with values 
0,24 and 0,50. 
 
6. CONCLUSION  
 

It is very important to know biomechanics 
of human walking for better understanding 
and research on friction between shoes and 
floors. With biomechanics one can understand 
how forces act on body (hips, knees, ankles) 
and reverse. There are a lot of parameters 
which have influence on friction force: speed 
of walking, leg angles, body mass, step length, 
frequency etc. With better knowing of this 
parameters, one can make better and more 
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precise model for investigation of friction 
between shoes and sole.  

Measuring data show that for the same 
shoe sample there are a wide range of 
friction coefficients values for different 
floors and conditions. That means there are 
no unique materials of sole for all floor 
surfaces and all conditions. According 
presented research, one aspect for slip and 
fall prevention can be to warn  humans to 
walk with shorter steps, less speed or lower 
frequency with different enviromental 
situations. Humans already do that 
unconsciously, but maybe it is good to make 
some warnings (not only wet floor, or 
slippery cautions) for walking on risky 
floors. 
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Abstract: In the present study, the surface of commercial pure (Grade 2) titanium was coated with 
electroless Ni–B. The surface morphology, microstructure and phase identification were analysed by X-Ray 
Diffraction (XRD) and Field Emission Gun Scanning Electron Microscope (FEG-SEM) equipped with Energy 
Dispersive X-ray Spectroscopy (EDS). The tribocorrosion performance in a laboratory simulated artificial 
saliva was investigated using a reciprocating ball-on-plate tribometer coupled to an electrochemical cell. 
The antibacterial property of the electroless Ni–B film coated on pure titanium was basically investigated. 
From this study, it may be concluded that this electroless Ni–B coating process cannot only improve the 
hardness and tribocorrosion performance of the pure titanium, but can also provide antimicrobial activity. 
 
Keywords: Antibacterial, electroless Ni-B coating, titanium alloy, triborocorrosion. 

 
1. INTRODUCTION 

 
Titanium (Ti) and its alloys have become 

one of the most attractive biomaterials thanks 
to their remarkable mechanical and corrosion 
resistance properties, as well as 
biocompatibility. However, the formation of a 
bacterial surface biofilm, compromised 
immunity at the implant/tissue interface and 
poor tribological performance may lead to 
persistent infections on and around corrosion 
resistant Ti biomaterials used in corrosive 
environments [1, 2]. Thus, numerous 
strategies focusing on the surface modification 

of Ti alloys have been employed to render 
them protection from both wear, corrosion 
and even tribocorrosion [3 - 5]. The strategies 
include physical vapour deposition [6], thermal 
spray [6, 7], ion or laser nitriding [8 - 10], 
thermal oxidation [11, 12], micro-arc oxidation 
[13 - 15], diffusion [16] and anodic oxidation 
treatments [17]. On the other hand, the 
antibacterial properties are also necessary for 
Ti implant when exposed to the living tissue 
[18]. To add biofunction to Ti alloys, a process 
that changes a material’s surface composition, 
structure, and morphology, leaving the bulk 
mechanical properties intact is necessary. 
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Antimicrobial, hard, wear and corrosion 
resistant surfaces reduce infection 
complications to prolong the useful life of 
dental and orthopedic implant materials. By 
doing so, surface engineered Ti implants could 
be able to withstand corrosive environment 
while simultaneously offering an improved 
wear protection and antibacterial activity. To 
achieve the desired results, electroless Ni-B 
coatings are good candidates to use in a 
variety of industrial applications for the 
following reasons: their unique properties, 
such as high hardness, low wear, lubricity, 
uniform thickness, good ductility, excellent 
solderability and antibacterial activity [19]. The 
aim of the present study is to investigate the 
effect of electroless Ni–B coating on the 
structural, tribocorrosion and antibacterial 
properties of commercial pure Ti (CP-Ti), which 
has not been reported yet. 
 
2. EXPERIMENTAL METHODS  

 
The CP-Ti (Grade 2) having a dimension of 

20 × 20 × 1 mm3 was used as the substrate 
material. Before deposition, the surface of the 
CP-Ti samples was degreased with acetone, 
and rinsed with distilled water, and picked in 
6 % HF for 1 min at room temperature and 
then washed thoroughly with distilled water 
and dried in air. The chemical composition and 
operation conditions of the electroless Ni-B 
solution are reported in Table 1. 

Table 1. Bath composition and operation 
conditions. 

Composition Ni-B 

Nickel chloride 20 g L-1 
Sodium hydroxide 90 g L-1 
Sodium borohydride 1 g L-1 
Tallium nitrate 0.11 g L-1 
Ethylendiamine 100 ml L-1 
Bath temperature 90 C 
pH of solution  12 

 
The surface and cross-section morphologies 

of the Ni-B coated CP-Ti were examined by 
Field Emission Gun Scanning Electron 
Microscope (FEG-SEM) equipped with Energy 
Dispersive X-ray Spectroscopy (EDS) and Nikon 

Eclipse LV150 Light Optic Microscope (LOM), 
respectively. The phase constituents of the 
untreated CP-Ti and the Ni-B coated CP-Ti 
were determined by X-ray diffraction (XRD) 
using CuKα radiation with a Panalytical 
Empyrean diffractometer. The cross-sectional 
hardness measurement was accomplished 
using Knoop diamond indentation under a 10 g 
load for a period of 15 seconds. The obtained 
results were the average of five measurements. 

Tribocorrosion experiments were conducted 
in a triboelectrochemical cell containing 25 ml 
of simulated artificial saliva (SAS) installed on a 
linear reciprocating ball-on-flat tribometer with 
the working surface of the testing samples 
facing upwards against the counter material (10 
mm diameter Al2O3 ball). Reciprocating sliding 
tests were carried out under Open Circuit 
Potential (OCP) conditions. OCP was monitored 
before, during and after reciprocation sliding 
contact with the Al2O3 ball. A potentiostat was 
used to record the potential between the 
testing sample and the reference electrode 
during tribocorrosion tests. The tribocorrosion 
tests consisted of the three steps: (1) 
stabilization of the system under the OCP for 
600 s (in absence of sliding) to achieve a stable 
passive surface; (2) sliding under the OCP for 
2700 s; (3) re-stabilization of the system under 
OCP (after sliding was stopped) for 600 s. The 
sliding started in a reciprocating system with 
total stroke length of 10 mm, sliding speed of 
1.7 cm s-1, normal load of 5 N and total sliding 
distance of 50 m. During the test, sample 
surface with an area of 1.5 cm2 was exposed to 
the corrosive electrolyte. After tribocorrosion 
tests, the wear scars and Al2O3 balls were 
cleaned following the same cleaning procedure 
applied before testing and the contact surfaces 
of wear scars and Al2O3 balls were examined by 
SEM and LOM, respectively. Total material loss 
rates were determined by measuring the 2-D 
cross-sectional area profile of the wear scars (in 
three locations) by using a contact profilometer 
(Mitutoyo Surtest SJ-400) and converting this to 
a wear volume by taking account of the scar 
length. By the end of the OCP tribocorrosion 
tests, optical densities of SAS solution were 
measured using a UV-Spectrophotometer. 
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Freshly prepared SAS was analysed as the 
reference to evaluate the optical densities of 
solutions. After the spectrophotometric 
measurement of freshly prepared SAS solution 
by using fix visible light (wave length: 250 nm), 
the data obtained was automatically adjusted 
to zero in order to determine the optical 
densities of the SAS solutions utilized in the 
OCP tribocorrosion tests. 

The antibacterial activity of electroless Ni–B 
coating on a CP-Ti substrate was determined 
using Escherichia coli O157:H7 (E. coli, Gram 
negative) by a disc diffusion method on 
nutrient agar medium. The untreated CP-Ti 
was used as a control. Bacterial suspensions 
(108 colony forming units/mL final cell 
concentrations) were poured into Petri dishes 
(9 cm) from flasks containing 25 mL sterile 
nutrient agar. Then the bacteria were evenly 
distributed over agar surface by a sterile bent. 
In this way, the large part of the bacteria was 
on the growth medium for cultivation. The 
inoculated plates were incubated aerobically 
at 37 C for E. coli for 24 h, and then testing 
results were assessed. By measuring the 
diameter of the circular shape around the 
samples, which is inhibition halo (technically 
known as a ‘‘plaque’’, or zone of inhibition), 
provided information about the sensitivity or 
resistance of the cultivated microorganism to 
the biocide coating. All of the tests were done 
in triplicates. 

 
3. RESULTS AND DISCUSSION 

 

Figure 1 a, b displays the morphological and 
cross-sectional micrographs of the deposited 
electroless Ni–B coating on the CP-Ti substrate, 
respectively. The result of Fig. 1 a, b signs a 
columnar morphology without porosity and 
cracks, with a typical cauliflower-like surface 
texture. In fact this kind of surface morphology is 
responsible for the lubricious characteristics of 
the Ni-B coatings [19, 20]. It is evident that a 
deposit close to 15 μm is achieved at the CP-Ti 
substrate surface and the nickel agglomerates 
are distributed randomly in it. As is obvious in 
this figure, a desirable adhesion was established 
between the Ni-B coating and CP-Ti substrate. 

 

 
Figure 1. (a) Morphological and (b) cross-

sectional micrographs of the electroless Ni–B 
coating. 

 
 

 
Figure 2. EDS spectra and analysis results. 
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Figure 2 shows the EDS spectra of the Ni-B 
coated CP-Ti. Quantitative elemental analysis 
of the coating indicates that the amount of 
boron is between 4 to 7 wt.%. Some 
researchers [21] have noted that boron 
content of electroless Ni–B coatings ranges 
almost from 1 to 10 wt. %, and the electroless 
Ni–B coating is amorphous for boron content 
higher than 5 wt. % [22, 23], as suggested by 
XRD data (Fig. 3). 

 

 
Figure 3. XRD patterns of the untreated CP-Ti and 

Ni-B coated CP-Ti. 

The XRD patterns of the untreated CP-Ti and 
Ni-B coated CP-Ti are given in Fig. 3. As 
expected, the untreated CP-Ti is entirely 
composed of hexagonal -phase (denoted as 
‘‘Ti’’ in Fig. 3). On the other hand, the XRD 
pattern in Fig. 3 indicates the formation of Ni–B 
deposit in amorphous phase on the surface of 
CP-Ti, which is observed with the development 
of a single broad peak around 45which 
corresponding to Ni (111). The predominance 
of peak pertaining to amorphous phase with a 
corresponding absence in the intensity of the 
peaks pertaining to -Ti confirms the formation 
of a thick (15 m) and homogeneous Ni-B 
layer (Fig. 1 b), which would otherwise exhibit 
-Ti as the predominant peak in the XRD 
pattern. In terms of Knoop microhardness, the 
formation of Ni-B film on the CP-Ti enables a 
significant improvement in cross-section 
hardness due to the presence of boron in the 
interstitial solid solution. Almost a three-fold 
increase in microhardness from 279 ± 11 to 818 
± 61 HK0.01 is observed for CP-Ti after 
electroless Ni-B coating. 

The tribocorrosion tests were performed at 
OCP conditions and the evolution of the 

potential as a function of time is shown in Fig. 4 
along with their corresponding friction curves. 
The change in OCP of the untreated CP-Ti and 
Ni-B coated CP-Ti was measured before, during 
and after the sliding motion. Before sliding, the 
OCP of both untreated CP-Ti and Ni-B coated 
CP-Ti was about -320 mV. During the sliding, it 
can be clearly seen for the Ni-B coated CP-Ti 
that an initial drop in the OCP values at the 
beginning of the test was observed and then 
the Ni-B coated CP-Ti presented relatively 
stable OCP values. This indicates that the 
coating was not destroyed during sliding, hence 
no changes in the OCP until the end of the test. 
In fact, the cross-section scans performed 
across each wear showed that the wear scar 
depth for the Ni-B coated CP-Ti was 9 μm (Fig. 
5). This clearly indicates that this coating was 
not fully penetrated. Therefore, the underlying 
CP-Ti substrate was neither exposed to the 
corrosive environment nor affected by plastic 
deformation. On the other hand, in case of the 
untreated CP-Ti, when sliding started, a sudden 
drop in the potential of 630 mV can be 
observed. The voltage drop indicates the 
destruction of the passive layer at the contact 
region [24, 25] suggesting an increase in 
susceptibility of the CP-Ti surface for corrosion, 
and therefore a need for surface protection. In 
this case, the wear scar depth of the untreated 
CP-Ti was found to be approximately 15 μm (Fig. 
5). It should be noted that the OCP stayed low 
during the sliding, constant at about -950 mV, 
together with high oscillations that are usually 
attributed to the repeated action of 
depassivation and repassivation of the 
untreated CP-Ti under sliding against an Al2O3 
ball [24, 25]. Furthermore, the OCP during the 
wear test for the Ni-B coated CP-Ti was higher 
than the OCP of the untreated CP-Ti, indicating 
that the Ni-B coating was effective in protecting 
the untreated CP-Ti from corrosion during 
sliding. After the sliding motion was stopped, 
the untreated CP-Ti presented a shift in the 
noble direction with respect to the OCP, 
suggesting a progressive repassivation of the 
wear scar area, whereas the OCP values of the 
Ni-B coated CP-Ti became stable near the 
values recorded before the sliding started.  
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Figure 4. The evolution of the (a) OCP and (b) 

friction coefficients recorded in-situ before, during 
and after sliding in SAS solution. 

 

 
Figure 5. Surface profiles across the wear scars 

of the untreated CP-Ti and Ni-B coated CP-Ti tested 
in SAS solution. 

The untreated CP-Ti exhibited the highest 
and most unstable friction coefficient (Fig. 4 b), 
confirming its already known poor tribological 
characteristic, and thus the need for surface 
protective treatment. On the other hand, it 
can be clearly seen that the Ni-B coated CP-Ti 
showed a lower and more stable friction 
coefficient in comparison to the untreated CP-
Ti substrate (Fig. 4 b). This could be attributed 
to the function of lubricant of the particles 

belonging to NiB coating with columnar 
structure under conditions of tribocorrosion 
(SAS solution). Accordingly, the Ni-B coated 
CP-Ti presented the low wear volume loss and 
the friction-reducing performance together 
with high amount of material transfer into the 
SAS solution (Table 2). 

Table 2. Tribocorrosion test results of the 
untreated CP-Ti and the Ni-B coated CP-Ti. 

Sample 
Average 
friction 

coefficient 

Wear 
volume loss 

(mm3) 

Optical 
density 
(a.u.) 

Untreated 
CP-Ti 

0.76 0.21 1.87 

Ni-B 
coated 
CP-Ti 

0.45 0.02 3.46 

The low and high magnification views of the 
wear scars developed on the samples and their 
corresponding testing balls are shown in Fig. 6. 
As can be seen in Fig. 6, the worn surface of 
the untreated CP-Ti exhibited obviously micro-
cutting, plowing grooves and plastic 
deformation, and the worn surface of Ni-B 
coated CP-Ti was narrow with a smooth and 
polished appearance. It can be found that the 
size of worn surfaces of the Al2O3 balls is also 
similar to the results in Table 2. Although the 
microhardness of the CP-Ti substrate was 
lower than that of Al2O3 ball, the CP-Ti had 
negative effects on the Al2O3 ball and the worn 
surface of the Al2O3 ball presented obvious 
plastic deformation, as shown in Fig. 6 a 
because the amount of soft untreated CP-Ti 
substrate transferred to the Al2O3 ball 
increased due to adhesion. Furthermore, the 
size of the worn surface of the Al2O3 ball in Fig. 
6 b is significantly smaller than other, because 
of the existence of the self-lubricating Ni-B. 

Antibacterial activity of the untreated CP-Ti 
and the Ni-B coated CP-Ti on agar plate was 
examined on the diameter of basic inhibition 
zone of E. coli, gram-negative bacteria, using 
disc diffusion technique. A zone of bacterial 
growth inhibition with a dimension of 30 mm 
was seen for the Ni–B coated CP-Ti, while 
growth inhibition was not observed for the 
untreated CP-Ti used as a control for 
comparative analysis (Fig. 7). 
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Figure 6. Low and high magnification SEM 

micrographs of wear scars generated on the (a) 
untreated CP-Ti, (b) Ni-B coated CP-Ti, and LOM 
images of their corresponding testing balls after 

tribocorrosion. 

 
Figure 7. The photograph of bacteria growth on 

culture plates after 24 h: the untreated CP-Ti and 
Ni-B coated CP-Ti samples. 

Thus, it appears that the Ni-B coated CP-Ti 
possess an excellent effectiveness in inhibition 
of bacterial growth comparing to the positive 
control. This could be attributed to the slight 
dissolving of Ni. It can be assumed that the 
release of Ni2+ from the Ni–B coating and its 
entry in bacterial cells can lead to a decrease 
of the bacterial growth. This mechanism has 
been proved for antibacterial activities of Ni–P 
coating [26]. 

 
4. CONCLUSIONS 

 
A simple and cost-effective method was 

employed to modify the surface of commercial 
CP-Ti alloy. The results are summarized as 
follows: 

 The surface modification on CP-Ti used 
as the substrate has been successfully 
carried out by electroless Ni–B 
deposition. XRD examination reveals 
that -Ti phase for untreated CP-Ti and 
amorphous phase for Ni-B coated CP-Ti 
were obtained. The EDS analysis 
confirms the presence of Ni and B in the 
deposited layer. The LOM and SEM 
analyses show typical Ni–B coating 
structure with primary forms of a typical 
cauliflower-like morphology.  

 Knoop microhardness of the modified 
surface reached 818 ± 61 HK0.01, which 
was extremely higher as compared with 
the hardness of the original CP-Ti 
substrate of 279 ± 11 HK0.01. 

 Under OCP tribocorrosion conditions, 
the Ni-B coated CP-Ti exhibited better 
tribocorrosion performance when 
compared to the untreated CP-Ti. This 
was attributed to their improved 
frictional characteristics, and low wear 
scars depth that coincided with the 
absence of oscillations in the OCP. 

 With an inhibition halo of 30 mm, the 
Ni–B coating exhibited a better biocidal 
effect on E. coli owing to less bacterial 
adhesion compared to the untreated CP-
Ti control sample. 
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Abstract: The purpose of this in vitro study was to investigate micro scratch behaviour of lithium disilicate 
glass ceramics (LDGC) - IPS e.max CAD, after glazing treatment. LDGC is one of most used all-ceramic dental 
system which provides high aesthetic quality and all patient requirements: function, biocompatibility and 
aesthetic. Micro-scratch test was performed with a progressive load of 0.01 to 30 N, which meant that the 
values of the normal force increased with the change of time. Rockwell C diamond cone was used as the 
indenter, of radius tip 100 µm. The aim of this study is to test the wear resistance of glazed lithium disilicate, 
to determine the thickness of the glaze and quantify the tribo-mechanical characteristics of the glazed layer. 
The obtained results are presented in the form of values of the critical loads (Lc), the friction coefficient (μ), 
the penetration depth (Pd) and the residual depth (Rd). 
 
Keywords: Micro Scratch Test, Lithium disilicate glass ceramic, Glazing tretments, Tribo-mechanical 
properties 

 
 
1. INTRODUCTION  
 

In recent years, glass ceramics has become 
very important and one of the most commonly 
used materials in prosthetics, solely due to its 
excellent aesthetic characteristics, good 
mechanical strength and durability of 
restorations. 

In 1991 the company Ivoclar Vivadent with 
IPS Empress System had the first breakthrough 
in the development of glass ceramics in 
aesthetic dentistry. Further development of 
glass ceramics was achieved in 1998 with the 
emergence of IPS Empress 2 system which was 
based on lithium disilicate [1]. The material is 
characterized by the high values of flexural 

strength and by the wide application in making 
restorations and bridges. A new advanced all-
ceramic system called IPS e.max has been 
developed (Ivoclar Vivadent, Liechtenstein), 
based on the idea that the future of all-
ceramic systems lies in the use of PRESS and 
CAD/CAM technology. It contains a superior 
aesthetic and high-resistant materials 
intended for the PRESS and CAD/CAM 
technology. IPS e.max system covers a wide 
range of indications of ceramic restorations in 
different zones of the load, combining a large 
flexural strength, aesthetics and ease of 
manufacture [2]. 

A large number of publications in the field 
of dentistry, and the fields that are close to it, 
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confirm the use of scratch test for a number of 
tribological testing of various biomaterials [3-
10]. The ability of scratch test is to 
mechanically characterize the surface layer of 
the material that is being tested and to 
quantify the parameters such as the friction 
and the adhesion forces. It is widely used 
during the testing of all types of thin coatings 
and films (thickness of 0.1 - 30 µm), which 
forms nowadays the essential tool for the 
research, development and quality control of 
the surface layers of materials.  

It is generally known that the scratch test is 
used to analyse all types of thin coatings and 
films. In aesthetic dentistry, the purpose of the 
glaze, as the form of the coating, is to reduce 
the porosity and surface roughness of the 
material itself and to improve the aesthetic 
appearance of restorations in the form of an 
aesthetic shine [11-15]. The important thing 
that must be emphasized is that the glaze with 
its presence on the surface layer of the 
ceramic does not improve the strength of the 
self-material [16]. 

The aim of this study is to test the wear 
resistance of glazed lithium disilicate, to 
determine the thickness of the glaze and 
quantify the tribo-mechanical characteristics 
of the glazed layer. The obtained results are 
presented in the form of values of the critical 
loads (Lc), the friction coefficient (μ), the 
penetration depth (Pd) and the residual 
depth (Rd).  

 
 
2. EXPERIMENTAL PROCEDURE 
 

MST Anton Paar micro-scratch tester, 
located at the Tribology center on the Faculty 
of Engineering in Kragujevac, was used to 
determine the tribo-mechanical characteristics 
of the glazed lithium disilicate (Figure 1). 

The working principle of micro-scratch 
device is shown in Figure 2. The indenter tip 
(Rockwell C diamond cone, radius of the tip 
100 µm) passes over the surface layer of the 
material with constant and progressive load, 
depending on the protocols defined in the 
software. The sample is fixed in the sample 

holder which is located on the anti-vibration 
table and moves at a constant speed on the X 
and Y axes. Normal force, penetration depth, 
acoustic emission and friction force are 
detected during the testing. Acoustic signal 
detector is placed above the diamond needle, 
and it registers the vibrations which appear 
when damage occurs. In addition to the 
acoustic sensor, the scratch test device has 
also encoders that register the friction force. 
The software may provide real-time results of 
the measurement. When the indenter moves 
on the sample, it comes to formation of 
various damages depending on the value of 
the applied force. The minimum value of the 
normal force (Fn) that causes damage is 
referred to as a critical load (Lc).  Three values 
of critical load are most commonly detected 
(Lc1, Lc2 and Lc3). 
 

 
Figure 1. MST Anton Paar micro-scratch tester 

 

Figure 2. The schematic view of scratch test 
and the working principle  

Rockwell C diamond cone was used as the 
indenter, of radius tip 100 µm. The test was 
performed with a progressive load of 0.01 to 
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30 N, which meant that the values of the 
normal force increased with the change of 
time. The range was chosen as widely as 
possible in order to monitor the reaction of 
fully glazed surface on the change of load. 
Sliding speed of the sample, which was fixed in 
the sample holder on the work table, was 
constant 1 mm/min. The defined length of the 
scratch scar was 3 mm. The experiment was 
performed in the conditions without 
lubrication in ambient temperature of 23 ±2°C 
and the test was repeated three times. Before 
the testing, the glazed sample was 
ultrasonically cleaned well (30 minutes) and 
afterwards it was cleaned with 70 % alcohol in 
order to remove all the surface contaminants. 
 
2.1 Material and samples preparation 
 

IPS e.max CAD is the type of all-ceramics, 
which is characterised by a high aesthetic 
quality, so it can be said that its characteristics 
meet all prosthetic requirements in form of: 
aesthetics, function and biocompatibility of 
the material [15]. Table 2.4 presents the 
chemical composition of the commercial 
lithium disilicate IPS e.max CAD. SiO2 and LiO2 
represent components which form Li2Si2O5 
crystals, while the P2O5 is added as a 
nucleating agent. Other Oxides with its 
characteristics further contribute to the 
material structure itself. 

Таble 2.4 Chemical composition of IPS e.max 

CAD [17] 

Standard composition (in % by weight) 
SiO2 57.0 – 80.0 
Li2O 11.0 – 19.0 
K2O 0.0 – 13.0 
P2O5 0.0 – 11.0 
ZrO2 0.0 – 8.0 
ZnO 0.0 – 8.0 

Al2O3 0.0 – 5.0 
MgO 0.0 – 5.0 

Colouring oxides 0.0 – 8.0 

The glazed sample is in the form of a block, 
the length of 18 mm, a width of 14 mm and a 
height of 12 mm. Before the glazing process, 
lithium disilicate is crystalized at the 
prescribed temperature according to 

instructions of the manufacturer Ivoclar 
Vivadent. After the crystallization, the surface 
of the sample is glazed as the form of the final 
treatment of the material, also according to 
the exact prescribed procedure of the 
manufacturer Ivoclar Vivadent. The glaze is 
applied by hand with a brush in a thin layer on 
a contact surface of the sample and represents 
the type of protective coating, wherein it is 
baked afterwards in an oven at the accurately 
prescribed temperature. 

 
3. RESULTS AND DISCUSION 

 
Tribo-mechanical tests were preceded by 

the AFM analysis in order to determine the 
roughness parameters Ra, 3D topography and 
surface roughness profile of the tested 
material (Figure 3).  

 

 

Figure 3. АFM analysis of IPS e.max CAD glazed 
surface - 3D topography and surface 

roughness profile 

The measured value of the surface 
roughness (Ra) of the lithium disilicate glazed 
surface (IPS e.max CAD) is Ra = 19.817 nm. It is 
known that the process of glazing, due to 
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uneven application of the glaze layer, leads to 
surface irregularities in the form of wavy 
surfaces and gas bubbles, which can be clearly 
seen on the 3D image of the surface 
topography. 

During the experimental testing, first the 
scanning (Pre-scan) of the contact surface was 
performed at the place of testing, due to the 
imperfections of the glazed surface (wavy 
surfaces), as well as different surface 
roughness, which oscillates at a micro/nano-
level. Due to the penetration of the MST 
indenter in the surface layer of the glaze, at 
progressive load and movement of the sample 
at a sliding speed of 1 mm/min, there is a 
gradual formation of scratch scar of a certain 
depth. Due to the elastic relaxation of the 
material/coating itself, the new analysis of the 
surface was performed in the scratch scar 
itself after the end of scratch test (Post-scan) 
to determine the actual residual depth (Rd) in 
relation to the initial measured penetration 
depth (Pd). The obtained values of the 
different penetration depths, as well as the 
the friction coefficient, represent the mean 
values of 3 measurements and they entirely 
define the tribo-mechanical properties of the 
glazed surface of the material.  

Figure 4 shows the scratch scar on the 
glazed surface of the material that 
comparatively follows the diagrams of the 
dependence of different penetration depths 
(Pd and Rd) depending on the friction 
coefficient and normal load. The loose 
particles of the surface layer of the glaze 
around the scratch scar, of different sizes, 
could be easily seen in the Figure 4, and they 
are made as a result of indentation and 
movement of Rockwell C diamond cone at the 
surface itself. The mechanisms that occur 
during the scratch test are usually micro-
cutting and micro-ploughing. The panoramic 
view of the scratch scar was formed on the 
optical microscope which is an integral part of 
the device, with a magnification of 5×. Black 
spots that represent the surface imperfections 
of finial treatment in the form of wavy 

surfaces and gas bubbles, which are 
characteristic for the glazing treatment, can be 
seen in some optical panoramas of scratch 
scars. The Figure 4 clearly shows the trend of 
increase of friction coefficient values with a 
slight oscillation along the sliding distance, due 
to the increase of the normal load. The 
variation of the friction coefficient which 
appears in the form of distinct jumps and falls 
at the diagrams largely follows the trend of the 
oscillation of the value of the penetration 
depth (Pd) and residual depth (Rd), which 
clearly defines their mutual dependence. 

The maximum value of the friction 
coefficient of lithium disilicate is ~0.22 and it 
penetration depth of the material of 34 mm, 
due to the effect of normal load of ~27 N. The 
residual depth (Rd) in relation to the measured 
penetration depth (Pd) is 15 mm. The value of 
the thickness of the glazed layer, read from 
the diagram Rd, is 20 µm. 

Regarding the measured values of the 
critical loads, due to which there is an abrasive 
removal of the glazed layer at the progressive 
increase of normal load, Figure 5 shows their 
different critical stages in the scratch scar itself. 
Panoramic views of all scratch scars were 
photographed by OM with 5× magnification, 
while the individual images of the critical stage 
of the scratch scars, are presented with a 
magnification of 20×. 

The abrasive wear, as a dominant type of 
wear, can be clearly seen in shown Figures 5 of 
the scratch scars. The reason is a drastic 
difference in the hardness of the two contact 
bodies during the relative motion. Rockwell 
diamond indenter has a significantly higher 
hardness in comparison to the hardness value 
of the tested sample. 

Figure 5, characterised by different phase 
damages of the surface glazed layer of lithium 
disilicate, clearly show that the initial defects 
occur at normal load of the indenter of 4.5 N 
(LC1). During the progressive increase of the 
normal load, the penetration of glazed surface 
occurs in the moment when the normal load 
reaches a value of ~18 N.  
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Figure 4. The scratch scar display of the glazed surface of lithium disilicate followed by the diagrams 
of different penetrating depths (Pd, Rd) depending on the friction coefficient and normal load  
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Figure 5. Defining critical loads due to which there is a different phase damages of the glazed 
lithium disilicate  

 

This coating penetration can be clearly seen 
on the optical display LC2, with magnification of 
20×. After that moment, the indenter comes in 
contact with the surface of the base material. 
The further increase of the value of normal 
load, at the value of 28 N, shall cause the 
surface damages of lithium disilicate and 
encroachment of the indenter into the base 
material, which is clearly seen on the third 
image for LC3 value. All values of critical loads 
are obtained as mean values of three repeated 
measurements of the scratch test by statistical 
analysis in the software of MST. Also, all these 
changes of the critical loads are followed by 
the increase of the friction coefficient (μ) and 
the penetration depth (Pd and Rd), whose 
analysis are previously discussed. 

The obtained results of this in vitro studies 
represent a very useful and unique information 
for the future comparison with clinical in vivo 
studies of the similar type, because at the time 
of literature review, there was no paper found 
with the similar subject and test plan relating to 
the tribo-mechanical tests of the glazed 
surfaces of the all-ceramic systems. 

 
4. CONCLUSION  
 

Scratch test was performed in order to 
determine the tribo-mechanical characteristics 
of glazed surfaces of commercial lithium 

disilicate ceramics. The optical display of the 
scratch scar shows that the glazed layer is very 
brittle.  The AFM analysis has confirmed that 
the glaze surface is very wavy, which means 
that the glaze thickness itself may vary 
depending on the location of test. The 
experiment has confirmed that the thickness of 
the glazed layer based on the residual depth is 
about 20 µm.  

Based on the obtained tribo-mechanical 
characteristics of glazed layer, their mutual 
dependence can be easily stated or that the 
changes of the friction coefficient values over 
time are in direct correlation with changes of 
the values of penetration depth (Pd) and 
residual depth (Rd). 

A damage of the glazed layer occurs in the 
three characteristic phases during the 
progressive increase of the normal load. The 
effect of the force of 4.5 N causes the initial 
damage of glazed layer, and the moment of 
the glaze penetration during the abrasive 
effect of the indenter occurs at the indenter 
force of 18 N, while the total delamination of 
the glazed layer, in combination with the 
surface damages of the base material, occurs 
at the force value of 28 N. 

Based on the all presented in the paper, the 
presented results of scratch analysis represent 
an excellent basis for all future tribo-
mechanical tests of a similar type, as well as 

LC1=4.5 N LC2=18 N LC3=28 N 

650 15th International Conference on Tribology – Serbiatrib ‘17



 

the possibility of more detailed analysis of the 
present phenomena by using SEM microscopy. 
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Abstract: The Total Hip Prosthesis (THP) is one of the biggest successes of the 20th century in the field of 
orthopaedic biomechanical engineering. The loss of stability THP are scheduled failure. TiN alloys or hard 
biocompatible materials coating is a solution of surface treatment for excellent abrasion resistance.  
The replacement of the sliding with the rolling movement is another solution for reliability improving of THP. 
Unfortunately, only rolling movement is a theoretical desideratum. The rolling movement is accompanied by 
balls slides into acetabular cup and cyclical inclined impact with sliding between balls and femoral head.  
TiN alloys or hard biocompatible materials coating is solution of surface treatment for excellent abrasion 
resistance.  The question is that this coating has a tribologicaly behaviour according with the stress and 
loading of orthopaedic endoprosthesis. 
This paper reports about the investigation of the failure behavior of TiN coating on stainless steel medical 
grade (SS316L). From the above we believe that is a  need for a tribological behavior study on cyclical 
impact and scratch tests of adherence with real geometrical parameter of THP. 
The experimental techniques, stands and results and a conclusion on the reliability of these Conditions 
Stature submitted in THP are shown. 
 
Keywords: TiN coating, cyclical inclined impact with sliding, scratch tests. 

 
 
1. INTRODUCTION  
 

Total hip prostheses with rolling motion is a 
constructive solution that is under analysis in 
terms of their reliability.  The authors 
proposed a constructive solution for such a 
prosthesis which has the characteristic of self-
directed movement of the balls [1]. Functional 
tests and behavioral studies have been 
conducted on this type of prosthesis. 

Figure 1 shows the construction which 
consists of a number between 98 and 189 balls 

that roll between spherical femoral head and 
acetabular cup. This technical solution allows 
free self-directed migration of the balls, 
depending on the resistance opposed, with 
successive occupation of the “compensation 
space”. For proper functioning of the 
prosthesis blanks are provided so that when a 
number of balls and tends to lock the ball in 
the end the string will release sideways 
movement appear as a continuous, self-
directed, rolling bodies. 
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Figure 1. Total hip prostheses with rolling bodies 

 
Figure 2. Wear tracks 

Figure 2 shows the tracks that appear in this 
area after 10 million cycles. 

 
2. EXPERIMENTAL PROCEDURES 

 
For tribological study was adopted ball on 

disk type of friction couple. Perhaps it seems 
surprising choice but it took into account the 
following considerations: 
As the ball comes in contact with it collides 
acetabular cup and then there is sliding 
sideways, we thought to model the 
phenomenon with an inclined impact at an 
angle of 15 degrees followed by a distance of 
10 mm sliding; 
Given that the balls movement is random, we 
consider that during the first operating cycles, 
sliding is between clean (new) surfaces, 
without wear; 
Over time, due to plastic deformation 
occurring, it is likely that another ball to follow 
the same way as the previous one. Therefore 
this study was performed 1, 3 and 10 cycles; 
The materials of the balls is stainless steel 
medical grade (SS316L). Their radius are 2mm. 
We realized TiN deposition by laser pulse 
deposition process (PLD) on stainless steel 

medical grade (SS316L) cylindrical samples 
with diameter of 22.5 mm. Deposits were 
made to 10000 pulses. The intensity of the 
diffraction of the analyzed layer is higher than 
that obtained with conventional techniques, 
such as reduced substrate influence. Relevant 
for analyze tension in the film is that the 
investigated depth interval remains relatively 
constant during the test. The average 
thickness of the deposited layer is 2.11 μm and 
was determined using AFM (Figure 3 and 
Figure 4). 

 
Figure 3. Thickness of the deposited layer 

determined using AFM 
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Figure 4. AFM cross section study TiN 10000 pulse 

deposition process (PLD) 

 
Figure 5. Stand and friction couple 

S316L steel hardness values of samples 
prior to coating and TiN layers deposited 
microhardness were: Sample TIN / steel 
SS316L; 10000 pulses hardness substrate 
material 407; 429; 423 HV 5 kg; Average 
Hardness HV5 420; Microhardness layer 
532; 545 HV 50 GRF; Average Hardness 539 
HV0.5. 

In previous studies it was determined that 
the maximum load on the ball can be reached 
in the most unfavorable case about 38 N [1, 2]. 
The stand is shown in Figure 5. 

 

3. RESULTS 
 

First of all was analyzed the trace obtained 
under a single pass.  

A cycle is consisting in a loading through an 
inclined impact followed by a sliding with a 
load of 2.5, 5, 10, 20 si 40 N. 

The sample disk is shown in Figure 6. 

 
Figure 6. Sample disk 

Figure 7 to Figure 8 present the traces 
mentioned above. 

 
Figure 7. Impact indentation and plastic 

deformation F= 2.5 N 

 
a) 
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b) 

 
c) 

 
d) 

Figure 8. Impact indentation and plastic 
deformation a)F= 5N; b)F=10N; c)F= 20N; d)F=40N 
 

The depth of the traces is presented in 
Table 1. These depths were measured by 
means of profilemeter recording of  the type 
from Figure 9.  
 

 
Figure 9. Central transversal profile 

Table 1. Depth of traces 

Load [N] 
2.5 5 10 20 40 

Depth 
[μm] 0.0216 0.0285 0.04 0.0625 0.0912 

 
As regards 10 N loading, Figure 10 and 

Figure 11 are presenting the traces for 3 and 
10 cycles. 

 
Figure 10. F=10 N, 3 cycles,200 x 

 
Figure 11.  F= 10N, 10 cycles, Distorted material on 

the trace side 

 
Figure 12. Depth evolution 

The variation of the traces depths in 
relation to the loading and the number of 
cycles is presented in Figure 12. The reasults 
confirm the Bucaille and Felder [3].  

 
4. CONCLUSION  
 

The entry of a sliding at the end of the balls 
line is leading to a migration of the balls in 
compensation space through rolling lay outs. 

It was marked out that the migration of the 
balls will be joined by an increased wear 
resistance of the deposited tin layer and of the 
subsurface work confirming the results 
obtained by Mezlini[4]. 
Plastic stress effect are joined by delamination 
materials, cutting, cracks, increased height of 
the material on the edges.  

It may be observed that at a certain value 
of the loading delamination appears. This 
loading is leading to weariness and fretting 
phenomenon ( these will be studied further). 
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The cracks and semicircular traces 
appeared at the base of the trace can be 
associated to a stick-slip phenomenon. 

The indentation emerged as a result of the 
impact accounts to a guidance area towards an 
existent wear trace for a ball who is migrating 
and this is softening after multiple cycles.  
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Abstract: This paper deals with the processes occurring on the surfaces of materials during the interaction 
between metal and non-metal parts of prostheses, orthoses and exoskeletons. These mechatronic devices 
require careful selection of materials for design and manufacturing of their parts taking into consideration 
not only mechanical properties of the materials, but also their tribological characteristics. Friction pairs 
duralumin – fluoropolymer and steel 100CrMn6 – fluoropolymer were chosen for the research as the 
samples. Experimental research was carried out with the use of the universal friction machine MTU-1. For 
this research, the contact scheme “plane to plane” was used without lubricants. Friction coefficient and the 
temperature in the contact area versus the runtime were obtained as a result of the experiments. 
Furthermore, estimation of wear of contacting samples was performed. Analysis of the results allowed us to 
choose suitable materials for the design of orthoses, prostheses and exoskeletons. 
 
Keywords: duralumin – fluoropolymer, friction coefficient, tribological properties, wear, 
temperature in the contact area, design of prostheses, orthoses, exoskeletons. 

 
 
1. INTRODUCTION 
 

Recently, a wide range of various 
mechatronic devices has been developed for 
sufficient rehabilitation after injuries or 
diseases that cause dysfunctions of extremities. 
These devices, such as orthoses and 
exoskeletons, could be used for the recovery 
of lost functions of lower or upper limbs 
providing the opportunity of everyday training 
and relearning by reducing energy costs and 
muscular efforts [1-4].  In case of a lost 
extremity, a prosthesis could be used in order 
to improve the quality of life by replacing the 
missing limb [5]. Exoskeletons could be also 
used for industrial purposes where it is 

necessary to decrease the physical load or to 
enhance the muscular power of workers [6]. 
Most of these devices are wearable, which 
means that the weight of such systems plays a 
significant role and must be taken into 
consideration during the design. Another 
important issue related to the design of 
exoskeletons and orthoses is the choice of 
power supply. In order to increase the battery 
life batteries with high capacity might be used. 
However, this would increase the weight of 
the device, which makes it uncomfortable for 
the users and might increase the load on the 
parts of the system. This could increase 
friction in the joints of the device and, 
therefore, wear of the parts. 
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Requirements for the strength, weight, size 
and reliability of orthoses, exoskeletons and 
prostheses lead to the necessity of careful 
selection of materials for design and 
manufacturing of their parts. Not only the 
strength properties of the materials should be 
taken into consideration, but it is also 
necessary to consider the tribological 
properties of the friction pairs, which will 
increase the lifetime and energy efficiency of 
the device by reducing wear and friction losses 
in tribopairs. 
 
2. MATERIALS FOR DESIGN OF ORTHOSES, 

PROSTHESES AND EXOSKELETONS 
 

Various materials are used for design and 
manufacturing of mechatronic systems for 
robotic rehabilitation and assistance, such as 
stainless steel, alloys, polymers, rubber and 
fiber [7]. Some of these materials provide the 
structure with the required hardness, other 
materials are used for their elasticity and 
flexibility. All the materials have different 
tribological properties that have influence on 
wear and energy efficiency of the system.  

Duralumin, stainless steel 100CrMn6 and 
fluoropolymer were chosen as the materials 
for this research. These materials could be 
used for the design of prostheses, orthoses 
and exoskeletons in order to reduce their 
weight, friction coefficient in tribopairs and 
wear of interacting parts. 

Duralumin is widely used for design of 
friction pairs in prostheses, orthoses and 
exoskeletons due to its properties. First of all, 
the low weight of the structure reduces the 
load on the friction pairs, and secondly, 
duralumin is corrosion resistant, which 
reduces wear of the tribopair. Also, for 
duralumin parts it is easy to use a coating 
consisting, for example, of Al2O3 which does 
not require lubrication and is resistant to 
contamination. 

Fluoropolymer could be used for design of 
various mechatronic devices because of its low 
friction coefficient. In addition, fluoropolymer 
is resistant to chemical influence, radiation 
and corrosion. Fluoropolymers are also flame-

resistant or self-extinguishing when ignited. 
They are chemically inert to aggressive 
environment, which allows us to use different 
kinds of lubricants in friction pairs. 

Stainless steel 100CrMn6 could be used for 
the design of parts of orthoses and 
exoskeletons that require high hardness and 
wear resistance. 

Two sets of experiments were carried out in 
order to compare the friction processes in 
tribopairs fluoropolymer – steel 100CrMn6 
and fluoropolymer – duralumin. 
 
3. UNIVERSAL FRICTION MACHINE “MTU-1” 

 
Recently, various measurement machines 

and methods have been developed for 
estimation of tribological properties [8, 9]. 
Another important issue is estimation of 
geometry and its deviation for the parts of 
complex shape, because the contact area and, 
therefore, friction in the tribopairs depend on 
these parameters [10].  

In this paper, a universal friction machine 
MTU-1 was used for the experimental research 
of tribological properties of duralumin, steel 
100CrMn6 and fluoropolymer (Fig. 1).  

 
Figure 1. Universal friction machine “MTU-1” 

In Figure 1, the following parts of the 
universal friction machine “MTU-1” are shown: 
1 – table of rotation speed; 2 – power button; 
3 – speed control button; 4 – friction torque 
measurement system with the elastic sensing 
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element; 5 – strain gauge for axial load 
measurement; 6 – handle for fast loading; 7 – 
handle for fine loading; 8 – chuck for the upper 
sample; 9 – lubricant reservoir; 10 – handle for 
displacement of the coordinate table. 

The universal friction machine “MTU-1” is 
based on a vertical milling machine “JMD-X1” 
and contains the original friction assembly unit 
that allows us to save the parallelism of the 
contacted surfaces. Overall dimensions of the 
machine allow us to place it on the laboratory 
bench. The machine is resistant to vibration, 
electromagnetic interference, dust, humidity 
and temperature fluctuations. 

The testing method for “MTU-1” is based 
on a relative rotational movement of the 
upper sample to the lower stationary sample 
with or without lubricants using different test 
schemes, such as disc to disk motion, sphere 
to ring motion, etc. The upper sample rotation 
speed without the load is adjustable from 0 to 
2500 rpm, the pressing force on the samples 
can be varied from 50 to 1000 N [11]. 

 
 

4. EXPERIMENTAL RESULTS 
 
The first set of experiments was carried out 

for the tribopairs fluoropolymer – steel 
100CrMn6 with the following conditions: 
rotation speed was 300 rpm, starting load was 
120 N. The forces and loads generated in 
orthoses were estimated by Silva et al. in [12]. 

In figure 2, the graph of the friction torque 
versus time for the tribopair fluoropolymer – 
steel 100CrMn6 is shown. 

 
Figure 2. Graph of the friction torque versus time 
for the tribopair fluoropolymer – steel 100CrMn6 

The analysis of the graph in Fig. 2 shows 
that at the beginning of the experiment the 
friction torque changed abruptly, which is 
caused by the beginning of the process of 
running-in in the tribopair. 
In Fig. 3 and 4, the graphs of the temperature 
in the contact area and friction coefficient 
versus time of the experiment for the tribopair 
fluoropolymer – steel 100CrMn6 are shown. 

 
Figure 3. Graph of the temperature in the contact 
area versus time for the tribopair fluoropolymer – 

steel 100CrMn6 

It could be observed from the graph in Fig. 
3 that after approximately 100 seconds from 
the beginning of the experiment there is an 
inflection point. Apparently, the inflection 
point is due to the appearance of the partial 
reflow of the fluoropolymer surface at this 
point of time, which indicates the occurrence 
of a temperature flare at the contact point. 

 
Figure 4. Graph of friction coefficient versus time 
for the tribopair fluoropolymer – steel 100CrMn6 

The graph in Fig. 4 shows that the 
maximum friction coefficient is 0.3. It is 
observed during the running-in of the tribopair. 
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After the running-in, friction coefficient 
sharply decreases. 

Figure 5 shows the photographs of 
fluoropolymer surface after the experiments. 
The pictures in Fig. 5 clearly show both the 
areas of reflow of fluoropolymer and the areas 
of selective transfer during friction.  

It should be noted that the surface of the 
steel sample has virtually no changes, which is 
due to both the hardness and wear resistance 
of the steel. 

 

 
Figure 5. Photographs of fluoropolymer surface 

after the experiment (the tribopair fluoropolymer 
– steel 100CrMn6, magnification is 88x) 

The second set of experiments was devoted 
to the study of tribological properties of the 
tribopair duralumin – fluoropolymer. 
Experimental conditions were the following: 
rotation speed was 300 rpm, starting load was 
150 N. 

In Fig. 6, the graph of the friction torque 
versus time for the tribopair duralumin – 
fluoropolymer is presented. The graph shows 
that the friction torque remained 

approximately constant during the experiment, 
with small fluctuations. This is due to low 
friction coefficient of fluoropolymer and 
sufficient viscosity of duralumin. 

 
Figure 6. Graph of the friction torque versus time 

for the tribopair duralumin – fluoropolymer 

In Fig. 7 and 8, the graphs of the 
temperature in the contact area and friction 
coefficient versus time for the tribopair 
duralumin – fluoropolymer are shown. 

 
Figure 7. Graph of temperature in the contact 

area versus time for the trobopair duralumin – 
fluoropolymer 

 
Figure 8. Graph of friction coefficient versus time 

for the tribopair duralumin – fluoropolymer 
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It could be observed from the graph in Fig. 
7 that the temperature in the contact area 
gradually increases, which indicates the 
absence of scuffing in the tribopair. 

It could be noticed from the graph in Fig. 8 
that friction coefficient smoothly decreases 
during the experiment. This could be explained 
by the absence of significant wear on the 
surfaces of the samples. The maximum value 
of friction coefficient in this experiment is 0.38. 

In Fig. 9, the photograph of the surface of 
fluoropolymer after the experiment is shown. 

 
Figure 9. The surface of fluoropolymer after the 

experiment (the tribopair duralumin – 
fluoropolymer, magnification is 87x) 

It could be seen from the photograph in Fig. 
9 that there are areas of running-in on the 
surface, but their quantity and size are not 
significant. 

 
5. CONCLUSION 
 

The analysis of the results of the 
experiments shows that the tribopair 
duralumin – fluoropolymer has lower friction 
coefficient than the tribopair fluoropolymer – 
steel 100CrMn6. The friction process in the 
tribopair duralumin – fluoropolymer is more 
stable and does not cause abrupt changes of 
friction coefficient and friction torque. Friction 
coefficient in the tribopair duralumin - 
fluoropolymer smoothly decreases after 
running-in, which makes it possible to predict 
the behaviour of the tribopair with high 
accuracy. The results of the research allow us 
to make a conclusion that the use of the 
tribopair duralumin –fluoropolymer, especially 

with a coating on duralumin or with the use of 
a boundary lubrication, is more convenient 
and advantageous for design of friction pairs 
of prostheses, orthoses and exoskeletons. 

In future work, it is necessary to define the 
optimal roughness parameters for contacting 
surfaces of the parts in order to reduce wear 
and friction in the tribopairs of exoskeletons, 
orthoses and prostheses and to increase their 
energy efficiency. 
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Abstract: Biomimetics, biomimicry and bionics are synonyms for the scientific discipline of creating new 
structures inspired by nature. Biomimetics systematically analyses the evolutionary processes of living 
organisms, their structural relationships, the characteristics of natural materials and it studies how this 
knowledge can be used to create the optimal products and new sustainable materials. In the past decade, the 
biomimetics has received an incentive for the development by the technology modernization, and above all, by 
making it possible to study the micro- and nanolevels of biological structures. On the other hand, the 
miniaturization of technological devices has increased the need to understand the tribological phenomena on 
micro- and nanolevel, where is a huge potential for technological innovation. The integration of advanced 
research methods made it possible to discover new aspects in the structure and properties of biological 

materials and transfer that knowledge into new concepts or products. State-of-the-art of biomimetics progress 
is discussed, as well as, its goals and the potential to simultaneously achieve the financial and ecological 
contribution by realization of bio-inspired concepts. An overview of biomimetic researches is also provided, with 
special emphasis on the possibility of their tribological applications. The characteristic examples have been 
presented and those examples show how the structural and mechanical properties of the material were used as 
the basis for developing new creative solutions to solve the problem of friction in engineering applications. 
 
Keywords: biomimetics, bionics, biomimicry, tribology, friction, nanotechnology. 

 
 
1. INTRODUCTION 
 

Biomimetics is a science that is focused on 
solving technical problems through studying 
the imitation of nature’s methods, mechanisms 
and processes [1,2]. It could be also defined as 
“biologically inspired design or adaptation or 
derivation from nature” [3]. The term 
biomimetics in the context of science was first 
introduced by Otto Schmitt in 1969 [4]. The 
term Biomimetics is derived from bios, meaning 
life, and mimesis, meaning to imitate [5]. The 

term biomimicry is also used in the literature, 
as a synonym for the term biomimetics. Janine 
Benyus in her book Biomimicry: Innovation 
Inspired by Nature defined biomimicry 
approach through three postulates, i.e. nature 
as a model, nature as a measure, and nature as 
a mentor. The nature as a model refers to the 
study and imitation of models from the nature. 
The nature as a measure means to apply 
ecological standards for evaluating the 
introduced innovations. The nature as a teacher 
means that we should not focus only on what 
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we can extract from the natural world, but on 
what we can learn from it [6]. 

The development of biomimetics has 
intensified in the past few decades, primarily 
due to increased interest of scientists in 
finding efficient and environmentally friendly 
technical solutions [7]. The basic principles of 
green or eco-tribology have been defined and 
the need for the integration of the specific 
areas and biomimetics has been emphasized, 
as well as, the need for their use in sustainable 
engineering [8]. 

Historically, the inspiration by models from 
the nature for solving human problems exists 
much longer. Man has always been fascinated 
by the beauty and harmony of the natural forms, 
as well as, numerous advantages of principles of 
nature’s system functioning. By careful studying 
and researching the nature, he was revealing 
the laws of nature, trying to imitate and 
implement them [2]. Through evolution, 
nature’s solutions are tested by many 
challenges, resulting either in their 
disappearance or improvement to the 
maximum efficiency. Although many of the 
capabilities of living organisms are still unknown, 
or are inaccessible in terms of technical 
performance, there are also those capabilities 
that have already been adapted or are in the 
concept stage. One of the first known examples 
of biomimetic product is the hook-and-loop 
fastener known under the trade mark Velcro®, 
patented in 1958 by Swiss engineer George de 
Mestral inspired by burdock (Arctium) [3,9]. 
Superhydrophobicity and self-cleaning effect of 
the lotus leaf surface were used for the 
development of facade paints under the 
commercial name Lotusan® [9-12]. The specific 
hierarchical structure of toe attachment pads of 
various insects, amphibian and reptiles, such as 
geckos, frogs or salamanders, have become the 
subject of the research, because of their 
biomimetic ability to attach to and move over 
vertical walls and the ceiling, and wet or even 
flooded environments without falling [3,13,14]. 
The adhesive made by Sandcastle worm (Fig. 1) 
was the inspiration for the development of 
surgical glue [15,16]. In addition to medical 
applications, this viscous waterproof material, 

which is excreted by Sandcastle worm, can be a 
basis for the development of novel underwater 
paints and adhesives [17]. Scientific research of 
unique design of shark skin, which enables a 
very fast swim with minimum power 
consumption, led to the creation of a Riblet 
surface structure with reduced drag in the 
turbulent boundary layer [18,19]. Except the 
effect of drag reduction, shark skin has a feature 
of self-cleaning from the bacteria, i.e. inhibition 
of bacteria’s attaching, colonizing and forming 
biofilms. This effect has been used in production 
of Sharklet™ surface textures [20,21]. 

 
Figure 1. Sandcastle worm and its tubular shell 

In the past decade, biomimetics showed 
significant development due to the 
modernization of technology and above all the 
possibilities of studying the micro- and 
nanolevels of biological structures. On the 
other hand, the miniaturization of 
technological devices has increased the need 
for understanding of tribological phenomena 
at the micro- and nanolevel, which is the huge 
potential for technological innovation (Fig. 2) 
[22-25]. 

 
Figure 2. Drive gear chain and linkages [25] 

Thanks to a better understanding of 
fundamental biological principles, biomimetic 
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research activity has been directed increasingly 
toward the development of bioinspired 
materials [26-28]. One idea, which is in the 
development stage, is to make the geometrical 
texture of the material with the ability to retain 
the lubricant in the microgrooves. [18,29]. 

One of the important goals of biomimetic 
research is to obtain properties of the material 
optimized for different functions by applying 
interdisciplinary and holistic approach. In 
order to achieve that in the best possible way, 
it is necessary to apply the methodology of 
biomimetic design. 
 
2. BIOMIMETIC DESIGN METHODOLOGY 
 

Biomimetic design implies the study of 
biological processes, their abstraction and 
implementation in order to optimize the 
product in the functional and ecological sense. 
Biomimetics as a scientific discipline should 
formulate a theory to explain the relationship 
between nature and technology, and to 
develop a methodology that will facilitate the 
design process. In accordance with various 
aspects of biomimetics, different biologically 
inspired design methods are defined and 
described in literature [30,31]. 

Table 1. Biomimicry design method (adapted from 
[31]) 

Phase Description 

Identification of 
need 

Defining the problem, including 
in-depth analysis of unmet needs, 
in order to identify what is the 
problem that must be solved 

Selection and 
sampling 

Selection of the samples from 
nature that fit the problem and 
current needs 

Observation of 
the sample 

Observation and analysis of the 
components of morphological 
structures, functions and 
processes; Sample classification 

Analogy of the 
natural system 
with the 
product 

Analysis of possibility and validity 
of the analogy between the 
studied sample and product 
design 

Design 
implementation 

Implementation of functional, 
formal and structural analysis of 
the system 

In general, the application of biomimetic 
design principles can be achieved in one of 
two ways: by finding solutions to the problem 
in the nature (Biomimicry design method, 
Table 1) or by inverse design method, 
searching for a problem for which a solution 
already exists in the nature (Bio-solution and 
the search method of a problem, Table 2). 

Table 2. Bio-solution in search of a problem 
method (adapted from [31]) 

Phase Description 

Biological 
solution 
identification 

Observation of the nature in 
search of potential solutions that 
could be applied to some existing 
problem 

Defining the 
biological 
solution 

Identification of components or 
systems involved in the observed 
phenomenon, in order to extract 
a biological solution 

Principle 
extraction 

Extraction of basic principle 
solution from the analysis of 
biological solution in the 
schematic notation 

Reframing the 
solution 

Reframing solutions in a way that 
users can see the benefit of 
biological functions 

Problem search 

Search may include some new 
problems, which is a key 
difference from the problem-
driven processes method, i.e. 
biomimicry design method 

Problem 
definition 

Definition of analogy between the 
system and the components of 
biological solutions and problems 
in the schematic notation 

Principle 
application 

Realization of bio-inspired 
solutions in technological 
product or system 

 
The first approach begins with the 

identification of problem and then the 
inspiration for solution of the problem is 
searched in the nature. The second approach 
is based on the observation of nature and its 
structures in order to collect useful 
information that could be an inspiration for 
engineering or design solutions. 

Significant achievements have been 
realized in solving many engineering problems 
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by applying biomimetic design. Among others, 
many tribological problems have been solved 
but there are still many challenges and 
opportunities. So far, mainly surface texturing 
on the macro-, micro- and nanolevel have 
been used in solving the problems caused by 
tribological processes with the application of 
biomimetic design. The following examples 
show in more details the application of 
biomimetic design in solving some tribological 
problems. Most of the presented problems are 
associated with the increase/decrease of 
friction in tribological systems. 
 
3. BIOMIMETIC DESIGN APPLIED IN SOLVING 

TRIBOLOGICAL PROBLEMS 
 
3.1 Lotus effect 
 

Sacred lotus plant in Asian religions is 
considered as a symbol for purity because its 
leaves cannot get wet and dirty, despite 
constant exposure to dust and rain [10]. After 
the rain, the drops of water roll-down picking-
up all the dirt, and leaves remain dry and clean 
(Figs. 3a and 3b). A self-cleaning property of 
lotus leaves was discovered by Wilhelm 
Barthlott [10], who has extensively researched 
this complex biological phenomenon and has 
developed a colour facade StoLotusan® which 
has a surface microstructure similar to the 
lotus leaf. A high magnification image shows 
fine structure on the surface of lotus leaf (Fig. 
3c). The area between the asperity peaks is too 
small for dust particles to reach it, and they 
stay at the asperity peaks. Similarly surface 
microstructure is obtained on the facade 
painted with StoLotusan® (Fig. 3d), providing 
the same self-cleaning effect (Fig. 3e). 
 
3.2 Biomimetic tires 
 

One of the aims of tire industry is to 
optimize the energy distribution between tires 
and road. Tires must fulfil several tasks 
simultaneously: during driving they should 
have a low rolling resistance to reduce fuel 
consumption; during braking they should have 
a high sliding resistance to shorten stopping 

distances; they should be durable and to 
ensure a silent drive. 

 
Figure 3. Lotus effect: (a) lotus leaf, (b) computer 
graphic of lotus leaf surface, (c) microstructure of 

lotus leaf surface magnified 7000 times, (d) 
microstructure on the surface of StoLotusan® 

magnified 7000 times and (e) self-cleaning effect 
on paint that makes use of Lotus effect 

The model for solving these tasks was 
found with cheetah, which slowly stalks prey 
and attains a high speed for a short period of 
time. During running, the flat paws of cheetah 
are narrow, so they produce low friction in 
contact with the ground. This facilitates low 
energy consumption. On the other hand, 
during slowing down and changing the running 
direction, their paws broaden and increase the 
contact surface with the ground. Therefore, 
the force is transmitted to the larger surface, 
which increases stability. Thus, cheetah’s paws 
are optimized for the acceleration, efficient 
changing of the direction and high stability in 
curves (Fig. 4) [32]. 

  

 
Figure 4. Biomimetic tires inspired by cheetahs paw: 

Continental ContiPremiumContact™ summer tirе 
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Applying this evolution strategy, the summer 
tire Continental ContiPremiumContact™ was 
obtained. This tyre has the same width as the 
conventional tire, but it widen during braking, 
thereby reducing the stopping distance of up to 
10 %. This is achieved by appropriate choice of 
material and the profile of the tire (Fig. 4). 

Biomimetic winter tire Continental 
ContiWinterContact™ TS 780 has a better 
performance on wet surfaces, the optimal grip 
and reduced stopping distance. These 
enhanced features enables the hexagonal tyre 
pattern (Fig. 5f), which is a replica of the 
surface structure of the toe pads of specific 
frog species (Figs. 5c, 5d and 5e): the tree frog 
(Fig. 5a), which lives on trees and is known for 
its climbing skills and the torrent frog (Fig. 5b), 
which is able to climb in wet conditions near 
waterfalls [33,34]. A V-shaped pattern of tire 
tread provides a quick evacuation of water 
from contact zone, thus reducing the risk of 
aquaplaning [35,36]. 
 
3.3 Riblet effect 
 

Riblet effect is inspired by the unique 
structure of shark skin. Microscopic scales 
(dermal denticles) allow the water flow 
through the grooves without whirling and they 

effectively reduce the drag (Fig. 6a) [3,18]. 
Many materials applied in naval (Fig. 6b), 
aircraft and automotive industry are made by 
technical implementation of the shark skin 
structure [37]. 

 
Figure 6. Riblet effect: (a) microscopic image of 
shark skin morphology, (b) application in naval 
industry, (c) application in aircraft industry, (d) 
application in automotive industry, (e) and (f) 

application in making swimwear 

 
Figure 5. Biomimetic tires inspired by frogs toe pads: (a) tree frog, (b) torrent frog, (c) microscopic surface 

morphology of tree frogs toe pad, (d) and (e) micrographs of toe pad epithelia in different frog species 
(white solid lines illustrate shortest routes to the edge of pad) and (f) biomimetic product: Continental 

Continental ContiWinterContact™ TS 780 winter tire 

15th International Conference on Tribology – Serbiatrib ‘17 667



 

 

Riblet effect is indirectly used for the 
development of the wing skin of Airbus 
aircrafts (Fig. 6c). The effect of 6 % less air drag 
was achieved, which leads to significant fuel 
savings. The new polyurethane composite is 
developed inspired by the properties of shark 
skin within the project FRIMO Street Shark. 
The body components, hood and roof of 
modified car model BMW Z4 are made of this 
bionic material (Fig. 6d) [38]. 

Speedo® also made a bionic swimsuit from 
the fabric with Riblet effect (Fig. 6e) [3]. On the 
underwater photography of swimsuits, there 
are air bubbles “trapped” in the fabric, which 
allows the swimsuit to stay dry for a longer 
time (Fig. 6f) [39]. Thanks to the innovative 
design, the water drag is reduced by 3 % 
compared to similar products [32]. At the 
Olympic Games in Beijing in 2008, two-thirds of 
the swimmers wore Speedo swimsuits, and a 
large number of world records were broken [3]. 
 
3.4 Gecko effect 
 

Geckos are lizards that can easily climb on 
smooth vertical surfaces and even move 

along smooth ceilings without falling. The 
skin on their feet is comprised of a complex 
hierarchical structure of lamellae, setae 
(microscale hairs), branches, and spatulae 
[40]. There are about 1.5 million setae on 
each toe, that branch off into 100 to 1000 
nanoscale spatulae [41]. This provides a 
large real area of contact and high adhesion 
with a variety of surfaces (Figs. 7a, 7b and 
7c). 

Adhesive tape Geckskin™ is made by 
simulation and modelling of the structure of 
the gecko toes. This tape sticks due to 
intermolecular forces between the large 
number of synthetic fibres and surface (Figs. 
7d and 7e). The biomimetic gecko robot 
Stickybot (sticky robot) was made at 
Stanford University in order to demonstrate 
the gecko adhesion (Fig. 7f). It has the toe 
pads of urethane material with tiny bristles 
whose tops have a thickness of 30 microns, 
which is enough to keep him on steep 
surfaces, although gecko foot spatulae is 
much thinner (approximately 100 to 200 
nanometres). 

 
Figure 7. Gecko effect: (a) gecko feet structure with lamellae, (b) gecko foot setae, (c) gecko foot branches 

and spatulae, (d) millions of synthetic fibres in one square centimetre imitating gecko foot structure, (e) 
gecko adhesive tape and (f) biomimetic gecko robot Stickybot 
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3.5 Sandfish and snake scaled skin effect 
 

More than 25 years professor Ingo 
Rechenberg from Berlin has studied the 
survival mechanisms of certain forms of life in 
the harsh desert conditions. One interesting 
example is a lizard Scincus scincus (Fig. 8). It is 
also known as a “sandfish”, since it dives into 
the sand and moves below the surface in a 
swimming-like motion. It usually goes to the 
depth of several centimetres, and it can 
“swim” at a speed of 10 to 30 cm/s [42]. By 
analysing the scaled skin of this reptile, it was 
found that it had even smaller coefficient of 
friction than those of polished steel, flat and 
smoother glass, PTFE, and high-density nylon 
surfaces, and showed hardly any sign of wear 
after it suffered abrasion with sand [43,44]. 

  

  
Figure 8. Sandfish (Scincus scincus) and 

microscopic images of its scaled skin 

The shape and arrangement of scales of 
sand fish skin and certain types of snakes have 
inspired the scientists from Karlsruhe Institute 
of Technology to create a similar texture on 
bearing steel surfaces (Fig. 9), and test them in 
lubricated and unlubricated conditions [45]. 

 
Figure 9. Surface texturing inspired by reptile 

scaled skin: (a) ball python (Python regius) scaled 
skin as inspiration, (b) artificial scales with 

vertically and horizontally overlapping scales and 
(c) artificial scale with horizontally overlapping 

scales; adapted from [45] 

Two different surface textures were created 
in order to investigate the influence of scale 
distances on tribological properties. The first 
texture imitates scale skin arrangement on the 
stomach of one kind of a python (Fig. 9a). The 
artificial scales overlap in both directions, and 
they are very close to each other (Fig. 9b). The 
second texture consist of artificial scales 
arranged in vertical overlapping rows at a 
greater distance (Fig. 9c), similar to the 
structure of the sand fish skin (Fig. 8). 

Tests in unlubricated sliding conditions have 
shown that the first texture (ball python) 
reduced friction by only 22 %, while the 
second texture (sandfish) reduced friction by 
more than 40 % in comparison to the 
untextured surface. On the other hand, for 
mineral oil lubricated sliding conditions scale-
like textures seem not to be favourable, i.e. 
coefficients of friction were higher by 3 times 
with the first texture and by 1.6 times with the 
second texture [45]. 

The researchers’ opinion is that this 
discovery may help to reduce friction in the 
nano- and micromechanical devices that can 
not be lubricated. Potential applications also 
include the reduction of friction in artificial 
hips, machines which operate in a vacuum 
environment, sensors used in anti-lock brake 
systems of cars, in the operating elements of 
computer hard drives, etc. 
 
4. CONCLUSION 
 

The development of biomimetics 
encourages creative product development in 
various industries. From the initial inspiration 
with nature, the biomimetics has evolved into a 
general methodology for innovation. Although 
the product development process is very 
complex, from the concept inspired by nature, 
then its implementation in innovation, to its 
commercialization, there is a growing interest 
in the application of biomimetic design 
methods. At this point, many new ideas and 
concepts inspired by nature are researched in 
the academic and industrial research and 
development centres. One of the reasons is 
that many of the technological innovations 
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could not be obtained by a traditional approach 
to the design. For a successful realization of the 
creative process, from inspiration by nature to 
engineering applications, it is first necessary to 
fully understand the behaviour of biological 
system, then establish an analogy with the 
technical problem, and finally realize the 
product by using modern technology. 

This paper gives a broad overview of state-
of-the-art of biomimetic research, while the 
examples developed for tribological 
applications are presented in more details. It is 
shown that the biomimetic design improves 
friction and generally properties of commercial 
products by applying the combination of 
unique characteristics of biomaterials, their 
excellent tribological properties and specific 
surface structures. 

Many potential inspirations from nature for 
technological innovations is a good reason for 
more intensive development of biomimetic 
research. 
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Abstract: This research work, aims to expand the knowledge on how surfaces, as part of human joints, 
behave. The main factor to be analysed in the experiments embraced on this work is friction coefficient. 
Friction coefficient becomes vital as it changes along an individual’s life; it is directly connected to tear and 
wear of cartilage tissue due to aging but severely affected by diseases. To get an insight on friction 
coefficient in human joints, experiments were performed in samples obtained from animal models. The 
experiment consisted in the measurement of the friction coefficient of the samples harvested from plateau 
and condyle portions of bones from synovial joints; controlled temperature was set to be 24ºC as the usual 
environmental temperature, and, 37ºC as the average body temperature. Setup used in the test was a ball-
on-three-plates. Two lubrication configurations were set for the experiments: distilled water and a salty 
solution replicating human’s body interstitial fluid. Total joint replacement is a field where tribology plays a 
vital role; surface interaction in natural motion in joints is characterised for being low-frictional and self-
lubricated. The efforts in this study are essentially focused on the pursue of scientific information which 
leads to improvements for the current treatments, or cures, for diseased joints, before joint replacement to 
occur, and, moreover, for the cases in which joint replacement is inevitable, to design and construct better 
prosthetic devices for implants. 
 
Keywords: Bio-tribology, synovial joints, friction coefficient, joint lubrication, articular cartilage. 

 
 
1. INTRODUCTION  

 
Mechanics in the human body include a 

series of motion systems, and therefore, 
surface interactions between its components. 
Tribology in biological systems (or bio-
tribology) embraces concepts in physics, 
chemistry, biology and material science [1]. 
Bio-tribology applications in biomedical 
engineering are from different nature; related 
examples are: total joint replacements, 

footwear tribology, skin tribology, ocular and 
oral tribology, among others [2]. 

Total joint replacements combine different 
materials in terms of surface interactions. 
Products combining metals, ceramics, 
UHMWPE, and other materials, have been 
proposed to recreate human joints; hence, 
surface interactions have a remarkable 
importance in the preservation of prosthetic 
devices. 
From a biomechanical point of view, the best 
artificial replacement for any human 
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natural component is the one that 
recreates its characteristics as close as possible. 
The natural surface interactions in joints occur 
between layers of cartilage that cover the 
portion of bone structures which participate in 
motion. In addition, natural lubrication 
components, such as synovial fluid, are also a 
relevant part of these mentioned motion 
systems. Thus, total joint replacement 
prostheses should aim to replicate a cartilage-
cartilage + synovial fluid systems. 

 
1.1 Cartilaginous Tissue 

 
Articular cartilage presents remarkable 

characteristics referring to fluid adhesion; this 
fluid adhesion helps lubrication in the joint. 
Lubrication in articular cartilage occur in two 
different ways: boundary and synovial 
lubrication [3]. Boundary lubrication can reach 
a low friction coefficient but lacks a fluid film 
of synovial fluid to improve its characteristics; 
this lubrication happens when slow and cyclic 
motion takes place [3]. In contrast, fluid film 
lubrication requires a film of synovial fluid 
between the moving surfaces which reduces 
even more the friction coefficient; it is 
common when cyclic and fast motion happens. 
Also, in this case, thickness of the lubricating 
fluid must be bigger than of the roughness of 
the opposing surfaces [3]. Nonetheless, some 
authors [4, 5], propose that combination of 
both mechanisms is the reason for low friction 
in synovial joints.  

 
Figure 1.  Cut section cut through the thickness of 
articular cartilage. Adopted from source: Carol A. 

Oati (2009) Kinesiology: The Mechanics and 
Pathomechanics of Human Movement, Lippincot 

Williams & Wilkins, Baltimore. 

Unit cell of cartilage found in articulations 
are known as chondrocytes. They are present 
in small numbers and composed of several 
different materials such as proteoglycans, 
collagen, mainly type II, and others, but 
specially, 70-80% water [3]. Chondrocytes 
density, as well as water content and 
proteoglycan concentration varies along the 
tissue; closer to the surface, proteoglycan 
concentration is relatively low and water is 
high, while near subchondral bone, water is 
presence is low and proteoglycan is high [3, 6]. 
Collagen architecture also differs along the 
tissue [3]. 

 
1.2 Synovial Fluid 

 
Synovial fluid is mainly composed of 

proteoglycan 4 (PRG4), hyaluronic acid (HA) 
and surface active phospholipids (SAPL); these 
lubricants are secreted by the chondrocytes in 
articular cartilage [7]. In a normal synovial 
joint, the friction coefficient is considered to 
be low, about 0.001 [8, 3]; to provide a 
comparison, Teflon has got a 0.04 friction 
coefficient. Synovial fluid behaviour differs 
depending on the external conditions, for 
instance, at high loads it provides poor friction 
coefficient, whilst, at low loads it has optimal 
properties [3]. Synovial fluid interaction with 
articular cartilage is what, specifically, gives 
joints such optimal motion with low friction 
coefficient. Studies by James, Fick and Baines, 
suggest that the hyaluronic acid chains in 
synovial fluid bind to articular cartilage 
because of the surface charges existing in the 
phospholipid layer on top of it [9]. 

 
1.3 Synovial Joints 

 
Points where two bones connect are known 

as joints or articulations. Joints are meant to 
hold together parts of the body; some are 
moveable, or diarthroidal, and some are fixed 
[10]; diarthroidal joints are the ones that 
enable different sort of movements in the 
human body. Three main types of moveable 
joints have been defined for the human body: 
fibrous, cartilaginous and synovial. 
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Synovial joints allow full range of motion 
and several degrees of freedom in a single 
node. Synovial joints consist not only of 
interactive cartilaginous surfaces at the end of 
the bones, but also the presence of a natural 
lubricant known as synovial fluid [11, 10]. The 
best example for this type of joints is the knee; 
the knee is the joint created in the connection 
of the femur and the fibula. Its shape is 
conserved through the existence of different 
tendons and ligaments, among other 
structures. Specifically, the knee is formed 
between the condyles from the lower region 
of the femur and the upper plateau region of 
the fibula, with an intermediate structure 
known as the meniscus and protected by the 
patella, or knee cap [10]. 

 
Figure 2.  Elements of the knee in motion. Adopted 
from: Subatra Pal (2014) Design of Artificial Human 

Joints & Organs, Springer US, New York. 
 

The knee is the element responsible of 
providing stability and mobility to the whole 
body. It must be not only capable of 
supporting almost half of the body weight all 
the time (43% on each knee) [10].but also the 
most common and cyclic event of human daily 
activities, walking. The recommended number 
of steps per day for an adult is ten thousand 
[12]. These 10,000 steps also mean a minimum 
of the same number of cycles daily at each 
knee. The mechanical load existing when 
walking and standing is fundamental to 
stimulate osteoclasteogenesis as well as 
reducing risk of osteoporosis and other joint 
diseases [13]. 

2. METHODOLOGY 
 
Methodology proposed for this research 

work has two main important components: 
the first one, involves the selection of an 
adequate animal model; the second one, 
refers to the study of the surface properties of 
cartilage, approached from the overview of 
the interaction of the participant surfaces 
during motion, thus, friction coefficient is 
analysed. 

These experiments were performed in 
samples obtained from the selected animal 
models. These samples were subject to an 
adequate preservation protocol. The protocol 
consisted of collecting the models from a local 
distributor, immediately after slaughtering; 
this is, having passed less than 24 hours since 
the animal passed away. This, supported on 
the fact that cartilaginous samples last up to 
72 hours in the appropriate preservation 
environment [6]. Also, samples were 
immediately reposed in a cold vacuum 
container, at approximately 4ºC, after 
harvesting; the vacuum container and the cold 
gel packs used are able to maintain the 
temperature for as long as two hours, time 
enough to carry the samples to the laboratory 
and perform the experiments. 

Before the measurement of friction 
coefficient starts, the samples were reposed in 
their lubrication medium for. Lubrication 
mediums to be compared in this research are: 
distilled water, as a representation of purified 
water; and, a salty solution, representing 
interstitial or extracellular-like fluid, with a 
concentration of 154mM/L NaCl solved in 
distilled water [14, 15]. 
 
2.1 Models required for sample extraction 

 
Animal models for these experiments had 

to be selected according to a series of factors. 
It was found that cartilaginous tissue from 
human beings is similar to most of bovine and 
equine models [6], however, two features 
differed widely: layer thickness and 
chondrocytes density. Firstly, the thickness 
layer of human cartilage in a healthy knee is of 
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about 2 mm in thickness, whilst from bovine 
models it is usually thinner than 1 mm; 
however, thickness is similar to the tissue 
found in equine models. Secondly, although 
cell concentration in cartilaginous tissue, as a 
non-vascularized tissue, is very low, cell 
population in human cartilage is broadly 
higher than what is found in both equine and 
bovine models. Having said this, results to be 
obtained from the experiments using samples 
from animal models for this research work, 
approximate to what it is expected to be more 
accurate in studies performed directly in 
human tissue. From this information, two 
different scenarios were analysed to select an 
adequate model for this work. 

On one hand, human models’ collection for 
research involve a large amount of ethical 
concerns and regulatory affairs. Furthermore, 
availability of these models is short; the type 
of model required for these experiments must 
come from a total knee replacement (TKR); 
when a TKR is performed, cartilaginous tissue 
is either unhealthy or has almost completely 
disappeared.  Also, the quantity of samples 
desired to perform all the experiments is large 
and may involve more than one patient.  

On the other hand, animal models for 
obtaining samples for these experiments, 
seem to be only partially adequate as they will 
show an approximate model. Considering that 
the analysis to be performed is related to 
surface characteristics, thickness of the tissue 
can be omitted. Moreover, as the constitution 
of the extracellular matrix (ECM) in animal 
models is largely similar the one found in 
human tissue, and bearing in mind that ECM is 
the one playing the most important role in 
friction coefficient, as it is the largest 
constituent of the tissue. Then, it is justified to 
utilize an animal model for the analysis of the 
matters concerning this investigation. 
Punctually, young adult lamb models (1-2 
years old), acquired from a local butchery, 
were used to obtain the samples for these 
experiments. Figure 3. shows the whole 
forequarter shank of a young adult lamb and 
the two components fundamental for this 

research: condyles and plateaus (also, menisci 
is seen at the bottom). 

Cylindrical osteochondral samples were 
collected; dimensions required were: diameter 
6mm, length 6mm (Figure 4). Three of these 
samples were required for each experiment. 
None of them was reused to guarantee the 
results of the experiments. The previously 
described dimensions were achieved by the 
construction of a specific tool for harvesting 
them in such dimensions. Samples were later 
incubated for 1 hour in the lubrication media 
to be tested, prior to the experiments. 

 
Figure 3.  (left) Lamb forequarter shank; (right) 

forequarter shank divided in parts. 

 
Figure 4.  Samples extracted from condyle portion 

of bone. 
 
2.2 Measurement of friction coefficient in 

cartilaginous tissue from synovial joints 
 

To describe accurately the friction 
coefficient from cartilaginous tissue from the 
involved surfaces from synovial joints during 
motion, the analysis was focused in the two 
main cartilaginous surfaces from the 
participant components: plateaus and 
condyles. Surfaces in these two sections play 
an active role when movement takes place in a 
synovial joint. 
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Experiments consisted in the measurement of 
the friction coefficient of the samples 
harvested from plateau and condyle portions 

of bones from synovial joints. Measurement 
of the friction coefficient in the samples were 
carried on using a MCR302 Tribometer, from 
Anton Paar, equipped with a Peltier heated 
tribology cell T-PTD200 and a Peltier Hood H-
PTD200 for precise temperature control; 
temperature was set to be 37ºC as the value 
for the average body temperature. Setup used 
in the test was a ball-on-three-plates, as 
shown in Figure 5. These experiments were 
partially reproduced with the techniques used 
and from experiments carried out in [14, 15]. 

 

 
Figure 5.  Illustration: Tribological test setup. 

 

 
Figure 6. Ball-on-plate friction measurement 
function principle. Adopted from: Anton Paar 

(2011). Instruction Manual: Tribology Measuring 
Cell T-PTD200. 

The functional principle of the ball-on-
three-plates test involve the application of a 
normal force in a shaft with a spherical end 
which presses three faces of a same material. 
The measuring ball is rotating and the sliding 
speed of it is calculated. From the torque 
required to maintain the sliding speed, the 
frictional force is obtained. Finally, the friction 

coefficient results from the relation between 
the normal load and the friction force [16]. 

The study of the friction coefficient on both, 
samples harvested from tibia plateaus and 
femoral condyles, was carried out under the 
application of two different normal loads: 10N 
and 5N; these representing a FL on each of the 
three samples due to the force distribution 
explained below on Figure 6. 

Normal force transmitted to the walls of 
the sample holder, considering it to be solid is: 

 

In this case, the force is distributed 
between three samples, which means: 

 

And, for the sample holder used, the angle 
α is equivalent to 45º. 

Forces applied to each of the samples, FL, 
for each of the main normal forces, FN, are 
approximately 6.35 N for a normal force of 
10N and 3.18N for a normal force of 5N. 

According to the literature [48, 49], under 
physiological conditions contact pressures for 
knees vary between 1 – 5 MPa, with peaks 
that can reach up to four times these values. In 
the case of in-vitro frictional tests, a pressure 
of 0.1 – 1 MPa is suitable and are the values 
commonly used [14, 17, 18]. 

 
Figure 7. Contact area between two spheres. (a) 
standard case; (b) ball-on-plates case. Adopted 

from: 
(a) Williams J. and Dwyer-Joyce (2001). Modern 

Tribology Handbook: Contact between solid 
surfaces (b) Anton Paar (2015). Application Report: 

Biotribological Investigation of Cartilage 

(1) 
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A partial validation of this experiment can 
be affirmed by the fact that the normal forces 
applied achieve the pressure standardized for 
in-vitro frictional tests. However, this fact 
needs to be calculated accurately as the 
contact area in which the pressure exists, is 
the contact area between a spherical surface, 
the measurement device, and a flat surface, 
each of the samples extracted. Although each 
of the samples was extracted from a certain 
surface with a defined curvature (plateau or 
condyle), it can be considered flat, or, a 
portion of a sphere with infinite radius [19]. 
Figure 7 describes this accurately, comparing a 
general case in (a) and the specific case for this 
experiment in (b). 

Contact area between two spheres of 
radius R1 and R2 which are pressed with a force 
F (P in figure 6), has a resultant contact area 
radius defined by as a, which results from: 

 

 

Where E is the contact Young’s Modulus 
and is defined by the Young’s modulus (E) and 
Poisson’s ratio (v) of each material (glass and 
cartilage). 

 

 

Young’s modulus for glass is 50 – 90 GPa, 
while for cartilage it is 0.45 – 0.8 MPa. On the 
other hand, Poisson’s ratio for glass is 0.2 and 
it is 0.4 for cartilage [3, 20]. 

 

 

Where the second sphere has an infinite 
radius R2 equivalent to a flat surface. Then, 

 

 

The maximum pressure occurs on the axis of 
symmetry and it is equivalent to 1.5 times the 
mean pressure Pm. 

 

 

Pressures calculated from forces, which 
generate a certain radius of contact between 
the glass ball and cartilage, are within the 
suggested margin of 0.1 – 1MPa for in-vitro 
testing of friction coefficient. 

Table 1 describes the pressure generated by 
the different normal forces intended to be 
used in the friction coefficient experiments. 

Table 1. Maximum pressure for different normal 
forces. 

 
Force 

[N] 
a 

[mm] 
Pmax 

[MPa] 

FN 
10 4.463338 0.240 

5 3.542554 0.190 

FL 
6.35 3.836345 0.205 

3.18 3.046507 0.165 

 
For each group of samples different 

experiments were performed, partially 
replicating the methodology from [45, 46]. 
Samples from [14, 15] were tested at 
incrementing speeds of 0.0001 rad/s to 0.1 
rad/s with a salty solution (154mM/L NaCl in 
distilled water) acting as lubrication medium 
replicating extracellular fluid or interstitial 
fluid. Specific for this work, samples from each 
group, plateaus and condyles, were reposed 
for one hour in two different lubricants: 
distilled water and extracellular-like fluid. 

 
3. RESULTS 

 
The results obtained for the measurement 

of friction coefficient in cartilaginous tissue 
from two different surfaces, both in direct 
contact during motion, are highly dependent 
on the protocols followed not only to harvest 
the samples but also to preserve them. 

Following the methodology proposed (for 
each experiment 600 points were collected), 
different points of view were emphasized in 
the results. These different approaches were 
defined to understand how friction coefficient 
behaves under different conditions. The lines 
trailed are: the sort of lubrication medium 
used; the normal load applied; the origin of 
the harvested sample; and, other 
combinations of these conditions that the 
authors considered relevant. 

(2) 

(3) 

(4) 

(5) 
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The first parameter to consider for future 
analysis of the results obtained is the normal 
force applied when comparing data obtained 
from experimentation with the two lubricants 
proposed. 

Figure 8 shows the friction coefficient 
measured versus the sliding speeds. 
Compilation of the results from the interaction 
with the two lubricants are presented. It can 
be observed that the lubrication with distilled 
water as well as the salty solution are very 
close, however, a small statistical difference 
was found for these two means of lubrication 
(p < 0.01). Figure 9 below shows the same 
characteristics but when the applied force is 
equal to 10 [N]. In both cases, the behaviour is 
similar. 
 

 
Figure 8. Compiled result for different lubricants 

interacting with Plateau samples with a 5 [N] 
normal force. 

 
Figure 9. Compiled result for different lubricants 

interacting with Plateau samples with a 10 [N] 
normal force. 

The next two figures (10 and 11) illustrates 
the data collected from the measurements for 
acting normal forces of 5 and 10 [N], respectively, 
for the two lubricants interacting with harvested 
samples from condyle sections. In this case first 
case, 5[N], no significant difference was found 
between distilled water and salty solution. On 
the other hand, for 10[N], statistical difference 
between distilled water and salty solution exists; 
even though it happens, it stays close to the 
limits (for p<0.01). 

 
Figure 10. Compiled result for different lubricants 

interacting with Condyle samples with a 5 [N] 
normal force. 

 
Figure 11. Compiled result for different lubricants 

interacting with Condyle samples with a 10 [N] 
normal force. 

Average friction coefficient collected from 
the experiments for all the different cases is 
presented in table 2 below. Loading at 5 [N], as 
expected, generated lower friction coefficient. 
Friction coefficient from both, condyle and 
plateau samples, seem to be very close, 
however, results obtained from 
measurements in plateaus appear to be 
slightly smaller. 
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Table 2. Overall compilation of friction coefficient 
results. 

µ - Friction Coefficient - 37ºC 

Normal 
Force [N] 

Plateau Condyle 

dH2O dH2O 
+ NaCl 

dH2O dH2O 
+ NaCl 

5 [N] 0.2324 0.2113 0.1670 0.1500 

10 [N] 0.1724 0.1983 0.1776 0.1578 

 
To create a context, data collected from the 

measurements has been organized in ranges, 
according to the information available in work 
by Covert et. al. [57], where, sliding speeds in a 
healthy knee when performing common 
activities, were defined. Table 3 shows results 
from 5 [N] loading conditions and table 4 
results for 10 [N] loading conditions. 

Table 3. Sliding speeds and average friction 
coefficients associated to common activities. 5 [N] 
normal force. 

µ - Friction Coefficient - 5 [N] - 37ºC 

Activity 

Plateau Condyle 

dH2O 
dH2O 
+NaCl 

dH2O 
dH2O 
+NaCl 

Steady 
(0-1 [mm/s]) 

0.2014 0.1897 0.1498 0.1325 

Walking 
(1-50 [mm/s]) 

0.3129 0.2677 0.2215 0.2054 

Jogging  
(51-100 
[mm/s]) 

0.2049 0.1923 0.1195 0.1014 

Running 
(101-150 
[mm/s]) 

0.1756 0.1683 0.1018 0.0844 

Table 4. Sliding speeds and average friction 
coefficients associated to common activities. 10 
[N] normal force. 

µ - Friction Coefficient - 10 [N] - 37ºC 

Activity 

Plateau Condyle 

dH2O 
dH2O 
+NaCl 

dH2O 
dH2O 
+NaCl 

Steady 
(0-1 [mm/s]) 

0.1386 0.1790 0.1381 0.1417 

Walking 
(1-50 [mm/s]) 

0.2541 0.2525 0.2629 0.2072 

Jogging  
(51-100 
[mm/s]) 

0.1602 0.1698 0.1940 0.1206 

Running 
(101-150 
[mm/s]) 

0.1345 0.1461 0.1730 0.0982 

 

4. DISCUSSION 
 
Comprehension of the tribological 

behaviour of articular cartilage is important 
not only for those who suffer osteoarthritis, 
rheumatoid arthritis or have suffered severe 
traumatic injuries in joints, it is also important 
for those who are healthy and can been 
adequately advised, but, furthermore, it has 
also outstanding importance for those who 
have lost the battle to these illnesses and have 
had to undergo through a total joint 
replacement.  

To obtain good quality results, the 
protocols established for collection and 
preservation of all the samples harvested are 
fundamental; even though cartilaginous tissue 
lacks vascularization, its preservation, in the 
adequate environment, would only guarantee 
the quality of the samples for 72 hours [6]. 
Another important factor to control the 
experiments results was having samples from 
young adult lamb (12 months old) to discard 
possible existent medical conditions that are 
not common to occur in young models. 

Harvesting the samples has also a great 
importance in the protocol as, immediate 
damage could be induced if the selected tool 
touched the sample surface (surface of 
analysis); also, heating of the tool can induce 
dehydration of the sample, reducing its time of 
life, or even osteonecrosis, which may result in 
total damage and discard of the sample. 

Sample required for the friction coefficient 
tests, needed to be cylindrical (6 mm in 
diameter and length), the extraction 
procedure followed was similar to the one 
used in osteochondral allograft 
transplantation, which mainly consists on the 
extraction of damaged cartilage portions for 
later replacement of them with the same 
patient’s healthy cartilage extracted from a 
different location [10]. A tool for extraction of 
samples on the dimensions required was 
designed and constructed in stainless steel and 
samples were extracted by drilling through to 
areas of the bone: plateaus and condyles. 

Different from similar experiments in the 
area [14], the current work studied samples 
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from two portions of the bone, plateaus and 
condyles. The reason for this is that they both 
participate actively in motion, but their 
geometry and function is different; tissue from 
cartilage involved in motion should not be 
considered to be the same in all areas. Similar 
to [14], lubrication means used to evaluate 
friction coefficient in the two mentioned bone 
sections: distilled water (dH2O), for a general 
friction coefficient approach, and, a salty 
solution (dH2O+154mM NaCl), mimicking the 
interstitial fluid found in human body. 

Friction coefficient was also evaluated 
under the application of different normal 
loads; these loads in accordance to what the 
literature recommends for in vitro testing of 
friction coefficient which states that the 
normal load applied should generate a 
pressure of 0.1 – 1.5 [MPa] [14, 18, 17]. The 
frame of sliding speed at which the friction 
coefficient was done started at 0.0001 
[mm/s], or 0.000350 rpm, and was increased 
up to 150 [mm/s], or 350 rpm, in a speed 
ramp of 1 second. Reasons for the selection 
of this speed is that, any lower sliding speed, 
cannot be controlled and would be 
considered static friction coefficient [14], and, 
speeds of between 1 and 150 [mm/s] 
represent common sliding speeds from 
walking to fast running [21, 22]. 

Results from friction coefficient 
measurements (table 2) indicated that in 
plateau portions in average for 5 [N] was of 
about 0.2 for distilled water and salty solution, 
similar to what is observed for 10 [N]. For 
condyle portions with a 5 [N] normal force, 
friction coefficient was, in average, 0.15 for 
distilled water and salty solution, similar 
results were obtained when a 10 [N] force was 
applied. No significant difference was found 
between friction coefficients measured at 5 
[N] and 10 [N] for each lubrication medium. 
On the other hand, differences were 
significant when comparing the results 
obtained in plateau sections to the ones 
obtained in condyle sections; condyle sections 
tend to have a slightly smaller friction 
coefficient, this can be justified by the fact that 
condyle has got a thicker layer of cartilage [23].  

It is important to remark some important 
differences in behaviour under diverse 
experiment conditions. It can be observed in 
all the figures that the friction coefficient 
increases up to a certain point and the 
immediately decreases. Reason for this to 
happen is that the cartilage starts swelling a 
certain amount of water in a certain time 
frame, after it is fully filled, the lubrication is 
improved; this behaviour varies depending on 
the load conditions, as well as, the lubricant. 

When the lubrication media was simply 
distilled water, friction coefficient for a normal 
load of 5 [N] was smaller for condyle than for 
plateau. The reason for this to happen could 
be, firstly, that distilled water is nothing else 
than purified water which has a neutral 
electrostatic charge, and, secondly, that 
condyle cartilage layer is thicker than the one 
in plateau portions, and so, it is capable of 
swelling more water; supporting this fact, 
when the normal load is increased, the friction 
coefficient in plateau reduces almost down to 
the level of condyle, as there is more pressure, 
the water is forced into the ECM of plateau 
cartilage. Lubrication, then, occurs in a totally 
different way when the salty solution (ionized 
water), as the surface charges from the 
cartilaginous tissue, negatively charged [12], 
repel the charges from these lubricants, 
reducing the swelling ratio, but improving 
friction coefficient behaviour. Higher swelling 
ratio was observed in the experiments with 
distilled water, in some of them, the water 
applied on top of the sample holder was 
completely swelled by the tissue and, of 
course, increased heat and damaged surfaces 
were observed; when using salty solution 
swelling was evident but not as noticeable. In 
summary, surface charges may affect the 
interaction with different lubrication mediums.  

Willing to place friction coefficient in 
context, tables 3 and 4, show the predicted 
friction coefficient for common activities like 
walking, running and jogging, all these having 
in consideration the sliding speeds previously 
described. From these results, it can be stated 
that, as the synovial fluid is a well-known non-
Newtonian fluid [7], its behaviour varies under 
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the application of different loads. Connecting 
this last to the results from tables 3 and 4, 
synovial fluid, does not make a difference in 
friction coefficient when at low cyclic loads, 
thus, distilled water and interstitial-like fluid, 
widely present in the absence of synovial fluid 
when infection of inflammation occurs. In 
contrast, for high cyclic loads distilled water 
and the salty solution used in these 
experiments, do not prevent cartilage 
degradation as synovial fluid does. This 
happens in a similar way under different loads 
and in both, condyle and plateau, portions. 
 
5. CONCLUSION AND FUTURE WORK 

 
Reliable results from experimentation with 

biological samples depends on the protocols 
followed. A cartilage sample, for instance, can 
only be preserved for 72 hours. Protocols 
should aim to maintain the natural body 
environmental conditions to preserve samples. 
For sample harvesting, heat and stress from 
the tool should be controlled to avoid 
affections on the sample structures; heat on 
tools can lead to dehydration and 
osteonecrosis of the osteochondral samples. 

Friction coefficient measured from different 
parts of the bone presented different results. 
Average friction coefficient for plateau 
portions is of 0.2 for distilled water and 
interstitial-like fluid. Average friction 
coefficient for condyle portions was of about 
0.16 for both cases. Results did not vary 
significantly when different loads were applied. 
Friction coefficient tends to be lower in the 
condyle portions of bone, perhaps, because of 
the greater thickness of the cartilage layer, if 
compared to plateau portions. 

Future work should aim to compare these 
two proposed lubricants with natural synovial 
fluid or an artificial substitution. 
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Abstract: Elektrolitčke prevlake hroma imaju široku i raznovrsnu primenu, što je uslovljeno karakterističnim 
osobinama ovih prevlaka. Nanose se da bi površina osnovnog materijala dobila odgovarajuća svojstva, kao 
što su: otpornost prema habanju, hemijska postojanost, potreban estetski utisak i dr. Ispitivanja galvanskih 
prevlaka hroma usmerena su najčešće na vezu prevlake sa osnovnim materijalom, dok je veoma malo 
podataka o uticaju faktora procesa obrade podloge za taloženje na karakteristike prevlaka. Prevlake hroma 
su taložene na čeličnu podlogu iz hromatno-sulfatnog elektrolita. Za ispitivanje galvanskih prevlaka hroma 
postavljen je model programiranog taloženja u sistemu planparalelnih ploča. Projektovan je program 
taloženja hroma jednosmernom strujom. Računarskom tehnikom praćen je i regulisan proces taloženja 
prevlake hroma, vrednost parametara na početku i tokom procesa. U radu su prikazani rezultati istraživanja 
uticaja faktora procesa obrade na tribološke karakteristike prevlake hroma taloženih u programiranom 
režimu jednosmerne struje.  
 
Keywords: galvanske prevlake hroma, tribologija, hrapavost 
 
1. UVOD  

 
Stvaranje metalnih elektrolitičkih prevlaka 

na površini drugog metala ima dvostruku 
ulogu: zaštitu od korozije i promenu karakte-
ristika površine metala, kao što su tvrdoća, 
električna provodljivost, dekoracija itd.  

Tvrde prevlake hroma imaju primenu kod 
proizvodnje različitih alata, mašinskih delova, u 
industriji naoružanja i sl. U zavisnosti od karak-
teristika materijala, postojanja ili ne međuslo-
ja, funkcije elemenata i dr., debljina prevlaka 
hroma može biti od 0.5 do 500 µm [9]. 

Uticaj faktora procesa obrade i taloženja 
prevlaka, odnosno tehnološkog nasleđa, je 
veoma malo istraživan. Površinski slojevi obra-
đenih površina dobijenih različitim postupcima 
i režimima obrade mogu imati različitu struk-

turu, što se tek u periodu eksploatacije može 
ispoljiti. Osnovni parametri koji se nasleđuju 
kroz tehnološki proces izrade mogu se podeliti 
na dve grupe. S jedne strane to su parametri 
vezani za svojstva materijala: sastav, struktura, 
naponsko stanje i dr., dok su sa druge strane 
parametri vezani za makro i mikrogeometriju 
površina (geometrijski parametri), otpornost 
na koroziju i habanje i dr. [1, 2]. To ukazuje na 
kompleksnost problema i potrebu izučavanja.  

U zavisnosti od odabranog režima taloženja 
(gustine struje i sastava i temperature 
elektrolita) pri taloženju hroma jednosmernom 
strujom menjaju se osobine prevlaka (sjaj, 
otpornost na habanje i koroziju, tvrdoća, 
unutrašnja naprezanja u prevlaci, defekti na 
površini prevlake). Isto tako pri taloženju 
hroma jednosmernom strujom javlja se 
problem kod prekida struje u procesu 
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taloženja, zbog pasivnosti površine hroma. 
Gotovo je nemoguće istaložiti drugi sloj hroma 
sa zadovoljavajućim prianjanjem za sloj 
istaložen pre prekida procesa [3, 8].  

 

2. EKSPERIMENTALNA ISPITIVANJA 
 

Kao podloga za nanošenje prevlaka odabran 
je čelik Č5730 (prema GOST-u 30HN2FA 1).  
Uzorci za ispitivanje su pločice dimenzija 
6,3x15x10 mm (prema ASTM G 77). Posle 
izrade uzoraka glodanjem, izvršena je termička 
obrada poboljšanjem na odgovarajuću tvrdoću. 
Završna obrada uzoraka vršena je brušenjem 
sa više režima i  poliranjem. Na ovaj način su 
dobijene različite karakteristike površinskog 
sloja i različite topografije površina uzoraka, 
tabela 1.  
 

Tabela 1. Karakteristike uzoraka pre hromiranja 

uzorak vrsta obrade Ra, μm 
program 
taloženja 

1 Brušenje, režim A4 0.970 1 
2 Brušenje, režim A4 1.330 4 
3 Brušenje, režim A3 1.230 2 
4 Brušenje, režim A3 0.940 3 
5 Brušenje, režim A2 0.990 4 
6 Brušenje, režim A1 0.850 1 
7 Poliranje 0.690 3 
8 Poliranje 0.457 2 

Prevlake hroma su taložene u 
programiranom režimu rada jednosmernom 
strujom, po zadatom planu eksperimenta 
(tabela 2).  

Tabela 2. Parametri  taloženja prevlaka 

 
U toku procesa taloženja, parametri 

jednosmerne struje su kontrolisani i regulisani 
u zadatim granicama. Korišćene anode su 
napravljene od olova sa 10 % antimona.  

Na slikama 1 i 2, prikazani su izgledi uzoraka 
pre i posle nanošenja prevlaka. Ispitivanje 
prevlaka hroma vršena su na tribometru TR-95 
sa kontaktom blok-on-disk u Laboratoriji za 
obradu metala rezanjem i tribologiju, Fakulteta 
inženjerskih nauka Univerziteta u Kragujevcu, 
slika 3. Tribometar TR-95 omogućava variranje 
uslova kontakta sa aspekta oblika, dimenzija i 
materijala kontaktnih elemenata, normalnog 
kontaktnog opterećenja i brzine klizanja. 
Ispitivanja se mogu vršiti u uslovima sa 
podmazivanjem i bez podmazivanja.  

 

 
a - pre nanošenja prevlake    

 

 
b- posle nanošenja prevlake     

Slika 1. Uzorak broj 5, brušena podloga 

Parametri elektrolize Programi taloženja  
1 2 3 4 

Gustina struje taloženja 
[А dm-2] 30 30 60 60 

Struja 
taloženja [А] 2 2 3.8 3.8 

Vreme taloženja [h] 3 6 3 6 

Radna temperatura taloženja је 55 ±1ºC 
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a - pre nanošenja prevlake     

 

 
 

 
b- posle nanošenja prevlake     

Slika 2. Uzorak broj 8, polirana podloga 
 

Razvoj procesa habanja na bloku 
manifestuje se formiranjem i širenjem 
izraženog traga habanja. Početni nominalni 
linijski kontakt između diska i bloka usled 
razvoja procesa habanja postaje kontakt po 
određenoj površini, što kao posledicu ima 
razaranje materijala, najpre u površinskom 
sloju bloka. Promena širine traga habanja ima 
isti karakter za sve ispitivane uzorke samo je 
razlika u nivou njihove pohabanosti. 

 

Parametri ispitivanja:   

• Normalno opterećenje    10 N,  

• brzine klizanja  0,25 m/s, 

• Ukupan put klizanja  500 m.  

Realizovana ispitivanja su bila sa graničnim 
podmazivanjem sa mineralnim uljem Hidrovisk 
HD 46 zbog velikog koeficijenta trenja u slučaju 
trenja bez podmazivanja i velikih vibracija u 
sistemu merenja sile trenja kod tribometra TR-
95.  

 
Slika 3. Trag habanja na bloku 

 
U tabeli 3, prikazane su karakteristike 

ispitivanih prevlaka i ispitivanjem dobijene 
vrednosti koeficijenta trenja i širine traga 
habanja. Koeficijent trenja je srednja vrednost 
nakon uhodavanja posle 500 metara puta. 

Tabela 3.  Karakteristike prevlaka hroma 

Uzorak debljina 
δ, μm 

Ra, 
μm μ 

trag 
habanja 
h, mm 

1 22.48 1.242 0.76 1.395 
2 88.90 1.880 0.86 1.260 
3 34.00 1.600 0.80 1.323 
4 39.70 1.390 0.82 1.260 
5 88.90 1.368 0.86 1.240 
6 24.76 0.870 0.73 1.360 
7 39.10 0.870 0.84 1.275 
8 33.86 0.600 0.78 1.350 

 
Primeri signala koeficijenta trenja ispitiva-

nih uzoraka sa prevlakama hroma taloženim 
na podlogama dobijenim različitom završnom 
obradom prikazani su na slici 4.  

Paralelno sa praćenjem promene koeficijen-
ta trenja praćen je i proces habanja bloka u 
uslovima trenja sa podmazivanjem. Kao para-
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metar habanja korišćena je širina traga haba-
nja na kontaktnoj površini ispitivanog bloka. 

 
 а) fino brušena površina 

 
b) grubo brušena površina  

 

c) mehanički polirana površina 

Slika 4. Promena koeficijenta 
               trenja prevlaka hroma 

 
3. ANALIZA REZULTATA 

 
Na svim uzorcima prvo je izvršen pregled 

spoljašnjeg izgleda. Izgled prevlake praćen je 
vizuelno, na dnevnoj svetlosti,  pod  uglom  od  
45º.  Površina prevlake kod svih uzoraka je 
sjajna i glatka. Nema dendrita, pregorelih i 
nepokrivenih mesta.  

Koeficijent trenja se kreće u granicama od 
0.73 do 0.86 što je u saglasnosti je sa 
rezultatima dobijenim u istraživanjima [4, 5, 7]. 
Vrednost koeficijenta trenja je viša kod 
prevlaka taloženih po programima 3 i 4, 
odnosno sa strujom gustine od 60 A/dm2. Ove 
prevlake imaju višu tvrdoću. 

Promena širine traga habanja ima isti 
karakter za sve ispitivane uzorke samo je 
razlika u nivou njihove pohabanosti. Proces 
habanja karakteriše postizanje određenog 
nivoa, stabilizaciju i malu promenu širine traga 
habanja tokom vremena ispitivanja. Širina 
traga habanja je manja kod prevlaka dobijenih 
po programu 3 i 4, odnosno sa strujom gustine 
od 60 A/dm2.  

Na slikama 5 i 6, dat je njihov grafički prikaz 
u zavisnosti od programa taloženja prevlaka. 

 
Slika 5. Promena koeficijenta  

                trenja prevlaka hroma 

 
Slika 6. Promena širine traga habanja 

Otpornost na habanje prevlaka hroma je 
određena na osnovu zapremine pohabanog 
materijala. Vrednosti zapremine pohabanog 
materijala za ispitivane prevlake hroma date 
su su u tabeli 4, a grafički prikaz na slici 7. 
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Tabela 4.  Zapremina pohabanog materijala 

Uzorak program 
taloženja 

Ra, 
μm μ 

Zapremina 
pohabanog 
materijala, 
mm3 x10-3 

1 1 1.242 0.76 80.0671 
2 4 1.880 0.86 58.9945 
3 2 1.600 0.80 68.2957 
4 3 1.390 0.82 61.8492 
5 4 1.368 0.86 56.2290 
6 1 0.870 0.73 74.1890 
7 3 0.870 0.84 61.1271 
8 2 0.600 0.78 72.5641 

 

 
Slika 7. Zapremina pohabanog materijala 

Ako se posmatra nivo pohabanosti  
ispitivanih uzoraka vidi se da  uzorci 7, 4 i 2 
imaju skoro isti nivo pohabanosti. Ovi uzorci 
imaju potpuno različite karakteristike podloge 
za taloženje prevlake, tvrdoća se kreće u 
rasponu od 39 da 42 HRC,  hrapavost od 0.600 
do 1.880 μm. Debljina prevlaka je takođe 
različita i kreće se u rasponu od 22.48 do 88.90 
µm, tako da osnovni uticaj na nivo 
pohabanosti imaju faktori procesa taloženja. 

Otpornost prema habanju prevlaka hroma 
povezana je sa njihovom tvrdoćom  i 
plastičnošću po složenoj zavisnosti. Otpornost 
prema habanju prevlaka raste sa povećanjem 
mikrotvrdoće do oko 1000 HV0.1. Dalje 
povećanje mikrotvrdoće uzrokuje smanjenje 
nivoa otpornosti na habanje. Ova pojava se 
dovodi u vezu sa tim da pri ovim vrednostima 
tvrdoća zrna prelazi čvrstoću njihove uzajamne 
veze. U tom slučaju habanje prevlaka nastaje 
uglavnom kao posledica drobljenja 
pojedinačnih zrna [3]. 

 

4. ZAKLJUČAK 
 

Na osnovu dobijenih rezultata može da se 
zaključi da najveći uticaj na tribološke 
karakteristike prevlaka hroma imaju parametri 
taloženja. Uticaj stanje podloge na koju je 
istaložena prevlaka hroma je manji  ali ne 
može da se zanemari. 

Rezultati istraživanja promene topografije 
površine u zavisnosti od načina dobijanja 
prevlake hroma su pokazala da nanošenjem 
prevlake dolazi do značajne promene 
topografije. Uočljiv  je  primetan  trend rasta 
hrapavosti površine sa produženjem vremena 
taloženja  odnosno,  sa  porastom  debljine  
prevlake, dolazi  do  porasta  hrapavosti,  a  što  
je  u  skladu  sa literaturnim navodima.   

Vrednost koeficijenta trenja je viša kod 
prevlaka taloženih po programima 3 i 4, 
odnosno sa strujom gustine od 60 A/dm2, i 
kreće u granicama od 0.73 do 0.86 što je u 
saglasnosti je sa rezultatima dobijenim u 
istraživanjima [4, 5, 7]. 

Kod prevlaka taloženih sa strujom gustine 
od 60 A/dm2 su i vrednosti pohabanog materijala 
manje. 

 U zavisnosti od režima hromiranja i uslova 
eksploatacije, otpornost prema habanju  
delova sa prevlakama hroma povećava se tri 
do pet puta u odnosu na delove bez prevlaka. 

Realizovana ispitivanja i dobijeni rezultati 
ukazuju na postojanje zavisnosti između 
tvrdoće podloge, debljine prevlake i širine 
traga habanja pri tribološkim ispitivanjima, ali 
uspostavljanje korelativnih veza je moguće 
realizacijom znatno većeg broja eksperimenata. 
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INFLUENCE OF PROCESS FACTORS ON 
TRIBOLOGICAL PROPERTIES OF CHROMIUM COATINGS 

 
Abstract: Electrolytical chromium coatings have wide and various application, due to characteristics of 
these coatings. They are deposited with aim to give the surface of base material wanted characteristics such 
as: wear resistance, chemical stability, esthetic appearance etc. Investigations of galvanic chromium 
coatings are mostly directed to the connection of the coating with base material, while there is very few 
data of influence of base material to coating characteristics. Chromium is deposited on steel base from 
chromate-sulfate electrolyte. For investigation of galvanic chromium coatings model of programmed 
deposition is set in system of planparalel plates. Program of chromium deposition using direct current is 
projected. Process of coating deposition, values of parameters at the beginning and during the process, 
were followed and regulated computer. This paper presents the research results of tribological 
characteristics of chromium coatings deposited on the substrate obtained by different finishes with different 
hardness and topography. 
Keywords: Tribology, galvanic chromium coating, hardness, topography 
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Apstrakt: U radu je objašnjen kompletan postupak regeneracije segmenata na papučama transporta većine 
bagerskih jedinica u RB „Kolubara“. Do nedavno su, prema staroj praksi, pohabani segmenti transporta 
odstranjivani sa papuče, a umesto njih su postavljani novi. Međutim, sa novim zahtevima baziranim na 
ekonomskim principima gde se zahteva skraćenje vremena trajanja popravki, došlо sе do osvajanja 
tehnologije regeneracije pohabanih segmenata. Tehnologija regeneracije pohabanih segmenata obuhvata 
navarivanje oštećenih otvora kako bi se izvršila njihova naknadna mašinska obrada razbušivanjem. 
Тehnologija takođe obuhvata i navarivanje gaznih površina segmenata. Ovom metodom otvara se 
mogućnost da se pohabani segmenti regenerišu i po nekoliko puta čime se postiže duži vek njihove 
eksploatacije. Primenom ove metode izbegava se ugradnja novih segmenata što dovodi do velike 
tehnoekonomske uštede, pogotovo imajući u vidu brojnost bagerskih jedinica na površinskim kopovima RB 
„Kolubarа“. 
 
Ključne reči: bageri, regeneracija, segment transportera, navarivanje 

 
 
1. UVOD 
 

Osnovni gazni element koji služi za kretanje 
svih bagerskih mašina na površinskom 
ugljenokopima „Kolubare“ su papuče. Svaka 
papuča se sastoji iz tela papuče i segmenta. 

Telo papuče se sastoji od tri osnovna lima 
od čelika Č0563, zatim nekoliko rebara, dva 
zatvarajuća lima, osovinice, četiri čaure i dva 
osigurača osovinica. Segment papuče je od 
čeličnog liva ČL.3134. Oblik papuče i oblik 
segmenta je isti za sve papuče, a razlikuju se 
po veličini gazne površine i veličini segmenta. 
Za vreme rada (kretanja) svih bagera dolazi do 
habanja papuče i segmenta. Na papuči dolazi 

do deformacije – krivljenja i tanjenja limova od 
kojih su papuče izrađene, a na segmentima 
dolazi do habanja otvora i ravnih gaznih 
površina, koje su u međusobnom kontaktu sa 
vučnim segmentima pogonskih točkova bagera. 
Treba naglasiti da se segmenti papuče mnogo 
brže habaju od gaznih limova papuče, pa je 
regeneracija pohabanih segmenata postala 
neizbežna [1].  

Ranije, dok nije osvojena tehnologija 
regeneracije segmenata papuča, rađena je 
zamena istih, pri čemu je pohaban segment, 
kao otpad, vraćan livnici na ponovno topljenje 
i livenje. 
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2. OPIS REGENERACIJE PAPUČA I 
TEHNOEKONOMSKA ANALIZA 

 
Tehnologija regeneracije bagerskih papuča 

obuhvata [2]: 
a) Regeneraciju gaznih površina papuče – 

limova, koja podrazumeva zamenu 
istanjenih limova, ispravljanje krivih limova, 
vađenje prslina – žljebljenje i ponovno 
zavarivanje. 

b) Regeneraciju pohabanih segmenata, koja 
podrazumeva: 

- zamenu pohabanog segmenta novim, 
- delimičnu regeneraciju pohabanog 

segmenta, 
- potpunu regeneraciju pohabanog 

segmenta,  
 
2.1 Zamena pohabanog segmenta papuče 

novim segmentom za bager glodar SRs 1200 
 

Zamena starog pohabanog segmenta 
novim obuhvata sledeće operacije [2]: 

- gasno rezanje – vađenje pohabanog 
segmenta,  

- ručno brušenje bočnih strana novog 
segmenta, brušenje limova na papuči i 
ugradnju novog segmenta,  

- dogradnja novog lima oko segmenta (jer 
je stari oštećen),  

- zavarivanje novog segmenta, 
- ispravljanje deformisanih limova na 

papuči i zavarivanje uočenih prslina, 
- utiskivanje čaura u segment papuče. 

Tabela 1. Pregled troškova rada 

Vrsta radova 
Norma 

sati 
Cena 
sata 

Ukupna 
cena 

Bravarski radovi 15 614 9.210 
Zavarivački radovi 40 684 27.360 
Rendisanje 2,50 4.016 10.040 
Borverk 6 8.551 51.306 

 Σ 97.916 

 

Tabela 2. Pregled utroška materijala 

Materijal Količina 
Cena po 

jed. mere 
Ukupna 

cena 

Novi segment 1 kom 105.500 105.500 
Elektroda INOX  10 kg 950 9.500 

18/8/6 ø4 mm 
Elektroda PIVA 
150 B ø4 mm 4 kg 180 720 

Kiseonik 20 kg 60 1.200 
Acetilen 10 kg 310 3.100 

 Σ 120.020 

 
Novi segment papuče košta oko 105.500 

dinara. Na novom segmentu mora se pre 
ugradnje uraditi sledeće: 

- obrada otvora segmenata na borverku,  
- obrada ravne gazeće površine segmenta 

na dugohodnoj rendisaljci.  
Ukupna cena za jednu papuču sa novim 

segmentom bi bila 217.936 dinara. 
 
2.2 Delimična regeneracija pohabanog 

segmenta papuče 
 

Pri ovom postupku regeneracije segmenta i 
papuče rade se sledeće operacije [2]: 

- pranje i čišćenje papuče, 
- ispravljanje krivih limova na papučama, 
- žljabljenje, brušenje i zavarivanje prslina 

na limovima papuča, 
- navarivanje pohabanih gaznih površina 

segmenata papuča, 
- utiskivanje čaura u segmente papuča. 

Tabela 3. Pregled troškova rada 

Vrsta radova Norma 
sati 

Cena 
sata 

Ukupna 
cena 

Bravarski radovi 12 614 7.368 
Zavarivački radovi 56 725 40.600 

 Σ  47.968 

Tabela 4. Pregled utroška materijala 

Materijal Količina 
Cena po 

jed. mere 
Ukupna 

cena 

Punjena žica 
Tube-Alloy 218-O 
McKay ø2.8 mm 

15 kg 2.000 30.000 

Elektroda INOX 
18/8/6 ø4 mm 10 kg 950 9.500 

Elektroda PIVA 
150 B ø4 mm 4 kg 180 720 

Lim ≠10 mm 6 kg 75 450 
Kiseonik 8 kg 60 480 
Acetilen 4 kg 310 1.240 

 Σ 42.390 
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Ukupna cena za jednu papuču sa 
delimičnom regeneracijom papuče bi bila 
90.358 dinara. 
 
2.3 Postupak potpune regeneracije papuče i 

pohabanog segmenta 
 

Pored postupka delimične regeneracije 
segmenata papuča transporta, može se 
primeniti i postupak potpune regeneracije istih. 

 
Slika 1. Navarivanje otvora segmenta 

 
Slika 2. Navarivanje pohabanog otvora 

Postupak regeneracije obuhvata sledeće 
operacije [2]: 

- pranje i čišćenje papuče, 
- ispravljanje krivih limova na papuči, 
- žljebljenje, brušenje i zavarivanje prslina 

na limovima papuča, 
- navarivanje pohabanih gaznih površina 

na segmentu papuče, 
- razbušivanje otvora na prvu čistu meru i 

navarivanje pohabanih otvora na 
segmentu, 

- obradu (razbušivanje) navarenih otvora 
na segmentu, 

- utiskivanje čaure u segment papuče. 

 
Slika 3. Otvor u segmentu posle navarivanja 

 
Slika 4. Obrada navarenih otvora na borverku 

Tabela 5. Pregled troškova rada 

Vrsta radova 
Norma 

sati 
Cena 
sata 

Ukupna 
cena 

Bravarski radovi 14 614 8.596 
Zavarivački radovi 56 725 40.600 
Borverk za razbuš. 4 2.500 10.000 
Navarivanje otvora 12 2.500 30.000 

 Σ  89.196 

Tabela 6. Pregled utroška materijala 

Materijal Količina 
Cena po 

jed. mere 
Ukupna 

cena 

Punjena žica 
Tube-Alloy 218-O 
McKay ø2.8 mm 

15 kg 2.000 30.000 

Elektroda INOX 
18/8/6 ø4 mm 18 kg 950 17.100 

Elektroda PIVA 
150 B ø4 mm 5 kg 200 1.000 

Lim ≠10 mm 6 kg 80 480 
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Materijal Količina 
Cena po 

jed. mere 
Ukupna 

cena 

Kiseonik 8 kg 60 480 
Acetilen 4 kg 310 1.240 

 Σ  50.300 

 
Ukupna cena za jednu papuču sa potpunom 

regeneracijom papuče bi bila 139.496 dinara. 
 
3. REZULTATI I DISKUSIJA 
 

Tehnologija regeneracije pohabanog 
segmenta papuče podrazumeva postupke 
navarivanja određenom vrstom dodatnog 
materijala na oštećene površine i mašinsku 
obradu navrenih otvora segmenta. 
Navarivanje je proces nanošenja slojeva 
metala na radne površine nekih delova, radi 
povećanja njihove otpornosti na habanje. 
Navarivanje se vrši samo kod onih površina 
radnih delova koje su izložene najvećem 
habanju, pri čemu je ponekad moguće i 
višestruko navarivanje pre zamene delova 
novim. Dobra strana navara je ta što metal 
navara može biti različitog hemijskog sastava u 
odnosu na osnovni materijal. Navarivanje se 
zasniva na polaganju slojeva dodatnog 
materijala na podlogu, koja se obično razlikuje 
po hemijskom sastavu, kad je u pitanju 
regeneracija.  

Navari otporni na habanje imaju različit 
hemijski sastav u odnosu na podlogu, pa je 
važno da dubina uvarivanja bude što manja, 
jer je u protivnom teško, ili čak nemoguće, 
dobiti navar traženog hemijskog sastava. 

Tehnologija regeneracije pohabanih gaznih 
površina na segmentu obuhvata sledeće 
operacije: 

1. Priprema pohabanih gaznih površina 
(dve vertikalne i jedne horizontalne) za 
navarivanje. Ona se sastoji od brušenja 
ručnom brusilicom nagnječenog 
materijala i čišćenja od korozije. 

2. Sečenju – pripremi potrebnog broja 
pločica lima različite debljine (5, 10, 5 
mm) od čelika Č0563. 

3. Bravarsko zavarivački radovi pri 
postavljanju i zavarivanju isečenih 
pločica na dve vertikalne gazne površine. 

Pločice se zavaruju REL postupkom uz 
korišćenje elektrode INOX 18/8/6, ø4 
mm i obavezno predgrevanje površine 
segmenta gasno brenerom. 

4. Navarivanju – popuni praznog prosotra 
između pločica i navarivanju jednog 
prolaza, sloja, preko pločica koji se 
takođe izvodi REL postupkom uz 
korišćenje elektrode INOX 18/8/6, ø4 
mm. Ovom operacijom se u stvari vrši 
postavljanje – navarivanje takozvanog 
vezivnog sloja – pufer sloja između 
osnovnog materijala (ČL.3134 ili 
ČL.3160) i dodatnih navarenih slojeva od 
tvrde elektrode koji su obično debljina 
do 12 mm. 

5. Navarivanje jednog sloja – pufer sloja na 
horizontalnoj gaznoj površini segmenta 
se isto radi REL postupkom i elektrodom 
INOX 18/8/6 ø4 mm. 

6. Navarivanje po dva zadnja sloja na dve 
vertikalne i jednoj horizontalno gaznoj 
površini segmenta do postizanja 
konačnih mera po crtežu se izvodi REL 
postupkom uz korišćenje žice Tube-Alloy 
218-O McKay ø2.8 mm. 

7. Posle završenog navarivanja sa žicom 
Tube-Alloy 218-O McKay ø2.8 mm, vrši 
se brušenje – ravnanje gaznih površina 
ručnom brusilicom.  

Tehnologija regeneracije pohabanih otovra 
na segmentu podrazumeva sledeće operacije: 

1. Priprema oštećenih otvora na segmentu 
za navarivanje. Ona se sastoji u 
razbušivanju otvora na prvu čistu meru, 
a izvodi se na borverku uz korišćenje 
specijalno konstruisanog alata za ovu 
operaciju. 

2. Navarivanje obrađenih otvora na 
segmentu se vrši MIG i MAG postupkom 
uz korišćenje žice INOX 18/8/6, ø1.2 mm, 
a izvodi se uz korišćenje zaštitnih gasova 
CO2 i argona. Otvori se navaruju do 
konačne mere otvora na crtežu plus 
dodatak za obradu koji iznosi (5-6) mm 
po prečniku otvora. 

3. Obrada navarenih otvora na segmentu 
papuče se vrši na borverku uz pomoć 
specijalno kostrukcionog alata. 
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Regeneracija jedne papuče sa zamenom 
pohabanog segmenta novim segmentom košta 
217.936 dinara + PDV, a regeneracija jedne 
papuče sa potpunom regeneracijom 
pohabanog segmenta iznosi 139.496 dinara 
(rad+materijal) + PDV. Iz ovoga se vidi da 
razlika u ceni koštanja jedne regenerisane 
papuče i segmenta iznosi 217.936–139.496 = 
78.440 dinara. Tako na primer, pri regeneraciji 
116 komada papuča za bager Glodar SRs 1200, 
ušteda bi iznosila 78.440x116 = 9.099.040 
dinara. 

U jednom pogonu „Kolubare“ prihvaćena 
je regeneracija papuče i segmenta i iskustvo 
pokazuje da je vek eksploatacije segmenta, 
kod kojeg su regenerisane gazne površine 
znatno duži nego kod novougrađenog 
segmenta. Ova razlika u dužini vremena 
eksploatacije je nastala iz razloga tog što je 
dodatni navareni sloj tvrde elektrode otporniji 
na habanje od osnovnog materijala (ČL.3134) 
novog segmenta. 

Na globalnom nivou postoji velika ušteda u 
energiji i sirovini (regenerišu se pohabani 
segmenti, a smanjena je proizvodnja novih). 

Opisani tehnološki proces regeneracije 
segmenata papuče i izvedena ekonomska 
računica se odnosi na segmente koji se 
izrađuju od čeličnog liva ČL.3134. U ponudi 
pojedinih proizvođača nalaze se segmenti 
papuča izliveni od čeličnog liva ČL.3160 (12% 

Mn). Za potrebe RB „Kolubara“ osvojen je 
tehnološki postupak potpune regeneracije 
segmenata od tog materijala. 
 
4. ZAKLJUČAK 
 

Na osnovu velikog iskustva iz oblasti 
regeneracije navarivanjem i prethodno 
urađene analize, može se preporučiti (možda 
je bolje reći apelovati) svim privrednim 
subjektima koji u svom procesu rada–
proizvodnje imaju povećane zahteve za 
zamenom habajućih radnih elemenata 
izrađenih od čelika i čeličnog liva da razmotre 
mogućnost regeneracije tih radnih elemenata 
tehnološkim postupkom navarivanja, umesto 
izrade novih i njihove zamene. Ovakav 
postupak je nužan, jer su uštede brojne, a pre 
svega znatno duži vek eksploatacije radnih 
elemenata, ušteda u osnovnoj sirovini (rude 
gvožđa), ušteda u energiji, radnim satima i 
čuvanju životne sredine. 
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Abstract: Galvanske prevlake su najzastupljenije prevlake u oblasti površinske zaštite materijala. 
Kombinacijom više, ili kao samostalni metali uloga ovih prevlaka je da poboljša svojstva osnovnog 
materijala shodno eksploatacionim uslovima. U specifičnim uslovima gde se javljaju visoke radne 
temperature i pritisci, agresivne sredine u kojima su radni predmeti podložni koroziji potrebno je zaštiti 
material kako bi se produžio njegov radni vek. Primenom čvrstih maziva volfram disulfida na bazi 
nanočestica kao prevlake mogu se ostvariti dobra antihabajuća svojstva materijala. U skladu sa zahtevima 
iz industrije u radu su prikazani rezultati ispitivanja triboloških karakteristike galvanskih prevlaka cinka, 
kadmijuma, hroma i prevlake volfram disulfida. 

Keywords: galvanske prevlake, čvrsta maziva, tribološke karakteristike, koeficijent trenja, habanje 
 

Tribological characteristics of metal coatings and tungsten disulphide coating 
 
Abstract: Galvanized coatings are the most common in the field of surface protection materials. The coating 
has the task to improve the properties of the base material under the conditions of exploitation. The specific 
conditions that experience elevated temperatures and pressures, and conditions of the aggressive 
environment in which the workpieces are exposed to corrosion it is necessary to protect certain materials. 
Besides, by using the solid lubricants of tungsten disulfide on the basis of the nano-particles as coating good 
anti-friction and anti-wear properties of the material can be achieved. In accordance with the requirements 
of the industry for replacing of cadmium coatings with other coatings in this paper are presented the results 
of tests of the tribological characteristics of the metal coatings from zinc, cadmium, chromium and tungsten 
disulfide coating. 

Keywords: Galvanized coatings, solid lubricants, tribological characteristics, friction, wear 
  
1. Uvod 
 

Oštećenja koja se javljaju u kontaktu 
elemenata tehničkih sistema ili pri reakciji 
elemenata i atmosferske sredine su uglavnom 
skoncentrisana na male površine i tanke 
slojeve [1]. Procesi trenja i habanja izazivaju 
oštećenja materijala koja u velikoj meri utiču 
na životni vek i eksploatacijske karakteristike 

materijala [2]. Ove karakteristike su definisane 
preko koeficijenta trenja, otpornosti na 
habanje, zamorne čvrstoće, otpornosti na 
koroziju i dr. 

Za poboljšanje karakteristika površinskih 
slojeva i otpornosti na habanje, na osnovni 
materijal nanose se zaštitne i druge prevlake. 
Kvalitet modifikovanih površina definisan je 
fizičko-hemijskim karakteristikama koje se 
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određuju ispitivanjima. Ispitivanja se odnose 
na:  
- karakterizaciju modifikovanih površina, 
- određivanje fizičko-hemijskih osobina 

modifikovanih površina, 
- određivanje triboloških karakteristika 

modifikovanih površina, itd. [1]. 
U radu su ispitane tribološke karakteristike 

galvanskih prevlaka cinka, kadmijuma, hroma i 
prevlake čvrstih maziva volfram disulfida. Za 
ispitivanja triboloških karakteristika korišćena 
je metoda  BLOCK-ON-DISK. Metoda se zasniva 
na određivanju koeficijenta trenja klizanja 
merenjem normalne sile opterećenja i sile 
trenja. Ispitivani blok sa prevlakom je 
postavljen na specijalnu polugu, na koju su 
postavljene merne trake. Nomalna sila se 
preko poluge prenosi na blok koji ostvaruje 
kontakt po liniji sa diskom koji je postavljen na 
osovinu tribometra. Okretanju diska se 
suprotstavlja blok postavljen na mernu polugu 
pomoću koje se mere normalna sila 
opterećenja i sila trenja. Tokom procesa dolazi 
do habanja elemenata u kontaktu i odnošenja 
čestica sa površine [3], stim da se habanje 
bloka može meriti merenjem širine traga haba-
nja. Ova tribološka ispitivanja se vrše prema 
standardu ASTM D2714-94 Standard Test 
Method for Calibration and Operation of the 
Falex Block-on-Ring Friction and Wear Testing 
Machine [4]. 

Zaštitne prevlake cinka, kadmijuma i 
hroma nanete su procesom galvanizacije. Ove 
prevlake imaju ulogu da zaštiti osnovni 
material od korozije i poboljšaju mehaničke 
karakteristike, u zavisnosti od primene [6].  

Prevlaka volfram disulfida je naneta sprej 
postupkom i pripada grupi čvrstih maziva. 
Pretežno se koristi u oblasti vojne i 
vazduhoplovne industrije gde su specifični 
zahtevi rada na povišenim temperaturama i 
pritiscima kao i izlaganje agresivnim 
sredinama [1].  

Naoružanje i vojna oprema posebno su 
važni sa aspekta zaštite materijala od štetnih 
uticaja. Naoružanje i vojna oprema su 
prilikom upotrebe izloženi kombinovanim 
naprezanjima u različitim uslovima primene, 
što dovodi do oštećenja površinskog sloja 

materijala, kao i zamora materijala. Pored 
toga, veliki deo vojne opreme nije u stalnoj 
eksploataciji, pa se nalazi u skladištima i 
magacinima. To je posebno izraženo kod 
municije, koja se kao sredstvo samo jednom 
koristi i u tom trenutku mora da ispuni 
željeno dejstvo. S toga je zaštita sredstava 
naoružanja i ubojnih sredstava jedan od 
najvećih izazova odbrambene industrije [5,7].  

 
2.  GALVANSKE PREVLAKE I ČVRSTA  
     MAZIVA 
 

2.1 Galvanske prevlake  

Elektrohemijsko nanošenje prevlaka ili 
galvanizacija predstavlja najzastupljeniji metod 
nanošenja metalnih prevlaka. Ove prevlake se 
nanose prvenstveno u cilju zaštite osnovnog 
materijala od mehaničkih oštećenja (habanja) i 
podizanja otpornosti na štetna dejstva 
atmosferskih uticaja (korozija). Takođe, 
primenom prevlaka se mogu poboljšati 
osobine električne i hemijske provodljivosti. 
Metalne prevlake se dele na:  

 anodne metalne prevlake, 
 katodne metalne prevlake.  
U ovom radu ispitivane su tribološke 

karakteristike prevlaka cinka, kadmijuma i 
hroma. Prevlake cinka i kadmijuma pripadaju 
anodnim prevlakama.  

To znači da je elektrodni potencijal sredine 
negativniji od elektrodnog potencijala metala, 
dok prevlake hroma pripadaju katodnim 
prevlakama i predstavljaju obrnuti proces [8].  

Metoda se zasniva na principu obrade 
metalnih predmeta u elektrolitu uz dejstvo 
električne struje. Predmeti na koje se nanosi 
prevlaka se vezuju za nosač koji se nalazi na 
negativnom polu izvora jednosmerne struje i 
predstavlja katodu, dok se za pozitivan pol 
izvora jednosmerne struje spaja anoda. 
Elektrolit se sastoji od jedinjena metala koje 
formira zaštitnu prevlaku [5].  

Prevlake cinka se pretežno koriste za zaštitu 
čelika od korozije, gde pokazuju najveću 
efikasnost. Cink ima negativniji elektrodni 
potencijal od vodonika, ali se zbog 
prenapetosti vodonika ipak taloži na katodi [8]. 
Debljina prevlake cinka zavisi od 
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eksploatacionih uslova dela na koji se cink 
nanosi [7]. 

Kadmijum je dvovalentan katjon i za razliku 
od cinka nema amfoteran karakter. Predstavlja 
dobru zaštitu za čelik i liveno gvožđe, 
prvenstveno od korozije ali i ima dobra 
električna svojstva, provodljivosti i lemljivosti 
[10, 11]. Zbog svojih štetnih uticaja na okolinu 
kao veoma toksičan element, teži se 
pronalaženju alternativnih prevlaka za 
kadmijum. Prevlake kadmijuma se uglavnom 
više ne koriste, izuzev u avio i vojne industrije 
gde se još uvek koristi, jer za sada nema 
dovoljno dobre i ekonomične zamene. 
Evropskim propisima i dokumentima je 
predviđeno potpuno izbacivanje iz upotrebe 
do 2020. godine [11, 12].  

  Hrom ima potencijal -0,56V i trebalo bi da 
se ponaša kao neplemenit metal ali se u praksi 
ponaša kao plemenit metal i odgovara mu 
elektrodni potencijal +1,36V [8]. Prevlake 
hroma su porozne, pa se za poboljšanu zaštitu 
od korozije nanose međuslojevi nikla ili bakra. 
Na ovaj način hrom štiti osnovni materijal od 
mehaničkih oštećenja i čuva dekorativni izgled, 
dok drugi metal štiti od korozije. Koristi se u 
industriji naoružanja, za zaštitu mašinskih 
delova i različitih delova alata [13].  

 
2.2 Čvrsta maziva 
 

Volfram disulfid pripada grupi čvrstih 
maziva i odlikuje ga mali koeficijent trenja, 
hemijskom stabilnošću na povišenim tempera-
turama i dobra apsorpcija dinamičkih 
opterećenja u zoni kontakta [1]. Prevlake 
volfram disulfida pokazuju izuzetne tribološke 
karakteristike i odlična svojstva zaštite 
materijala nakon dugog skladištenja. Koriste se 
za zaštitu skoro svih metalnih površina, imaju 
izuzetna antifrikciona, antihabajuća i 
antikoroziona svojstva. Debljina prevlaka kreće 
se do 0,2 µm [14]. 

 
3. EKSPERIMENTALNA ISPITIVANJA  
 

Eksperimentalna ispitivanja triboloških 
karakteristika zaštitnih prevlaka realizovana su 
metodom block-on-disk (slika 1). Prevlake se 

ispituju na tribometru TR-95 Centra za obradu 
metala rezanjem i tribologiju Fakulteta 
inženjerskih nauka Univerziteta u Kragujevcu. 

   
   Fn 
                                 Block 
 
 
        Disc 
 
 

Slika 1. Kontakt block-on-disc 

Kao osnovni materijal za kontaktne parove 
diska i bloka korišćen je se čelik 30HN2FA1  (po 
GOST-u, stara oznaka Č5730) na koji su nanete 
prevlake cinka, hroma, kadmijuma i volfram 
disulfida. Prevlake cinka nanete su u fabrici 
„Tehnički remontni zavod Kragujevac“. Nakon 
nanošenja prevlake cinka vršeno je nanošenje 
fosfatnog sloja. Uzorci sa prevlakama hroma, 
kadmijuma i volfram disulfida su dobijeni iz 
fabrike „Zastava oružje“. Prevlaka kadmijuma 
je naneta u preduzeću "Krušik" Valjevo. 
Ispitivani uzorci su bili dimenzija 15 x 10 x 6,3 
mm (slika 2). 

 

 
  Zn         Cr        WS2 Cd 

Slika 2. Sample for test on TR-95 
 

Tokom ispitivanja varirane su vrednosti 
normalnih sila 3 N, 6 N i 9N pri različitim 
brzinama diska od 0.25 m/s, 0.50 m/s i 0.75 
m/s za svako opterećenje posebno.  

U tabeli 1 prikazane su vrednosti koefici-
jenta trenja za tri različite vrednosti sila pri 
različitim brzinama kretanja.  

Debljine prevlaka su bile: 
- Cink 35 m, 
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- Hrom 40 m, 
- Kadmijum 50 m, i 
- Volfram disulfid  200 m. 

Table 1. Koeficijent trenja  

Prevlaka 
Brzina 

klizanja 
m/s 

Normalna sila 

3N 6N 9N 

Zn 
0.25 0.148 0.173 0.208 
0.5 0.179 0.196 0.237 

0.75 0.206 0.211 0.32 

Cr 
0.25 0.233 0.239 0.276 
0.5 0.209 0.218 0.251 

0.75 0.192 0.197 0.218 

WS2 
0.25 0.136 0.155 0.165 
0.5 0.162 0.173 0.183 

0.75 0.192 0.192 0.216 

Cd 
0.25 0.228 0.241 0.267 
0.5 0.266 0.298 0.317 

0.75 0.311 0.319 0.322 
 

Nakon realizovanih ispitivanja prevlaka na 
tribometru, analizom rezultata se može 
konstatovati da pri povećanju opterećenja 
raste koeficijent trenja kod svih prevlaka, dok 
sa povećanjem normalne sile opterećenja kod 
prevlaka cinka, kadmijuma i volfram disulfida 
raste korficijent trenja dok kod prevlake hroma 
opada. 

Najmanji koeficijent trenja dobijen je pri 
ispitivanjima sa prevlakama cinka i volfram 
disulfida, stim da je pri opterećenju od 3 N 
najmanji koeficijent trenja kod prevlake cinka, 
a pod dejstvom normalne sile od 6 i 9 N 
najmanj koeficijent trenja je bio kod uzoraka 
sa prevlakom volfram disulfida.  

Tokom ispitivanja metodom block-on-disc 
u kontaktu diska i bloka dolazi habanja 
materijala, u ovom slučaju do habanja zaštitne 
prevlake. Proces habanja karakteriše širina 
traga habanja (Figure 3). Na početku 
ispitivanja, disk ostvaruje kontakt sa blokom 
po liniji ali tokom ispitivanja dolazi do habanja 
i trag se širi u zoni kontakta dva materijala.  

               

 
Slika 3. Trag habanja u kontaktu bloka i diska 

 
U tabeli 2 prikazane su vrednosti širine 

traga habanja koje su izmerene nakon 
ispitivanja koeficijenta trenja. 

Prevlaka volfram disulfida koja zajedno sa 
cinkom ima najmanji koeficijent trenja ima 
najširi trag habanja u svim slučajevima 
ispitivanja. Hrom ima najmanji trag habanja 
što je u skladu sa njegovom osnovnom 
primenom (zaštita od mehaničkih oštećenja), a 
takođe ima i najveću tvrdoću. 

Table 2. Širina traga habanja  

Prevlaka 
Brzina 

klizanja 
m/s 

Normalna sila 

3N 6N 9N 

Zn 
0.25 0.76 0.87 0.97 
0.5 0.84 0.9 0.98 

0.75 0.94 0.97 1.01 

Cr 
0.25 0.25 0.26 0.27 
0.5 0.27 0.28 0.3 

0.75 0.29 0.29 0.31 

WS2 
0.25 1.22 1.24 1.35 
0.5 1.65 1.82 1.83 

0.75 1.77 2.03 2.21 

Cd 
0.25 0.5 0.74 0.83 
0.5 0.67 0.85 0.87 

0.75 0.68 1 1.04 
Koristeći rezultate prikazane u  prethodnim 

tabelama može se uspostaviti korelacija 
između promene brzine i opterećenja i širine 
traga habanja. 
 

4. ANALIZA REZULTATA  
 

Na osnovu dobijenih rezultata triboloških 
karakteristika prevlaka, najmanji koeficijent 
trenja imaju prevlake volfram disulfida i cinka. 
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Na slici 4 prikazane su vrednosti koeficijenata 
trenja za četiri različite vrste prevlaka pod istih 
uslova ispitivanja (brzina klizanja 0.5 m/s).  
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Slika 4. Koeficijent trenja za ispitivane prevlake 

(v=0.5 m/s) 

Širine tragova habanja kod ispitivanih 
uzoraka sa prevlakama se razlikuju u zavisnosti 
od vrste prevlake i uslova ispitivanja 
(opterećenja i brzine klizanja). Za brzinu 
klizanja 0.5 m/s na slici 5 su prikazani vrednosti 
širina tragova habanja na bloku. 
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Slika 5. Širina traga habanja za ispitivane prevlake 

(v=0.5 m/s) 

Najširi trag je kod prevlake volfram 
disulfida, koja je pokazala najmanji koeficijent 
trenja. Habanje koje se javlja pokazuje da je 
neophodno povećati tvrdoću prevlake volfram 
disulfida kako bi se umanjilo odnošenje 
prevlake, ali je suprotno tome potrebno 
zadržati nizak koeficijent trenja. Prevlaka 
hroma ima najmanji trag habanja i nema 
znatnih promena triboloških karakteristika sa 
promenom navedenih parametara.  
 

5. ZAKLJUČAK  
 

Ispitivanja triboloških karakteristika i 
uporedna analiza vrednosti koeficijenta trenja i 
širine traga habanja pokazuje postojanje 
međusobnih zavisnosti. Dalja ispitivanja 
potrebno je realizovati pri većim normalnim 
silama, većim brzinama klizanja i sa većim 
brojem uzoraka. Poseban akcenat će biti na 
ispitivanjima svojstava prevlaka volfram 
disulfida na bazi nano čestica, koje imaju 
izuzetna antrifrikciona i antihabajuća svojstva. 
Ovo je iz razloga pokušaja primene ovih 
prevlaka u specifičnim uslovima eksploatacije 
u kod opreme naoružanja i reznih i preserskih 
alata.  

U daljim ispitivanjima, pored promene 
brzine i opterećenja, vršiće se ispitivanja sa 
većim broja ciklusa odnosno dužim pređenim 
putem kao i u uslovima podmazivanja i 
ispitivanja korozionih svojstava.  Prevlake 
volfram disulfida su na bazi rastvora nano 
čestica što predstavlja mogućnost variranja 
velikog broja parametara prilikom nanošenja i 
tretiranja prevlaka tokom primene.   
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