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Abstract: This paper presents a comparison between two composites fabricated with the same quadrialxial
glass fiber fabric (8 layers) and an epoxy resin (SikaBiresin® CR82 with hardener CH80-2), but one with a mat
layer (Coremat Xi 3) in the middle of the composite. The influence of impact energy and material type is
discussed taking into account the graphs force — time, absorbed energy — time, displacement — time and
velocity — time. Several parameters extracted from these curves are pointed out (maximum force, maximum
displacement, duration of the impact) for the following range of the impact energy 50-150 J. Impact velocity
was measured as 4.3740.05 m/s. Both composites exhibited only partial penetration. At low energy imapct,
the behavior of these two composites is not sensitive to composite architecture, but increasing the impact
energy, the composites with Coremat Xi 3 has a better behavior, and Fm.x was reduced with appprox. 4000 N
for the composites with Coremat Xi 3 for impact energies of 100 J and with 7490 N for impact energy of 150
J. Higher absorbed energy for these composites is obtained because of the plateaux generated by the force,
during a longer impactor displacement in contact with the composite. The composite without mat (Q-g)
absorbes 76.84% of the impact energy of 50 J, 82,82% for impact of 100 J, and 85.74% at 150 J. The composite
with mat (QM-g), absorbs 79.66% at impact of 50 J, 89.10% at 100 J and 92.42% at 150 J. Taking into account
this parameter for ranking the composites, the composite with mat has a better behavior. The results obtained
for these two composites recommend them for marine applications.

Keywords: Quadriaxial glass fiber fabric, epoxy resin, mat, impact test, hemispherical impactor, maximum
force.

1. INTRODUCTION

Fiber-reinforced composites are made of a
polymer matrix reinforced with fibers, such as
carbon fibers, glass fibers or polymeric fibers.
These materials are very important for
engineering applications because of their specific
high stiffness, fatigue performance, good
chemical and thermal resistance, but their price
depend on fiber type, matrix quality and

fabrication process [1], [2]. Due to their
advantages, fiber reinforced composites are now
used to replace traditional metallic materials and
widely utilized in aircraft, defense industries,
automotive structures, sports equipment, ground
transportation and construction, but this study is
focused on testing new designed glass fiber
composite for marine industry [3]-[6], including
military applications [7]. In order to use them in
the particular marine structural design, it




becomes extremely important to understand
their mechanical behavior under particular
loading determined by the application [8],
including impact [9], [10].

Composites with glass fibers and epoxy resin
matrix have significantly higher impact strength
and durability than monolithic materials, but their
behavior under impact depends on several factors,
such as the geometry and orientation of the fibers,
their density and distribution, and the impact
velocity and energy.
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Figure 1. Impact strength of polymer composites
reinforced with fibres; GFRP — glass fiber einforced
plastics, CFRP — carbon fibre Reinforced plastics,

PFRP — plant fibre reinforced plastics and SFRP —
silk fibre reinforced plastics [11]

From Figure 1, one may notice that the
“competition” for a better impact resistance is
developing between glass fiber composites and
carbon fiber composites, both groups with epoxy
matrix.

A relevant review, written by Moritz A.P. et al. [12],
almost 25 years ago, presented the applications of
fiber reinforced composites for ship structure,
even for defence applications. Other reviews on
this subject presents new ships designs, using
composites [13], [14],

For marine applications, characterization of
composites by tensile, bending tests is not enough
to design these structures [15], [16]. And thus,
impact tests have become relevant for composite
structures [17]-[19].

The objective of this study is to differentiate the
impact behavior of two designed composites, for
marine applications, in order to establish the
influence of introducing one layer of mat in the
composite architecture and the influence of
impact energy.

2. MATERIALS, COMPOSITES FABRICATION
AND TEST METHODOLOGY

2.1 Materials and Fabrication

Two composites were designed, both with
quadriaxial glass fiber fabric and epoxy resin,
one having a mat layer in the middle.

The fabric is organised in four sublayers, with
orientation (0°/+45°/90°/-45°) (Table 1), which
assumes from the outset that the fabric will
have a quasi-isotropic behavior. The trade
name is WTVQX1200-1 E-glass, Q1200E10Q,
supplied by Castro Composites (Porrifio,
Pontevedra, Espaia) [20].

Even from the beginning of this millenium,
Sutherland L.S et al. [21] underlined that the
testing of unidirectional fiber composites has
been delivering important information for
introducing these composites in marine
structure designs.

Table 1. Characteristics of quadriaxial fabric [20]

The measured diameters of glass fibers are in
the range 11.36 um and 17.05 um. Figure 2

Layer Fiber Type | Area Densit
Sublayer Orien‘t/ation [Tex\],p [g/m?] !
1. 0°C 600 283
2. 45 °C 300 + 600 300
3. 90 °C 600 307
4, -45 °C 300 + 600 300
Auxilliary yarn 76 DTex 10
Total: 1200 g/m? (+%3)

presents the elemental composition of glass
fibers, differentiated for core and jacket, from
an EDX analysis, as also reported in [22]. The
glass fiber type is close to S class, but the higher
concentration in Boron (B) favors a better
response to impact.
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Figure 2. Elemental glass fiber composition (EDX)

After an up-to-date documentation in the field
of resins for fiberglass composites [23], [24],
[25] we selected Biresin® CR82 two-component
resin with CH80-2 hardener from the range
offered by the manufacturer Sika Group [26].

There are several characteristics of the epoxy
resin. The massic mixing ratio for resin
SikaBiresin® CR82 and hardener Biresin® CH80-
2 is 100/27, the pot life (100g/RT) is approx. 80
minutes. The resulted epoxy resin has the
following mechanical characteristics: 90 MPa
for tensile strength, 3 GPa for Young modulus,
5.6% for strain at break, 130 MPa for flexural
strength, 3.2 GPa for flexural modulus and 1.14
kg/m?3 for density [26].

The mat is produced by Lantor, Veenendaal,
The Netherlands and supplied by Rompolimer
SA (Bucharest, Romania). Whether present in
the construction of ships, automotive parts,
leisure and sport equipment or industrial
components, Coremat® Xi3 offers an
acceptable designing compromise between
strength, flexibility and aesthetics, being used
as a base material and/or a barrier against
fiberglass imprinting on the surface of final
composite products.

Coremat® Xi3 is made from a non-woven
polyester with integrated microspheres, which
helps to improve mechanical properties of
composites and it is compatible with a wide
range of resins, including unsaturated
polyesters, vinyl esters, phenolics and epoxies.
The microspheres help to significantly increase
the stiffness of the finished product without
adding a considerable amount of material.

One of its main advantages is the excellent
ability to impregnate with a low amount of
resin, on average 600 g/m? for a thickness of 1
mm. Another key aspect is its adaptability to
various application techniques, such as hand
lay-up and spray application, which makes it
suitable for the manufacture of complex
shaped parts or for large volume production
[27], [28].

The press mold was layed up with an extraction
wax (CIREX CP 10, produced by Airétec, and
supplied by RomPolimer  Composites,
Bucharest, Romania) [29] used for epoxy resins.
It has no affinity for the resin or the composite.
Each layer of fabric was placed in the press
mold, manual laying-up operation was used for
resin impregnation into each fabric sheet. The
mat was also impregnated with the epoxy resin,
by laying-up operation. Then, the composite
was pressed at 0.5-0.7 MPa. After maintaining
the composite for 8 hours under this pressure,
it was demolded, naturally aged for 7 days, at
room temperature. After that, a cure treatment
at 60°C, for 6 hours, was applied in an oven.

Figure 4 synthetically presents the laboratory
technology and the materials for producing the
composites, but also, auxiliary equipment and
safety personal equipment.
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TECHNOLOGICAL FLOW AT LABORATORY SCALE
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Figure 4. Technological flow at laboratory scale for manufacturing the composite panels

Table 2. Characteristic of the composite plates (300 mm x 300 m) used to cut impact samples

kel >
9 o @ 2
G Fabric mass, | Total plate Resin c S~ g
o (% < £ £ haverage
o Plate ms mass mass Q o= s
£ = o & > (mm)
S (8) (g) (8) 2 g = S
© S
= A
Q-g 1 855.00 1254.5 399.5 0.68 13.93 0.44 8.36
2 844.50 1351.5 507 0.62 15.01 0.42 8.62
3 846.50 1300 4535 0.65 14.44 0.42 8.63
Average 848.67 1302.00 453.33 0.65 14.47 0.43 8.54
QM-g 1 831.00 1361 521.50 0.61 15.12 0.33 10.98
2 858.00 1362.5 497.50 0.63 15.13 0.34 10.97
3 860.00 1353 485.00 0.64 15.03 0.34 11.075
Average 849.67 1358.83 501.33 | 0.63 15.10 0.33 | 11.01

Table 2 presents the obtained characteristics of
composite plates of 300 mm x 300 mm. Fabric
mass is the mass of 8 layers, cut from the fabric
roller. The small variation of fabric mass reflects
the high quality of the quadriaxial fabric.

Several research studies reported the influence
of fiber volume fraction (or fiber mass fraction)
on mechanical properties of glass fiber
composites [30], [31]. The influence of fiber
volume fraction was reported by Qiao Y. et al.
[32] for a larger range (5% to 50%), but only for
tensile tests with low test rate (0.2 mm/min).
We calculated this feature of the designed
composites (Table 2), for each composite plate
of 300 mm x 300 mm, in order to evaluate the

change in fiber volume fraction when adding
the middle layer of Coremat® Xi 3.

Total plate mass is measured after finishing the
edges. Resin mass is the quantity of resin
calculated with the relation (1) for the
composite Q-g and with relation (2) for
composite QM-g

(1)
(2)

where mmat is the mass of Coremat Xi3 taking
into account the density given in its datasheet
[28]; thus, mmat~8 g for each layer of 300 mm x
300 mm

Mresin=Mcomposite~Mfabric

Mresin=Mcomposite~Mfabric- Mmat




Aria of composite plate is considered Acomposite ™
0.09 m?

Mass fiber ratio Mg is calculates as
Mf=mfabric/mcomposite (3)

Surface density, pa is calculated with the
relation

PA=Mcomposite/ Acomposite [kg/M?]  (4)
The fiber volume fraction is calculated as
V¢=(Vcomposite Peomposite — Mresin)/Pf (5)
for composites without mat and
Vm=(Vcomposite Pcomposite — Mresin-Mmat)/ps ~ (6)

for composites with mat.

In the relations (5) and (6), the terms have the
following explanations: Vcomposite is the volume
of the composite plate, calculated as

Vcomposite =2 haverage (7)

where | is the size of the square plate
(considering 1=300 mm) and haverage is the
average height of the composite plate.

The fiber density is taken as p=2,540 kg/m3 for
glass fibers. The fiber volume ratio is calculated
as

R(Vf) = Vf/Vcomposite (8)
for the composite without mat
R(VfM) = VfM/Vcomposite (9)

for the composite with mat.

Initial composite plates, as extracted from the
press, have dimensions of 300 mm x 300 mm.
After finishing the plate edges, small samples of
90 mm x 90 mm, were cut from these plates.

2.2 Test Methodology

Test campaign was established after analysing
references [33]-[38]. The range of impact
energy for test on glass fiber composites are
quite large, from 5 J to 250 J when using drop-
test equipment. For this test campaign, we
selected three values of impact energy (50 J,

100J and 150J) and the drop weight and height
were tuned for having the same impact velocity
with small tolerances (4.37+0.5 m/s)

Tests were carried out on the drop-test
machine Instron CEAST 9350 (Norwood, MA,
USA) [39] (from INCAS Bucharest, Romania),
with a hemispherical impactor of ¢$16 mm,
made of hardened steel (60-62 HRC).

The standard ISO 6603-2:2023 [40], describes a
test method for both thermoplastic and
thermosetting molding and extrusion materials,
but also for composites with “unidirectional or
multi-directional reinforcements such as mats,
woven fabrics, woven rovings, chopped strands,
combination and hybrid reinforcements,
rovings, milled fibers, and sheets made from
pre-impregnated materials (prepregs)”,
meaning it could be useful for ranking this type
of epoxy glass fiber composites, too.

Figure 5. The drop-test machine: a) the up-part
with the impactor device, b) the down-system
including the sample fixing device

The experimental plan included five tests for
each composite and impact energy value. The
repeatability has good quality, as it could be
evaluated from the figures in the Annex.
(Figures 10 to 13).

3. RESULTS AND DISCUSSION

Figure 6 presents the tested samples for the
extreme values of the impact energy. At the




lowest tested impact energy, the print in the
composite face is small for both composites,
but for the impact energy of 150 J, this print is
larger and deeper.

A qualitative difference between the two
composite is difficult to be done on these

face face

photos, thus, we will analyse the aspect of the
parameters’ evolution during the impact and
we propose a set of numerical parameters
extracted from the recorded data from Instron
machine.

face face

back back

50 150
a) Qg

Figure 6. Photos of impacted samples for: a) composite Q-g, b) composite QM-g

Figure 7 presents typical curves of the tested
samples, meaning curves on middle position
from the five ones obtained for each composite
and each impact level:

Force — time curves (Fig. 7a) have serrated
zones, but the serrations are more pronounced
for the composite QM-g (with mat); for the
composite without mat, Q-g, the shape is bell-
like, and the maximum value increases with the
impact energy, from approx. 1600 N at 50 J to
approx. 3000 N for an impact energy of 150 J.
This characteristic is relevant in marine
applications, where composites are frequently
subjected to impacts of varying intensity, such
as collisions with floating objects, ice or in
rough sailing conditions.

The impact duration is also increasing from
approx. 4 msto 6 ms; for the composite without
mat; for QM-g, the duration is 4 ms at 50 J, but

back back
501 150
b) QM-g

longer for 100 J and 150 J (6 ms and 8 ms,
respectively, and the maximum force remains
lower for 100 J and 150 J; only for 50 J the value
of is close to that of composite Q-g. This
suggests that the mat layer does not
significantly influence the behavior of the
composite at low impact energy, but clearly
makes its presence felt at higher energies.

Examination of force — time curves reveal the
significant effect of impact energy on the two
materials. For both composites, the maximum
force increases with the impact energy;
however, the behavior is different. For the QM-
g composite, at the maximum energy level (150
J), the curve exhibits a distinct plateau, with
lower values than those for Q-g, which means a
more stable and longer energy absorption
phase. In contrast, for the mat-free composite
(Q-g), the force peaks more steeply without a
flat area, indicating a stiffer response.




Absorbed energy — time curves (Fig. 7b) have
similar shape but the difference between
nominal impact energy and the absorbed one is
a little bit greater for the composite without
mat, meaning the composite QM-g has a larger
value for the elastic component of the energy
due to the mat. The curves show a gradual
ascent until a maximum value of absorbed
energy is reached (very very close to the total
energy received by the sample during impact).
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Displacement —time curve (Fig. 7c) is similar for
the impact energy of 50 J, but for 100 J and 150
J, the is higher for the composite QM-g. It is
observed that, for all three levels of impact
energy, the QM-g composite exhibits higher
values of maximum displacement compared to
the composite Q-g. This suggests a more
pronounced elasticity, i.e. a higher deformation
capacity without immediate rupture.
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Figure 7. Evolution in time of the fallowing characteristics: a) force, b) absorbed energy, c)
displacement, d) velocity

The maximum displacement of composite QM-
g denotes a more elastic and adaptive response
to impact. The mat layer contributes to
additional  energy absorption  through
progressive deformation and retarding the
onset of rupture. Therefore, QM-g exhibits a
more complex mechanical response, but also
more effective impact protection. This
progressive deformation capability is extremely
valuable in shipbuilding, especially in impact-
prone areas such as keel, bow or anchor
contact areas.

Velocity — time curves (Fig. 7d) show slopes
depending on impact energy, but for the
composite Q-g, the difference is small for the
impact energies of 100 J and 150 J. The
variation of velocity with time is an essential
indicator in evaluating the behavior of
composites on impact. Immediately after

rebound of the impactor, the velocity curves
abruptly decrease, reflecting the rapid change
in impactor deceleration. For lower values of
impact energy (50J), this deceleration is more
pronounced, indicating a stiffer material
response. As the impact energy increases, the
curves indicate a more gradual dissipation of
energy. Of particular importance is the point at
which the velocity becomes zero, indicating the
impactor stop, followed by its rebound
(negative velocities). For an energy of 150 J, the
Q-g composite (without mat) stops the
impactor earlier (~4 ms), while the QM-g stops
it later (¥6 ms). Although, apparently, Q-g
seems more efficient in stopping the impactor,
this faster stopping is associated with a higher
mechanical shock and damage risk. In contrast,
for the composite QM-g, the impact process is
slower, signalling safer behavior in applications
where gradual energy dissipation is essential. In




marine applications, this type of energy
dissipation helps to reduce the risk of crack
propagation or damage of ship structure, a
safer behavior under accidental conditions.

Figures 8 and 9 present average values and
standard deviations for 5 tests, for parameters
of interest. The data allows for evaluating
numerical parameters as the maximum force
(Fmax) (Fig. 8a), the duration till reaching Fmax,
coded t(Fmax) (Fig. 8b), the displacement at Fmax
(d(Fmax)) (Fig. 8c), the absorbed energy at the

end of impact (Fig. 9a), impact duration, noted
t(Fs=0) (Fig. 9b), and dmax.(Fig. 9c).

Even if the impact energy is the same, the
maximum force, Fmax, has lower value for the
composite QM-g. If one compares the values
for Fmax taking into account the values for Q-g,
Fmax is lower with 4.44% for impact energy of 50
J, but at 100 J, Fmax is lower with 17.75%. For the
impact energy of 150 J, Fmax oObtained for
composite QM-g is with 25.64%.

Q-g Q-g Q-g
35000 10 12
30000 29127 . 10
Z 25000 23999 B E
5 £ 6 E 8 680 17
= 20000 17118 mE é 6 5.31
15000 = 4 %
10000 180 210 219 4
2 2
5000
0 0 0
507] 1007] 1507 507] 1007] 1507 507] 1007] 1507
Impact energy [J] Impact energy [J] Impact energy [J]
QM-g QM-g QM-g
35000 10 12
30000 8.29
= - 8 e 10 7.23
£ 25000 21657 g
g 19738 1% = g 8
- 20000 16357 g Aé 6 5.44
15000 g 4 )
211 2.33 ° 4
10000 1.77 ;
’ .
5000 2
0 0 0
50 J 100]  1507] 50] 100] 150] 50] 100]  150]
Impact energy [J] Impact energy [J] Impact energy [J]
a) b) c)

Figure 8. Characteristics of the tested composites: a) Fmax, b) time till Fmax, t(Fmax), €)
displacement till Fmax, d(Fmax)

Time till Fmax, t(Fmax) is not so sensitive to
material and impact energy (Fig. 8b).

The measured displacement at Fmax, d(Fmax), has
a similar evolution for both composites, but, as
expected, the composite with mat, QM-g, has
greater values d(Fmax) (Fig. 8c), for impact
energy of 100 J and 150 J and this is due to mat
elasticity and deformation under impactor
compression. This difference emphasizes the
ability of the mat composite to allow greater
deformation without compromising structural
integrity, which may be advantageous in

applications where controlled deformation is
preferable to rapid failure.

For both materials, the values of the maximum
force increase proportional to the impact
energy. The composite material without mat
(Q-g) has higher maximum force values at all
three energy levels compared to the composite
material with mat (QM-g). For example, at 150
J, Q-g achieves a maximum force of more than
29 000 N, compared to about 21 600 N for QM-

g.




This difference can be attributed to the internal
structure of the two materials: in the absence
of the mat layer, Q-g exhibits a higher stiffness,
leading to a higher point mechanical strength,
but with a lower energy absorption potential. In
contrast, the presence of mat in the QM-g
composite leads to more efficient stress
distribution and more progressive
deformation, which reduces the value of the
maximum strength, but may provide more
effective protection at the structural scale.

At impact of 50 J, the composite Q-g absorbs
76.84% of the impact energy, at 100 J, 82,82%

and at the highest value of tested impact
energy, 150 J, this percentage is 85.74%. The
composite with mat, QM-g, absorbs 79.66% at
50 J, 89.10% at 100 J and 92.42% at 150 J.
Taking this parameter for ranking the
composites, the composite with mat has a
better behavior. Impact duration is longer for
the composite with mat (Fig. 9b), only for
impact with 100 J and 150 J. The higher energy
absorption indicates a higher potential for
dissipation of kinetic energy following impact,
which may prevent damage from propagating
to adjacent areas of the damaged structure.
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Figure 9. Characteristics of the tested composites: a) absorbed energy, b) impact duration,
t(Fs=0), c) maximum displacement, dmax

This is particularly relevant in the maritime
domain, where structures are exposed to
dynamic impacts, and efficient energy
dissipation helps to maintain the integrity of
the ship under extreme conditions.

Impact duration, t(F=0) (Fig. 9b) reflects the
total duration of interaction between impactor
and hit composite. For composite Q-g, this time
gradually increases with the impact energy,
from about 3.79 ms at 50 J to 5.95 ms at 150 J.
Composite QM-g shows slightly higher values

than Q-g, suggesting a longer duration of the
absorption energy process, from 3.78 ms at 50
) (insignificat difference from the Q-g
composite), to 7.49 ms for 150 J. This prolonged
energy absorption of composite QM-g is
characteristic of a more elastic and less abrupt
response, in which energy is gradually
dissipated by internal mechanisms of the
material. From an application point of view, a
longer interaction time means better energy
distribution, reducing the risk of crack
propagation. Taking into account that these




durations have the order of milliseconds, this is
not so relevant for selecting one or another
composite.

The maximum displacement, dmax, clearly
increases with impact energy for both materials,
but the values are consistently higher for QM-g.
At 150 J, for example, Q-g reaches a maximum
displacement of 8.43 mm, while QM-g reaches
10.67 mm (Fig. 9c).

This emphasizes a superior deformation
capacity of the composite with, which allows
for energy absorption through plastic
deformation and internal micro-cracking
mechanisms, without total penetration. thus,
QM-g exhibits a more elastic and safer behavior
in high intensity impacts. this property is
extremely useful in naval applications,
especially in hull areas or structures frequently
subjected to impacts (e.g. in harbors, keels or
fenders areas), where controlled deformation
can replace sudden damage.

4. CONCLUSIONS

Low-velocity impact tests help select an
adequate composite from a class, especially for
marine applications.

The maximum force values recorded during
impact increase with increasing impact energy
for both designed composites (Q-g and QM-g).
However, the composite without mat (Q-g)
exhibits higher maximum force values,
indicating higher stiffness and more aggressive
mechanical response, but less capability for
dissipating energy progressively.

The composite with mat (QM-g) shows a better
controlled deformation capacity, with higher
values of maximum displacement and
displacement at maximum force. This behavior
is associated with a higher elasticity, which
allows a more efficient and distributed
absorption of impact energy, reducing the risk
of sudden cracking.

The maximum force and the total interaction
time with the impactor increase with increasing
impact energy. The parameter values for QM-g
are marginally increased, which means a higher
elastic response and more progressive shock
absorption - essential attributes for materials
used in protective construction.

The energy absorbed by the two materials
increases in proportion to the impact energy,
but the composite with (QM-g) exhibits slightly
higher values, especially at highest tested
impact energy (150 J). This difference, although
modest in quantitative terms, is significant in
functional terms, indicating a higher efficiency
in dissipating mechanical energy.

Examination of the velocity-time curves reveals
a more regulated response of the QM-g
composite, which reduces the velocity of the
impactor over a longer period of time, with a
gentler slope, indicating a more gradual energy
transfer. In contrast, the Q-g composite
produces a faster and more pronounced
rebound, indicating steeper absorption and
higher stiffness.

The impact behavior of the QM-g composite is
defined by increased deformation, moderately
increased energy absorption, and extended
duration of interaction with the impactor,
making it suitable for applications that
prioritize structural safety and regulated
energy dissipation.

The obtained results are relevant to the
maritime sector, where materials are often
exposed to dynamic loads and the ability to
absorb and dissipate energy efficiently is
essential for maintaining the structural
integrity of the ship.

QM-g composite material, characterized by
enhanced elasticity and balanced performance,
offers significant benefits in key areas of
shipbuilding, including keel, bow and protective
compartments.
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Figure 10. Curves force — time for a) composite Q-g, b) composite QM-g
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Figure 11. Curves absorbed energy — time for a) composite Q-g, b) composite QM-g
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