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Abstract: The low velocity impact response of hybrid epoxy composites reinforced with plain weave
fabrics, ply orientation at various angles and filled stratified matrix was analyzed in this study. The
hybrid epoxy composites were subjected to impact tests at 45J and 90J of energy levels with drop weight
impact machine. The damaged areas were investigated by visual inspection of impacted and non-
impacted surfaces and by tomographic images. It was found that the replacement of certain carbon inner
plies with glass ones and the modification of fiber orientation improved the damage resistance of the
hybrid composites with aramid outer layers subjected to impact loading at 45J of energy level.
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1. Introduction

Fiber reinforced thermosetting composites are used increasingly in domains as aeronautics,
automotive, naval, military, etc. due to their high stiffness, strength, damage tolerance, lightweight and
low cost as compared to the metallic materials. For example, carbon fiber reinforced polymeric
composites are often used in aeronautical industry due to their excellent stiffness, mechanical properties
and lightweight, which are important for flight performance. Also, the most of sport goods materials
used for Formula 1 racing, aquatic goods, winter equipment, etc. are, also, made of carbon composites
[1,2]. The glass fiber reinforced epoxy composites are used in naval [3,4] and automotive industry fields
due to excellent mechanical properties and corrosive resistance. The composites reinforced with aramid
fibers are used for defense applications due to their high impact resistance [5,6].

During service life the fiber reinforced polymeric composites can be subjected to low velocity impact
loadings due to dropping of the tools during maintenance or due to birds, hail and runways debris during
aircraft take-off or landing [7]. Also, the composites structures can be subjected to high velocity impact
loadings such as accidents or military applications. Generally, the fiber reinforced laminate composite
exhibits higher damage strength in the longitudinal and lateral directions than in the transverse one. The
impact resistance of the fiber reinforced stratified polymeric composites depends on their energy
absorption capacity, through structural failure by plastic deformations. The typical damage mechanisms
leading to failure of material structures are matrix cracking, delamination, fiber breakage and pull-out.
A comparison between unidirectional fiber epoxy composite laminates and fabric reinforced epoxy
composites, concluded that the delamination occurred in structure of the ones reinforced with
unidirectional fibers may propagate in all three inter-laminar, intra-laminar and trans-laminar directions
[8] as compared to the ones reinforced with fabrics, whose delamination propagates in inter-laminar
direction and through fiber breakage. So, the plain weave fabric reinforced composites exhibit a higher
low velocity impact performance than that of composites reinforced with unidirectional fibers due to
their fiber interlacing in two reciprocally perpendicular directions [9] leading to a restriction of
delamination propagation within a smaller area [10].

The internal structure damage may occur even in case of low velocity impact with a much reduced
energy, which usually begins with matrix cracking leading to the adjacent plies separation and
delamination occurrence. When the applied loading increases the delamination propagates through
thickness of the composite laminate. The fiber fracture and fabric splitting in the warp and weft yarn
directions depends on the amount of the impact energy available to break them. The low velocity impact
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strength of fiber reinforced polymeric composites depends on many factors, as matrix and fiber
properties, their compatibility, fabric weave type, damage strength and quality of fiber-matrix interface,
plate thickness [11], shape and diameter of the impactor [12] and initial experimental test parameters
(velocity and height). In order to improve the impact performance of the laminate composites as
reinforcements can be used different types of fiber/fabric plies (carbon-glass [13-15], carbon-aramid
[16], carbon-basalt [17], glass-basalt [18], basalt-aramid [19], etc.) within a single epoxy matrix
combining the desired properties of each fiber type and increasing the damage tolerance. Damghani et
al. [20] studied the low velocity impact behavior and residual tensile resistance of the pure carbon ply
laminate and carbon-glass hybrid laminates. They found that in case of hybrid laminates the glass plies
reduced the damage spread through materials thickness and led to larger inter-laminar damage areas
between adjacent carbon and glass plies due to their properties. Chan et al. [21] analyzed the behavior
of hybrid epoxy composites reinforced with carbon, glass and basalt fibers subjected to low velocity
impact with energy of 50J. They found that hybrid composites with carbon plies placed as core presented
the highest impact resistance and energy absorption and the composites reinforced with glass and basalt
fibers showed almost similar low velocity impact behavior.

Also, for hybrid composite epoxy materials different types of fillers or metallic wires can be used to
improve the material responses. In ref. [22] the authors investigated the damage resistance and energy
absorptions of the non-hybrid and hybrid epoxy composites reinforced with glass fibers and wire mesh
of stainless steel. They concluded that the addition of stainless steel wire mesh into laminate structures
as medial ply improved the low velocity impact strength, stiffness and energy absorption capacity. In
order to improve the impact performance of the composite materials different types of the fillers into
their polymer matrix can be used as clay [23-25], carbon nanotubes [26—-29], carbon nanofibers [30],
etc. In this case materials impact performance depends on the fillers properties, shape and dimensions,
compatibility and the properties and quality of matrix-filler interface. In ref. [31] it was investigated the
influence of the nano-clay and graphene inclusions on the performance of the epoxy laminates reinforced
with Kevlar fibers subjected to low velocity impact at 32J of energy. The experimental results showed
that by increasing of volume ratio of nano-clay from 2% to 10% increased, also, the impact resistance
of the Kevlar-epoxy composites, but the graphene inclusions did not improved their impact response.
Taraghi et al. [32] studied the low velocity impact performance of the epoxy laminates reinforced with
Kevlar woven fibers and multi-walled carbon nanotubes. They found that by addition of 0.5 wt. % of
multi-walled carbon nanotubes into epoxy matrix of the Kevlar laminate led to increasing of absorbed
energy to 35% and of penetration limit to 40% at ambient temperature.

In this paper it is presented the impact response of the hybrid epoxy composites reinforced with
different fabric types, ply orientation at various angles (0°, £ 15°, + 30°, = 45° and 90°) and stratified
filled matrix, which were subjected to low velocity impact loading with 45J and 90J energy levels.
Actually, these materials were formed in order to obtain multifunctional advanced composite materials
with improved thermal, electrical and mechanical properties and impact resistance. Thus, into pre-
polymer blend between certain layers filler mixtures of carbon black, aramid powder and barium ferrite
were added. In these filler mixtures potatoes starch was added the in order to achieve a uniform
distribution of fillers and to avoid their sedimentation during polymerization process due to its swelling
into liquid. Bria et al. [33] found that the wt. 10% of potatoes starch did not influence the thermal,
electrical and mechanical properties of epoxy composites.

2. Materials and methods
2.1. Materials

As polymer matrix of the fabric reinforced hybrid laminates with filled stratified matrix and plies
orientation at various angles, it was selected the bi-component epoxy system EPIPHEN RE 4020 - DE
4020 (Bostik) with 100:30 ratio of resin and hardener respectively. The epoxy resin of this system is
made almost of Bisphenol A (BPA) and the hardener was made almost of modified aliphatic amines.
EPIPHEN system exhibits high adherence and compatibility to all types of fibers and to a large area of
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organic and inorganic fillers. This epoxy system was used due to pre-polymer mixture important
characteristics for the formation technique of the hybrid laminates and due to its physical and mechanical
properties after complete polymerization carried out during 14 days at laboratory temperature of 23°C.

The plain weave fabrics were used to form hybrid epoxy laminates with ply orientation at various
angles, as: A - 173g/m2 density aramid fabric with 2200 weaving fibers of 1210dtex and fabric thickness
of 280um; C - 160g/m2 density carbon fabric with 3K weaving fibers of 200tex and fabric thickness of
260um; G - 163g/m2 density glass fabric with EC9 weaving fibers of 68tex and fabric thickness of
180pum; M - 270g/m2 density hybrid fabric with three different alternated fiber types (carbon, aramid
and glass) and copper wire in the weft yarn direction and an aramid fiber alternated by two carbon fibers
in the warp yarn direction and fabric thickness 330um. The first three weave types of the fabrics were
selected due to their similar mechanical properties on both fiber directions [34].

In order to obtain stratified epoxy matrix for hybrid laminates it was used as fillers into pre-polymer
mixture potatoes starch, carbon black, aramid powder and barium ferrite.

2.2. Preparation of hybrid composites

It was formed by wet lay-up technique five hybrid epoxy laminates reinforced with different fabric
types, with ply orientation at various angles (0°, + 15°, £ 30°, + 45° and 90°) and with filled stratified
matrix, denoted here by H1, H2, H3, H4 and H5. The microscopic images of the cross sections of hybrid
laminates are showed in Figure 1, and the plies configuration is presented in Table 1. All hybrid epoxy
laminates were made of 17 fabric plies, whose medial ply is a lamina of hybrid fabric [35-37].
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Figure 1. Microscopic images of the cross sections of hybrid epoxy laminates

In order to increase the fiber adherence, which is important for fiber-matrix interface quality, the used
plain weave fabrics were treated with three types of solutions as detergent, sodium hydroxide and
perchloric acid. To provide fiber stability during the lamina cutting and composite forming wet lay-up
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process, the fabrics were covered with a thin film of epoxy pre-polymer mixed with nitro diluent.
Regarding the used fabric types the layers of all laminates presents a symmetrical arrangement relative to
the medial ply and an asymmetrical balanced arrangement considering the layer orientation at various
angles.

Two filler mixtures were used to modify the epoxy properties by dispersing them into the pre-polymer
blend in order to be placed between certain plies, thus obtaining a filled stratified epoxy matrix of hybrid
laminates. It can be observed in Table 1, that for outer plies 01 to 05 and 13 to17 it was used the first type
of filling mixture EM1 (potatoes starch, carbon black and aramid powder) and for inner plies 06 to 12 it
was used the second type of filling mixture EM2 (potatoes starch, carbon black and barium ferrite). In
order to provide a uniform distribution of carbon black, aramid powder and barium ferrite into epoxy pre-
polymer mixtures and to avoid their sedimentation, potatoes starch was used due to its swelling into liquid
[33]. All hybrid epoxy laminates were formed at laboratory conditions according to predefined
configuration of the plies and were thermally cured after complete polymerization.

Table 1. The architecture of fabric reinforced hybrid composites with filled epoxy matrix

1 .
% Filled stratified matrix Material
4
H1 H2 H3 H4 H5
01 A 30° A 15° A 30° G 30° C45°
02 EM1 A -30° A 30° A 15° C -30° C-30°
Potatoes starch + aramid powder + carbon
03 black C45° C-15° coe A0° G 15°
0 .
04 (30 % total volume ratio) coe C -30° G 45° G 45° G 30°
05 C 45° G 45° G-30° C 30° C-30°
06 cor C15° C-15° A 15° Cco°
07 A 15° A 30° A 30° A 45° G 30°
08 EM2 A 30° A 45° A 45° G 30° G 45°
Potatoes starch + carbon
09 black + barium ferrite M 90° M 90° M 90° M 90° M 90°
0 ;
10 (30 % total volume ratio) A -30° A 45° A 45° G 30° G 45°
11 A -15° A-30° A -30° A 45° G -30°
12 co° C-15° C15° A-15° coe
13 C45° G 45° G 30° C -30° C 30°
14 EM1 co° C30° G 45° G 45° G-30°
Potatoes starch + aramid powder + carbon
15 black C45° C15° coe A0° G-15°
0 .
16 (30 % total volume ratio) A 30° A -30° A -15° C30° C 30°
17 A -30° A-15° A-30° G-30° C45°

2.3 Details of thermal measurements

The experimental tests of low velocity impact were performed using CEAST Fractovis Plus 9350
machine, the drop-weight impact system and data acquisition and evaluation software VisualIMPACT.
Based on the variation of impact height and total weight, it was obtained the impact energy level. Constant
impact height of 920mm was used and variable crosshead weight arrangement of 5.045 kg and 10.044 kg
for 45.515J and 90.629 J impact energy levels, respectively. The impactor of drop-weight impact system
had a hemispherical head with 20 mm diameter. All low velocity impact tests were carried out at constant
impact velocity of 4.248 m/s, according to EN 1SO 6603:2000 standard [38, 39]. As specimens were used
plates of 190x190mm subjected to impact tests in four points. All low velocity impact tests at 45J and
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90J energy levels were performed at laboratory conditions.

3. Results and discussions

The key impact parameters as peak load, maximum contact time, peak and permanent deflections,
impact and absorbed energies were investigated in order to study the low velocity impact strength of
some hybrid epoxy composites reinforced with different fabric types, with ply orientation at various
angles (0°, £15°, £30°, 45° and 90°) and filled stratified matrix. In Figure 2 are plotted the load vs.
deflection and load vs. time curves of the hybrid composite materials subjected to low velocity impact

at 90J of energy, where it can be observed that all composites were perforated by impactor.
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Figure 2. Low velocity impact history curves of the hybrid composite materials at 90J of energy:
a) load vs. deflection curves and b) load vs. time curves

The behavior of the hybrid composite materials subjected to low velocity impact at 45J of energy
can be investigated based on load vs. deflection, load vs. time and energy vs. time curves plotted in
Figure 3. The load vs. deflection curves (Figure 3a) show the impactor rebounding case from the surface
of all hybrid composite plates at the end of each contact time. It can be observed that the hybrid
composites with aramid outer plies (H1, H2 and H3) presented a better impact response as compared to
the hybrid composites with outer plies made of glass fabric (H4) and carbon fabric (H5). The hybrid
composite materials with aramid fibers outer plies showed almost the same impact behavior. In the case
of these hybrid composites H1, H2 and H3 the addition and increasing of the glass ply number into the
composite structure by the replacement of certain inner carbon plies with the glass ones led to the
improvement of their low velocity impact response. Comparing the hybrid composites with outer aramid
fabric plies, it can be seen that the highest peak load (9.6 kN) and lowest permanent deflection (0.2 mm)
were recorded in the case of the hybrid composite material H3 and the highest peak deflection (6.4 mm)
was exhibited by the hybrid composite material H1 due to its high number of carbon plies.

It can be noticed that the lowest impact resistance was obtained in case of hybrid composite material
with outer carbon fibers plies and without inner aramid layers, whose deterioration began in the incipient
phase by matrix cracking and delamination occurrence. The incipient phase can be identified on the
incipient load section Fi, which occurred before it was reached the maximum contact load value. The
load vs. time curves of the investigated hybrid epoxy laminates (Figure 3b) shows that the composites
with aramid fabric outer plies exhibit higher impact resistance due to higher peak load values as
compared to those of the composites with glass or carbon fabric outer plies. It can be noticed that these
curves exhibit similar low velocity impact behavior for all hybrid composite plates with aramid fibers
outer plies. Also, the load vs. time curves shows the poorest impact response in case of the composites
with carbon fibers outer plies and without aramid inner layers (H5), the incipient load section Fi can be
identified as the incipient damage. It can be observed that the impact strength of the hybrid composite
laminates decreases when the maximum impact contact time increases. So, for hybrid composite plates
with aramid fabrics outer plies, it was recorded the similar maximum contact time value (8ms). The
Mater. Plast., 57 (2), 2020, 179-190
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highest value of maximum impact contact time (11ms) was determined in the case of hybrid composite
plate with carbon fibers outer layers.
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Figure 3. Low velocity impact history curves of the hybrid composite materials at 45J of energy:
a) load vs. deflection curves, b) load vs. time curves and c) energy vs. time curves

The energy vs. time of the investigated composite materials are plotted in Figure 3c, and shows a
better low velocity impact response in the case of the hybrid composites with aramid outer plies as
compared with the ones with carbon and glass outer plies. It can be remarked that the hybrid epoxy
composites with aramid outer plies exhibited almost similar impact behavior. It can be seen that the
lowest absorbed impact energy was found in case of the epoxy hybrid composite made of aramid outer
plies and the most inner glass layers. The absorbed energy is identified on the constant values portion of
the energy vs. time curves, which appears after the impact energy achieves the maximum values.

In Figure 4 are presented the obtained data of absorbed energy for epoxy hybrid composites
reinforced with different fabric types, fiber orientation at various angles and filled stratified matrix. The
values of absorbed energy were determined by difference between those of total energy and energy at
maximum load [9]. It can be remarked that the hybrid epoxy laminates with carbon and glass outer plies
showed much higher values of absorbed energy as compared to the ones made of aramid outer layers.
The highest value of absorbed energy (25J) was exhibited by the hybrid epoxy laminate with carbon
outer plies. A comparison between the composite materials with aramid outer layers, it can be observed
that the replacement of certain carbon plies with the glass ones and the modification of plies orientation
led to the variation of absorbed energy values. The lowest value of absorbed energy (13.7J) was
determined in case of the epoxy composite material with aramid outer plies and the most glass inner
layers. The hybrid composite material with aramid outer plies and without inner glass layers showed
absorbed energy value of 14J. It can be observed that the replacement of the fifth and thirteenth carbon
plies with glass ones and the modification of fiber orientation, as in the case of hybrid composite material
H2, led to an increase in absorbed energy (15.8J).
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Figure 4. Average absorbed energy of the fabric reinforced hybrid

composites with filled epoxy matrix and various fiber orientations

The damaged area of the hybrid epoxy laminates reinforced with different fabric types, fiber
orientation at various angles and filled stratified matrix subjected to low velocity impact loading at 45J
of energy level are showed in Figure 5, where top (impacted) and bottom (non-impacted) surfaces are
presented at the sides and the tomographic images of damaged area at each 5 mm are presented in the
middle.

It can be noticed that the hybrid epoxy composites with higher energy absorption capacity suffered
more severe damage due to the fact that the impact energy is absorbed through various mechanisms of
failure by the composite materials such as matrix cracking, delamination, fiber breakage and pull out
[40]. Generally, the damaged area of all investigated hybrid epoxy composites show multiple inter-
laminar delamination due to their various fiber orientations, because the propagation direction and shape
of the delamination are influenced by fiber directions of two adjacent plies [41,42]. Also, it can be
observed that the hybrid epoxy composite materials suffered translaminar delamination, back face
splitting in the both fiber directions of the fabrics and fiber pull out.

It can be seen by inspection of the images of top and bottom surfaces and tomographic images that
the hybrid composite materials with glass and carbon outer layers subjected to low velocity impact at
45] suffered more severe damages in comparison to the ones with aramid outer plies. The hybrid epoxy
composite with carbon outer plies (H5) shows multiple delaminations due to fiber orientation at various
angles and plies fracture through plate thickness. A larger delamination with an area of almost 126mm?
can be observed between adjacent glass and carbon lower plies due to their different levels of rigidity.
The hybrid epoxy composite with glass outer plies (H4) presents two large delamination zones between
middle plies and plies fracture in the translaminar direction. Comparing the hybrid epoxy composite
materials with aramid outer plies, it can be observed that the replacement of the certain carbon inner
plies with the glass ones led to the improvement of the damage resistance. The first hybrid epoxy
composite with aramid fibers outer plies and without inner glass layers (H1) suffered multiple
delaminations due to various fiber orientation and different fabric types used as layers. It can be
remarked by tomographic images investigation that the plies fracture of this composite begins from
upper carbon inner plies and propagates through plate thickness till lower outer ply. The hybrid epoxy
composite materials with certain carbon inner plies replaced with glass lamina and with modified fiber
orientation (H2 and H3) present delaminations between adjacent plies made of aramid and hybrid fabrics
and between adjacent plies made of aramid and carbon fabrics. The fracture plies in case of these
composite materials begins from middle ply and propagates till lower outer layer. Comparing the hybrid
epoxy composite materials with aramid fibers outer layers and glass inner plies (H2 and H3) by visual
investigation of images of top and bottom surfaces, it can be observed that the one made of fewer inner
glass plies (H2) suffered a more severe damage of bottom surface as compared to the one with more
inner glass plies (H3).
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Figure 5. Images of damaged area of the fabric relnforced hybrid composites with filled epoxy matrix
and fiber orientation at various angles: a) H1; b) H2; c) H3; d) H4; e) H5
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4. Conclusions

The behavior of hybrid composites reinforced with different types of fabrics, fiber orientation at
various angles (0°, £15°, +30°, 45° and 90°) and filled stratified epoxy matrix subjected to low velocity
impact loadings at 45J and 90J of energy levels was investigated in this research. The following
conclusions of this research can be drawn based on the obtained experimental results data plotted in the
graphs above and images of damaged areas:

-All hybrid epoxy composite materials subjected to low velocity impact at 90J of energy level were
perforated by the impactor. In case of low velocity impact tests at 45J, it was found that the hybrid
composites with aramid fibers outer plies showed a better impact response as compared to the ones with
outer plies made of glass and carbon fabrics. The low velocity impact strength of hybrid composites with
aramid fabric outer plies was improved by replacing of certain inner carbon plies with the glass ones and
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by modifying the ply orientation angles. The lowest impact resistance was exhibited by hybrid composite
material with outer carbon fabric plies and without inner aramid layers. It was found that with the
increasing of maximum impact contact time, the low velocity impact resistance of the hybrid composite
laminates decreases.

-1t was recorded that the epoxy hybrid composite with aramid fabrics outer plies and the most inner
glass layers exhibited the lowest absorbed impact energy. The replacement of certain inner carbon plies
with the glass ones, in case of composite materials with aramid outer plies, led to a variation of the
absorbed energy. The epoxy composite material with aramid fibers outer plies and most glass inner
layers presented a lower value of absorbed energy as compared to the one without inner glass plies,
whose absorbed energy value was 14J, but by replacing of the fifth and thirteenth carbon plies with the
glass ones and modifying of fiber orientation angles it was obtained an increasing of the absorbed energy
(15.8)).

-All investigated hybrid epoxy composites showed multiple delamination zones and trans-laminar
fractures, back face splitting in the both fiber directions of the fabrics and fiber pull out. Generally, the
hybrid epoxy laminates with aramid fibers outer plies presented a lower damage degree as compared to
the ones with glass and carbon fabric outer layers. The replacement of the certain carbon inner plies with
the glass ones led to the improvement of the damage resistance of the hybrid epoxy composite materials
with aramid fabric outer plies.
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