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Abstract: Fiber-reinforced composites are gradually replacing the traditional materials in many
engineering applications. However, for many applications these materials are still unsuitable, due
to their lack of toughness. In this context, hybridization is a promising strategy in which two or
more types of fiber are combined to obtain a better balance of mechanical properties compared to
non-hybrid composites. Therefore, the main goal of this work is to study the hybridization effect on
the static performance and interlaminar shear strength. For this purpose, carbon, glass, and Kevlar
fibers were used and combined in different proportions. It was possible to conclude that there is
an ideal value of fiber content to maximize both properties and, depending on the type of fiber,
they should be placed specifically on the compression or tensile side. For example, for composites
involving carbon and glass fibers the latter must be placed on the compression side, and for a value
of 17% by weight the flexural strength decreases by only 2.8% and the bending modulus by around
19.8%. On the other hand, when Kevlar fibers are combined with glass or carbon fibers, the Kevlar
ones must always be placed on the tensile side and with an ideal value of 13% by weight.

Keywords: Polymer–Matrix Composites (PMCs); hybridization; mechanical properties; mechani-
cal testing

1. Introduction

Fiber-reinforced composites are one of the most remarkable families of materials for
technological and structural applications. Nowadays, they are widely used in sectors such
as the automotive and military industries, the renewable energy industry, infrastructures,
medicine, and sports, but their sector of predilection is the aeronautical field [1,2]. In fact,
these materials have the ability to be tailored for use, and a wide variety of fiber and matrix
combinations are possible, opening up possibilities for many applications.

Hybrid composites, for example, are materials that combine two or more types of
fibers in a same resin matrix. With this strategy it is possible to obtain more balanced
materials in terms of mechanical properties and, consequently, adapt them to the design
requirements [3,4]. Basically, the advantages of the fibers are valued, while the weaknesses
of each one of them are minimized [5,6]. For example, high-modulus fibers (such as carbon
fibers) or low-elongation (LE) fibers have the advantage of providing stiffness and load
carrying capacity but less elongation and compressive strength, while lower-modulus fibers
(such as glass and Kevlar fibers) or high-elongation (HE) fibers are characterized by lower
stiffness, higher elongation, and damage tolerance. Therefore, their combination allows one
to improve the toughness, although the final strength and stiffness are inferior to those of
the high modulus [7,8]. According to Swolfs et al. [7], LE and HE fibers can be combined in
different modes, such as interlayer or layer-by-layer configuration (layers of two different
fibers are stacked onto each other), intralayer or yarn-by-yarn configuration (two different
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fibers are mixed within the layers), and intrayarn or fiber-by-fiber configuration (two
different fibers are mixed/commingled on the fiber level). Although it is possible to obtain
more complex configurations by combining two of the three configurations, the first is the
simplest and cheapest.

Regarding the bending properties, Guo et al. [9] observed for hybrid rods that a good
uniformization of the carbon fiber dispersion into the glass fiber could lead to an increase
in bending strength by up to 60.3% while in the bending modulus by up to 39.6%. On
the other hand, these properties are also strongly dependent on the stacking sequence.
Giancaspro et al. [10], for example, noted that fiberglass composites fail more easily when
placed on the tensile side, while carbon fiber composites are more sensitive when placed
on the compression side. Wonderly et al. [11] also reported that the ratio of compressive
strength over tensile strength is different for carbon and glass fiber composites, with values
around 0.34 and 0.73, respectively. In fact, Santos et al. [12] and Ghafaar et al. [13] reported
that full-carbon composites have the maximum bending stress and stiffness, while full-
glass fiber laminates have the lowest value, reaching a difference in bending strength
of about four times [14]. Therefore, by adding carbon fibers on the tensile side of glass
fiber composites, the flexural strength will increase, while on the compression side the
strength will decrease [14,15]. According to Dong et al. [16], the highest flexural strength is
achieved for a relative content of glass fibers in the order of 12.5% and all placed on the
compressive side. In another study, the same authors observed that the flexural strength
for hybrid carbon/glass composites is 40% and 9% higher than those for all-carbon and
all-glass composites, respectively. Kevlar fibers, on the other hand, show a significant
difference between tensile and compression strength, conditioning the flexural behavior of
composites reinforced with these fibers. For example, the strain at the compressive side is
larger than that at the tensile side, causing the shift of the neutral axis to the tensile side
with the growing compressive yield region. When they are subjected to axial compression
or bending, they may exhibit a nonlinear plastic deformation as a consequence of structural
defects developed in the chain of the fibers [17]. Finally, fibers’ fracture is usually preceded
by longitudinal fragmentation and splintering, a non-catastrophic failure mode that gives
to Kevlar fiber-reinforced composites a high tolerance to damage from impact or other
dynamic loads that is not observed for reinforced composites with glass or carbon fibers [3].

The mechanical performance of polymer composites strongly depends on their fiber/matrix
interface [18,19], because a low interlaminar shear strength, for example, is usually due to
poor bonding between fiber and matrix [20]. On the other hand, the presence of voids or
moisture in composites also affects the interlaminar shear strength (ILSS). For example,
in carbon/epoxy composites, a void content around 10% by volume reduces the ILSS by
around 25% [21]. In the same context, the fiber type and its orientation have a strong
influence on the interlaminar shear strength [13,20]. According to Madhavi et al. [14],
the ILSS values for carbon-reinforced composites are about five times higher than those
observed for glass fiber-reinforced composites. Therefore, hybridization can also be used to
improve the interlaminar shear strength. Studies developed by Turla et al. [22], involving
laminates reinforced with carbon fibers, glass fibers, and carbon/glass hybrids, revealed
that the ILSS of the hybrid composite is significantly higher than that of glass or carbon
composites. Padmanabhan et al. [23] also observed an improvement in the ILSS values
with increasing thickness, due to the higher bending stiffness obtained. At the level of
Kevlar fibers, they are known to present weak interfaces with different matrices, and,
in terms of thermosetting matrices, epoxy resins generally lead to higher ILSS values.
However, manufacturing defects are the main mechanisms that affect the interlaminar
shear strength [3,22].

Nevertheless, according to Swolfs et al. [7], hybrid effects under more complex loading
conditions, such as in bending, impact, and fatigue tests, are not well understood and
sometimes even promote apparent contradictions. These authors even suggest further
work to obtain more robust conclusions. Therefore, this work intends to consolidate the
conclusions presented in the literature in terms of static bending strength and interlaminar
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shear strength. For this purpose, composites involving different fibers (such as carbon,
glass, and Kevlar fibers) and different values of weight content were used.

2. Materials and Methods

Carbon fiber woven bidirectional fabric (taffeta with 195 g/m2), glass fiber woven
bidirectional fabric (taffeta with 195 g/m2), and kevlar fiber woven bidirectional fabric
(taffeta with 170 g/m2), all in the same direction, with an Ebalta AH 150 resin and IP 430
hardener were used to prepare different composite laminates. Three groups of samples
were prepared by hand layup, with the stacking sequence shown in Table 1. The numbers
represent the quantity of layers, while the letters represent the carbon fibers (C), Kevlar
fibers (K), and glass fibers (G).

Table 1. Sample stacking sequence and respective average thickness.

Group 1 Average
Thickness [mm] Group 2 Average

Thickness [mm] Group 3 Average
Thickness [mm]

8C 1.8 8G 1.5 8K 1.9
2C + 6G 1.6 2G + 6K 1.8 2K + 6C 1.8
4G + 4C 1.7 4G + 4K 1.7 4K + 4C 1.9
6C + 2G 1.7 6G + 2K 1.6 6K + 2C 1.9

Each system was placed inside a vacuum bag and compressed in a hydraulic press
with a load of 2.5 kN applied for 24 h to maintain a uniform thickness and a constant fiber
volume fraction. During the first 2 h, the bag remained attached to a vacuum pump to
eliminate any air bubbles introduced during the manufacturing process. Finally, following
the manufacturer’s datasheet recommendations, the plates were subjected to a post-cure in
an oven at 80 ◦C for 5 h.

The methodology described above was used to produce composite laminates with
dimensions of 330 × 330 × t mm3, from which were obtained specimens with dimensions
of 100 × 10 × t mm3 for the static bending tests and for the ILSS tests according to ASTM D
2344/D 2344M standard. Regarding the three-point bending (3PB) tests, they were carried
out using a Shimadzu universal machine, model Autograph AG-X, equipped with a 10 kN
load cell, and at least five samples for each condition were carried out according to the
recommendations of the ASTM D790-03. The bending properties were obtained using the
following equations:

σf =
3PL
2bh2 (1)

Ef =
∆PL3

48∆uI
(2)

εf =
6Sh
L2 (3)

where P is the load, L the span length, b the width, h the thickness of the specimen, S
the deflexion, I the moment of inertia of the cross section, ∆P the load range, and ∆u the
bending displacement range in the mid span for an interval in the linear load-displacement
region of the graph. The bending modulus was obtained by linear regression of the load-
displacement curves, considering the interval in the linear segment with a correlation factor
higher than 95% [24,25].

In terms of ILSS tests, they were carried out according to the recommendations of the
ASTM D 2344/D 2344M and the values obtained using the following equation:

ILSS = 0.75
P

bh
(4)

where P is the load, b the width, and h the thickness of the specimen.
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The failure modes resulting from the bending tests performed for the different config-
urations were analyzed using a Nikon optical microscope (model SMZ-2T).

Finally, the fiber content for the different composites was also obtained by the chemical
matrix digestion technique, according to ASTM D3171-15 standard, and using concentrated
nitric acid to dissolve the epoxy resin. However, because some Kevlar filaments are partially
dissolved in this process, the dissolution technique suggested by Allred and Hall [26] was
adopted for all laminates involving Kevlar fibers. In this context, Table 2 presents the
results obtained in terms of fibers weight content (wt.%).

Table 2. Fiber content (wt.%) for the different composite laminates.

Laminates
Fiber Content (wt.%)

Carbon Fibers Glass Fibers Kevlar Fibers

8C 60 ± 0.23 - -
2C + 6G 15 ± 0.19 49 ± 0.18 -
4C + 4G 30 ± 0.16 32 ± 0.79 -
6C + 2G 43 ± 0.26 17 ± 0.28 -

8G - 63 ± 0.19 -
2G + 6K - 17 ± 0.97 41 ± 0.22
4G + 4K - 32 ± 0.48 28 ± 0.36
6G + 2K - 49 ± 0.25 13 ± 0.14

8K - - 56 ± 0.2
2K + 6C 43 ± 0.58 - 13 ± 0.17
4K + 4C 30 ± 0.25 - 28 ± 0.25
6K + 2C 15 ± 0.22 - 41 ± 0.19

3. Results

Static bending tests were performed to obtain the hybridization effect on the bending
properties. However, to understand the behavior of each fiber in the bending performance,
Figure 1 shows typical bending stress/strain curves for non-hybrid configurations (8G, 8K,
and 8C), which are representative of all obtained for each configuration analyzed.
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Figure 1. Bending stress/strain curves for full fiber composites. Figure 1. Bending stress/strain curves for full fiber composites.

It is possible to observe that the 8C and 8G curves practically follow a quasi-linear
regime until failure, where the maximum stress occurs, typical behavior of fragile materials.
On the other hand, the curve for the Kevlar reinforced composite begins with a quasi-linear
regime followed by a nonlinear region in which the maximum stress occurs. This behavior
highlights the ductile nature of these fibers. The maximum bending stress is obtained
for the carbon/epoxy composite and the smallest for the Kevlar/epoxy composite, with
a difference of around 55.2%. The glass/epoxy composite lies between the two, with a
bending stress about 25% less than that seen for the carbon/epoxy composite. In terms of
bending modulus, the highest value was obtained for the carbon/epoxy composite, with
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an average value of 48.4 GPa, while the glass/epoxy composite showed a decrease of about
54.3% and the Kevlar/epoxy composite around 56.6%. Regarding the bending strain, the
highest value was observed for the Kevlar/epoxy composite, with an average value of
6.2%, while the glass/epoxy and carbon/epoxy composites showed decreases of 46.8%
and 67.7%, respectively. The Kevlar/epoxy composite has the lowest bending stress and
stiffness but the highest strain, evidencing the ductile nature of the fibers that are classified
as high-elongation fibers [27,28]. Finally, the results described above are supported by
several studies that evoked similar conclusions [12–14,23–28] and are a consequence of the
different damage mechanisms.

For the different configurations analyzed, Figure 2 shows the main damage mecha-
nisms observed. Regarding the carbon/epoxy composite, Figure 2a evidences fiber fracture
in the compression side with quite small delaminations around the broken fibers, which
is in good agreement with the open literature [10,29–33]. According to Reis et al. [32], the
high compressive stress concentration in the pin load contact region associated with the
low compressive strength of the fibers favors the fiber breakage in this region. In terms of
the glass/epoxy composite, Figure 2b shows the damage mechanisms observed for this
configuration. This laminate, in addition to having higher flexural capacity compared to
the carbon laminate, shows that the main damage mechanism occurs with the rupture of
the tensile fibers, although some delaminations appear in the pin load contact region due
to the stress concentrations that were mentioned earlier (and conveniently reported in [32]).
Finally, for the Kevlar/epoxy composite, Figure 2c shows the failure mechanisms, where
the large delaminations observed are responsible by the bending strength loss. This failure
mode agrees with the study developed by Ferreira et al. [25].
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Figure 3 shows the hybridization effect, involving only carbon and glass fibers, on the
bending stress/strain curves.
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These typical curves represent the behavior of all of them and, similar to the non-
hybrid composites (8G and 8C laminates), all curves show an almost linear regime up to
the maximum stress where the failure occurs. The damage mechanisms are also similar to
those described in Figure 2 and are shown in Figure 4.

Materials 2021, 14, x FOR PEER REVIEW 7 of 14 
 

 

  
Figure 4. Damage mechanisms observed for: (a) carbon/glass specimens (4C/4G); (b) glass/carbon 
specimens (4G/4C). 

It is possible to notice that the specimens involving the carbon/glass composite 
(4C/4G) present higher damages in the pin load contact region, breakage of the carbon 
fibers, and some delaminations, while the glass fibers are slightly affected (fractures of 
punctual fibers and slight delaminations). On the other hand, for the glass/carbon compo-
site (4G/4C), the damage is more severe, involving the breakage of carbon fibers in the 
tensile region and glass fibers in the compression region. In both cases, the high stress 
concentration in the pin load contact region significantly affects the local stress field and, 
consequently, the severity of the damage compared to what would be expected [32]. Con-
sequently, the bending properties change as shown in Table 3, where the mean values and 
respective standard deviation are presented. 

Table 3. Bending properties for hybrid composites involving carbon and glass fibers. 

Laminates 𝛔𝐟 [MPa] 𝐄𝐟 [GPa] 𝛆𝐟 [%] 
8C 843.3 ± 33.2 48.4 ± 0.9 2.0 ± 0.06 

2G + 6C 820.0 ± 35.0 38.8 ± 0.6 2.5 ± 0.10 
4G + 4C 785.2 ± 20.5 34.8 ± 1.9 2.6 ± 0.08 
6G + 2C 694.6 ± 16.8 30.7 ± 1.6 2.4 ± 0.07 
6C + 2G 652.9 ± 27.6 37.4 ± 4.4 2.2 ± 0.10 
4C + 4G 637.2 ± 12.8 31.0 ± 2.8 2.4 ± 0.09 
2C + 6G 596.1 ± 25.1 27.7 ± 2.8 2.5 ± 0.08 

8G 632.5 ± 11.8 22.1 ± 0.7 3.3 ± 0.09 

In terms of bending stress, compared to the all-carbon fiber composite (where the 
average value is around 843.3 MPa), it is possible to note that the increase in the glass fiber 
content on the compression side promotes a decrease in the bending stress, reaching val-
ues about 17.6% lower for the 6G + 2C configuration. However, for the 2G + 6C configu-
ration, the observed decrease was only 2.8%, revealing the benefits reported by Dong et 
al. [16], where the highest flexural strength was obtained for 12.5% of glass fiber placed 
on the compressive side. Another evidence that should be highlighted is the fact that when 
the same configurations have carbon fibers on the compression side, they have much 
lower values. For example, comparing the 6G + 2C and 6C + 2G configurations, the latter 
has 6% less bending strength. Finally, all configurations with carbon fibers on the com-
pression side have bending strength values very close to those observed for the all-glass 
fiber composite (where the average value is around 632.5 MPa). These results confirm the 
studies developed by Giancaspro et al. [10] and Sudarisman et al. [15], according to which 
glass fibers perform better on the compression side, while carbon fibers perform better on 
the traction side. In terms of bending modulus, similar behavior can be observed. While 
the value obtained for all-carbon fiber composite is around 48.4 GPa, the higher glass fiber 

Figure 4. Damage mechanisms observed for: (a) carbon/glass specimens (4C/4G); (b) glass/carbon
specimens (4G/4C).

It is possible to notice that the specimens involving the carbon/glass composite
(4C/4G) present higher damages in the pin load contact region, breakage of the carbon
fibers, and some delaminations, while the glass fibers are slightly affected (fractures of
punctual fibers and slight delaminations). On the other hand, for the glass/carbon com-
posite (4G/4C), the damage is more severe, involving the breakage of carbon fibers in the
tensile region and glass fibers in the compression region. In both cases, the high stress
concentration in the pin load contact region significantly affects the local stress field and,
consequently, the severity of the damage compared to what would be expected [32]. Conse-
quently, the bending properties change as shown in Table 3, where the mean values and
respective standard deviation are presented.
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Table 3. Bending properties for hybrid composites involving carbon and glass fibers.

Laminates σf [MPa] Ef [GPa] E

8C 843.3 ± 33.2 48.4 ± 0.9 2.0 ± 0.06
2G + 6C 820.0 ± 35.0 38.8 ± 0.6 2.5 ± 0.10
4G + 4C 785.2 ± 20.5 34.8 ± 1.9 2.6 ± 0.08
6G + 2C 694.6 ± 16.8 30.7 ± 1.6 2.4 ± 0.07
6C + 2G 652.9 ± 27.6 37.4 ± 4.4 2.2 ± 0.10
4C + 4G 637.2 ± 12.8 31.0 ± 2.8 2.4 ± 0.09
2C + 6G 596.1 ± 25.1 27.7 ± 2.8 2.5 ± 0.08

8G 632.5 ± 11.8 22.1 ± 0.7 3.3 ± 0.09

In terms of bending stress, compared to the all-carbon fiber composite (where the
average value is around 843.3 MPa), it is possible to note that the increase in the glass fiber
content on the compression side promotes a decrease in the bending stress, reaching values
about 17.6% lower for the 6G + 2C configuration. However, for the 2G + 6C configuration,
the observed decrease was only 2.8%, revealing the benefits reported by Dong et al. [16],
where the highest flexural strength was obtained for 12.5% of glass fiber placed on the
compressive side. Another evidence that should be highlighted is the fact that when the
same configurations have carbon fibers on the compression side, they have much lower
values. For example, comparing the 6G + 2C and 6C + 2G configurations, the latter has 6%
less bending strength. Finally, all configurations with carbon fibers on the compression side
have bending strength values very close to those observed for the all-glass fiber composite
(where the average value is around 632.5 MPa). These results confirm the studies developed
by Giancaspro et al. [10] and Sudarisman et al. [15], according to which glass fibers perform
better on the compression side, while carbon fibers perform better on the traction side. In
terms of bending modulus, similar behavior can be observed. While the value obtained
for all-carbon fiber composite is around 48.4 GPa, the higher glass fiber content on the
compression side promotes a lower bending modulus. Compared to the all-carbon fiber
composite, the 6G + 2C configuration has a decrease of 36.7%. On the other hand, for
the same configurations, except for 6C + 2G (where the modulus is 17.9% higher than
for 6G + 2C), all of the others have lower values when the carbon fibers are placed on
the compression side. Concerning the bending strain, the lowest value is observed for
all-carbon fiber composite (2%), while the highest value is obtained for the all-glass fiber
composite (3.3%). In terms of hybrid configurations, the values obtained are between these,
but for the same configurations, those containing carbon fibers on the compression side
have smaller strain values.

Regarding the hybridization effect involving only glass and Kevlar fibers, Figure 5
shows typical bending stress/strain curves, which are representative of all others. Similar
to the non-hybrid composites (8G and 8K laminates), two behaviors can be found. One is
characterized by an almost linear regime up to the maximum stress where the failure occurs,
and the other one is characterized by a quasi-linear regime followed by a nonlinear region
in which the maximum stress occurs. While the first is typical of the hybrid laminates
containing glass fibers on the compression side and the all-glass fiber composite, the second
behavior characterizes hybrid laminates containing Kevlar fibers on the compression side
and all-Kevlar fibers composite. This is explained by the different damage mechanisms
observed in Figure 6. There is noticed, for the 4K/4G configuration, breakage of the glass
fibers on the tensile side with some delaminations, while the Kevlar fibers are unaffected
(Figure 6a). On the other hand, for the 4G/4K configuration, the breakage of the glass fibers
now occurs on the compression side, while the Kevlar fibers remain unchanged (Figure 6b).
Once again, in both cases, the high stress concentration in the pin load contact region affects
the local stress field, but, due to the intrinsic characteristics of the fibers, the damage is more
severe for the 4G/4K configuration. Finally, everything that has been described above can
be, as shown in Figures 7 and 8, fully replicated for the hybrid carbon/Kevlar composites
but replacing the glass fibers by the carbon fibers.
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Tables 4 and 5 present the bending properties obtained for hybrid composites involving
glass/Kevlar fibers and carbon/Kevlar fibers, respectively. Regarding the bending stress,
and for the hybrid composite with glass/Kevlar fibers, it is noticed that the increase in the
Kevlar fiber content on the compression side promotes a significant decrease, achieving in
the 6K + 2G configuration values 47.5% lower than those obtained for the all-glass fiber
composite. A similar increase in the bending stress is observed when the glass fiber content
increases on the compression site but with higher values when the same configurations are
compared. For example, comparing the 6K + 2G and 6G + 2K configurations, the latter has
a bending stress 52.3% higher than the 6K + 2G configuration. The same analysis leads to
the same conclusions for the hybrid composite involving carbon and Kevlar fibers, where
the comparison between the 6K + 2C and 6C + 2K configurations reports, in this case, a
difference of only 38.1%, which is 27.2% lower than that observed for the glass/Kevlar
composites (between the 6K + 2G and 6G + 2K configurations). At the level of bending
modulus, the hybridization effect with glass and Kevlar fibers does not promote significant
differences between the different configurations/contents of fibers studied. For example,
between the 6K + 2G and 6G + 2K configurations, there is a difference of only 12%. In
relation to carbon/Kevlar fibers, and regardless of the position of the fibers, it is possible
to verify that a higher level of hybridization promotes higher values of bending modulus.
However, when the carbon fibers are placed on the compression side, higher modulus
values are also obtained. For example, comparing the 6K + 2C and 6C + 2K configurations,
the latter is 46% higher. These results agree with the open literature, where several studies
evidence that more layers of glass fibers placed on the compression side promote an increase
in strength and modulus [10,11,15,34]. On the other hand, when Kevlar fibers are on the
tensile side, due to their strength, they allow the laminate to have less strain and more
bending strength [23]. On the other hand, as noted, more Kevlar layers on the compression
side and less fiberglass on the tensile side promotes faster laminate fracture, which is also
valid for carbon fibers [17].

Table 4. Bending properties for hybrid composites involving glass and Kevlar fibers.

Laminates σf [MPa] Ef [GPa] εf [%]

8G 632.5 ± 11.8 22.1 ± 0.7 3.3 ± 0.09
2K + 6G 465.4 ± 16.0 19.0 ± 0.9 4.4 ± 0.08
4K + 4G 354.1 ± 13.1 19.9 ± 1.5 4.6 ± 0.30
6K + 2G 332.3 ± 7.0 20.5 ± 2.2 4.0 ± 0.13
6G + 2K 696.5 ± 41.2 23.3 ± 1.5 3.4 ± 0.10
4G + 4K 646.8 ± 20.3 23.2 ± 1.4 3.2 ± 0.16
2G + 6K 500.6 ± 14.0 23.9 ± 1.8 2.4 ± 0.22

8K 378.2 ± 8.8 21.0 ± 1.3 6.2 ± 0.46
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Table 5. Bending properties for hybrid composites involving carbon and Kevlar fibers.

Laminates σf [MPa] Ef [GPa] εf [%]

8C 843.3 ± 33.2 48.4 ± 0.9 2.0 ± 0.06
2K + 6C 629.4 ± 32.2 24.2 ± 1.8 2.6 ± 0.19
4K + 4C 471.4 ± 18.3 25.6 ± 1.8 3.4 ± 0.18
6K + 2C 399.0 ± 20.1 29.1 ± 3.5 3.8 ± 0.30
6C + 2K 644.6 ± 32.0 42.5 ± 6.0 2.0 ± 0.20
4C + 4K 638.7 ± 19.0 34.5 ± 2.4 2.0 ± 0.09
2C + 6K 488.8 ± 34.7 29.9 ± 2.9 1.8 ± 0.06

8K 378.2 ± 8.8 21.0 ± 1.3 6.2 ± 0.46

From the open literature, in general, the hybridization improves the interlaminar shear
strength. In this context, for all configurations previously analyzed, the hybridization’s
effect on the interlaminar shear strength will be evaluated/analyzed. For this purpose,
Table 6 summarizes the ILSS values for full-fiber composites.

Table 6. ILSS for full-fiber composites.

Laminates ILSS [MPa] Decrease in Relation to 8C [%]

8C 53.6 ± 1.3 -
8G 46.8 ± 2.2 −12.7%
8K 28.6 ± 1.1 −46.6%

It is possible to observe that the highest ILSS value is obtained for composites re-
inforced with carbon fibers, with an average value of 53.6 MPa, and the lowest for
Kevlar/epoxy composites, whose average value is 46.6% lower. Regarding the glass/epoxy
composites, the ILSS value is in between these two. The ILSS obtained compared to car-
bon/epoxy composites is 12.7% lower but 63.6% higher than that observed for Kevlar/epoxy
composites. These results are in line with the bibliography, in which it is reported that,
regardless of the matrices, Kevlar fibers present weak interfaces, but in relation to the ther-
moset ones, epoxy resins generally lead to higher ILSS values [27]. According to Madhavi
et al. [14], the ILSS values for carbon-reinforced composites are five times higher than those
observed for glass fiber-reinforced composites. However, in this study the difference is
only 1.15 times higher, but the value obtained is within the range of those available in
the literature. For CFRP (carbon fiber-reinforced polymer), GFRP (glass fiber-reinforced
polymer), and KFRP (Kevlar fiber-reinforced polymer) composites based on epoxy resins,
the open literature reports that the interlaminar shear strength can vary between 40 MPa
to 100 MPa [35,36], 40 MPa to 85 MPa [37–39], and 28 MPa to 53 MPa [23,38,40,41], re-
spectively, large discrepancies that can be explained by the different properties of the
composites’ constituents as well as the different fiber/matrix interfacial adhesions resulting
from different fiber surface treatments [42–44]. In addition, the different fibers and their
orientation have a strong influence on the interlaminar shear strength [14,45].

Regarding the hybridization effect on the interlaminar shear strength, the ILSS values
obtained for the different configurations analyzed are summarized in Tables 7–9. In
fact, according to the literature, the hybridization can improve the interlaminar shear
strength. For example, studies developed by Turla et al. [22] showed that the ILSS of
hybrid composites is higher than that of glass or carbon composites. However, for all
configurations analyzed, this benefit is not observed in the present study. It is noticed that
the highest ILSS values are obtained for configurations involving carbon and glass fibers,
while the lowest are related to Kevlar fibers. This is explained by the literature, due to the
good fiber/matrix adhesion that glass and carbon fibers have [20,22], while Kevlar fibers
are recognized for establishing a weak fiber/matrix adhesion [3,46]. Another evidence that
can be highlighted is the fact that, in addition to the type of fiber, its quantity and location
(compression or tensile side) also affect the interlaminar strength. However, Padmanabhan
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et al. [23] suggested that the bending modulus is directly related to interlaminar strength
and, in this context, an increase in any one of these properties leads to an increase in
the other. Simultaneously, Padmanabhan et al. [23] found that ILSS values increase with
increasing thickness, due to higher bending stiffness.

Table 7. ILSS for hybrid composites involving carbon and glass fibers.

Laminates ILSS [MPa] Decrease in Relation to 8C [%]

8C 53.6 ± 1.29 -
2G + 6C 46.7 ± 0.96 −12.9%
4G + 4C 51.1 ± 0.58 −4.7%
6G + 2C 45.3 ± 2.10 −15.5%
6C + 2G 45.6 ± 1.04 −14.9%
4C + 4G 48.9 ± 1.98 −8.8%
2C + 6G 39.6 ± 2.91 −26.1%

8G 46.8 ± 2.15 −12.7%

Table 8. ILSS for hybrid composites involving glass and Kevlar fibers.

Laminates ILSS [MPa] Decrease in Relation to 8G [%]

8G 46.8 ± 2.15 -
2K + 6G 34.5 ± 4.05 −26.3%
4K + 4G 30.8 ± 2.22 −34.2%
6K + 2G 33.2 ± 3.21 −29.1%
6G + 2K 37.6 ± 1.15 −19.7%
4G + 4K 34.4 ± 0.81 −26.5%
2G + 6K 32.5 ± 0.98 −30.6%

8K 28.6 ± 1.09 −38.9%

Table 9. ILSS for hybrid composites involving carbon and Kevlar fibers.

Laminates ILSS [MPa] Decrease in Relation to 8C [%]

8C 53.6 ± 1.29 -
2K + 6C 44.8 ± 0.58 −16.4%
4K + 4C 34.5 ± 1.57 −35.6%
6K + 2C 31.9 ± 0.7 −40.5%
6C + 2K 42.5 ± 1.53 −20.7%
4C + 4K 37.0 ± 1.69 −31.0%
2C + 6K 36.2 ± 0.82 −32.5%

8K 28.6 ± 1.09 −46.6%

Therefore, in this context, due to the hybridization characteristic adopted (layers of
two different fibers are stacked onto each other), the fiber content intrinsically affects the
thickness of the sublayers and, consequently, the bending modulus of the laminate. On
the other hand, it was also noted that the mechanical properties, especially the bending
modulus, are strongly affected by the positioning of the fibers in the laminate. Therefore,
based on what was previously reported and according to Padmanabhan et al. [23], these
parameters justify the different ILSS values obtained and summarized in Tables 3–5.

4. Conclusions

The main goal of this study was to analyze the bending and interlaminar shear strength
of hybrid composites. For this purpose, carbon, glass, and Kevlar fibers were combined
with different fiber contents and placed in very specific positions. From this study, it was
possible to conclude that:

- for non-hybrid composites, the maximum bending stress and modulus were obtained
for the carbon/epoxy composite, while the bending strain was the smallest. On
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the opposite side, the Kevlar/epoxy composite showed the lowest bending stress
and modulus, while the bending strain had the highest value. These results were
explained by the intrinsic properties of the composites’ constituents and by the damage
mechanisms that proved to be very specific for each laminate. The interlaminar shear
strength followed the same trend, with the highest ILSS value for the carbon/epoxy
composite and the lowest for the Kevlar/epoxy composite;

- about the hybridization effect, the highest values were obtained for composites in-
volving carbon and glass fibers, with the latter placed on the compression side. This
proves the poor compression performance of the carbon fibers. On the other hand, the
results were very similar when Kevlar fibers were placed on the tensile side. Finally,
the highest ILSS values were obtained for the composite involving carbon and glass
fibers, while the lowest ILSS values were obtained for composites involving Kevlar
fibers. Furthermore, it was observed that the fiber content and its positioning in the
laminate affect both flexural strength and interlaminar shear strength, evidencing that
these properties may be related.

Author Contributions: A.M. performed the experimental test, analyzed the results, and helped
to write the manuscript; P.S. produced the laminates and analyzed the results; S.V. produced the
laminates; P.N.B.R. helped to write the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research is sponsored by national funds through FCT—Fundação para a
Ciência e a Tecnologia, under the project UIDB/00285/2020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Durão, L.M.P.; Tavares, J.M.R.S.; de Albuquerque, V.H.C.; Marques, J.F.S.; Andrade, O.N.G. Drilling damage in composite material.

Materials 2014, 7, 3802–3819. [CrossRef] [PubMed]
2. Pasăre, M.M.; Luca, L.; Dimitrov, R.; Constantin, B. Aspects of composite materials evolution. Fiability Durab./Fiabil. Durabilitate

2019, 2, 55–60.
3. Mallick, P.K. Fibre-Reinforced Composites Materials, Manufacturing and Design, 3rd ed.; Taylor & Francis Group: New York, NY, USA,

2007; p. 616.
4. Chandrasekar, M.; Shahroze, R.M.; Ishak, M.R.; Saba, N.; Jawaid, M.; Senthilkumar, K.; Senthil Muthu Kumar, T.; Suchart

Siengchin. Flax and sugar palm reinforced epoxy composites: Effect of hybridization on physical, mechanical, morphological and
dynamic mechanical properties. Mater. Res. Express. 2019, 6, 105331. [CrossRef]

5. Muhammad, N.; Jumahat, A.; Ali, N.M. Effect of hybridization on compressive properties of woven carbon, glass and kevlar
hybrid composites. J. Teknol. 2015, 76, 75–80. [CrossRef]

6. Makeev, A.; Ghaffari, S.; Seon, G. Improving compressive strength of high modulus carbon-fiber reinforced polymeric composites
through fiber hybridization. Int. J. Eng. Sci. 2019, 142, 145–157. [CrossRef]

7. Swolfs, Y.; Gorbatikh, L.; Verpoest, I. Fibre hybridisation in polymer composites: A review. Compos. Part A Appl. Sci. Manuf. 2014,
67, 181–200. [CrossRef]

8. Gupta, M.K.; Srivastava, R.K. Mechanical Properties of Hybrid Fibers-Reinforced Polymer Composite: A Review. Polym. Plast.
Technol. Eng. 2016, 55, 626–642. [CrossRef]

9. Guo, R.; Xian, G.; Li, C.; Huang, X.; Xin, M. Effect of fiber hybridization types on the mechanical properties of carbon/glass fiber
reinforced polymer composite rod. Mech. Adv. Mater. Struct. 2021, 9, 1–13. [CrossRef]

10. Giancaspro, P.N.; Papakonstantinou, J.W.; Balaguru, C.G. Flexural Response of Inorganic Hybrid Composites With E-Glass and
Carbon Fibers. J. Eng. Mater. Technol. 2010, 132, 021005. [CrossRef]

11. Wonderly, C.E.; Grenestedt, J.; Fernlund, G. Comparison of mechanical properties of glass fiber/vinyl ester and carbon fiber/vinyl
ester composites. Compos. Part B Eng. 2005, 36, 417–426. [CrossRef]

12. Santos, P.; Valvez, S.; Monjon, A.; Reis, P.N.B. The hybridisation effect on the viscoelastic properties of polymeric composites.
Procedia Struct. Integr. 2020, 28, 1816–1826. [CrossRef]

http://doi.org/10.3390/ma7053802
http://www.ncbi.nlm.nih.gov/pubmed/28788650
http://doi.org/10.1088/2053-1591/ab382c
http://doi.org/10.11113/jt.v76.5655
http://doi.org/10.1016/j.ijengsci.2019.06.004
http://doi.org/10.1016/j.compositesa.2014.08.027
http://doi.org/10.1080/03602559.2015.1098694
http://doi.org/10.1080/15376494.2021.1974620
http://doi.org/10.1115/1.4000670
http://doi.org/10.1016/j.compositesb.2005.01.004
http://doi.org/10.1016/j.prostr.2020.11.004


Materials 2022, 15, 1302 13 of 14

13. Ghafaar, M.A.; Mazen, A.A.; El-Mahallawy, N.A. Behavior of Woven Fabric Reinforced Epoxy Composites Under Bending and
Compressive Loads. JES J. Eng. Sci. 2006, 34, 453–469. [CrossRef]

14. Madhavi, P.; Chandra Shekar, K.; Poojith, K.; Sai Kumar, P.; Usman Khan, P.; Leela Gowtham, P. Flexural and Inter-Laminar Shear
Strength of Glass/Carbon Fabric Reinforced Composite. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1057, 012016. [CrossRef]

15. Sudarisman; MiguelIan, B.S.; Davies, I.J. The effect of partial substitution of E-glass fibre for carbon fibre on the mechanical
properties of CFRP composites. In Proceedings of the International Conference on Materials and Metallurgical Technology,
Surabaya, Indonesia, 24–25 June 2009; pp. 125–128.

16. Dong, C.; Davies, I.J. Optimal design for the flexural behaviour of glass and carbon fibre reinforced polymer hybrid composites. J.
Mater. 2012, 37, 450–457. [CrossRef]

17. Oskouei, A.V.; Taleie, S.M. Experimental Investigation of Relaxation of Fiber-reinforced Polymer Composites. J. Reinf. Plast.
Compos. 2010, 29, 2705–2712. [CrossRef]

18. Ibarra, L.; Macias, A.; Palma, E. Stress-Strain and stress relaxation in oxidated short carbon fiber-thermoplastic elastomer
composites. J. Appl. Polym. Sci. 1996, 61, 2447–2454. [CrossRef]

19. Agarwal, B.D.; Broutman, L.J. Analysis and Performance of Fiber Composites, 2nd ed.; JohnWiley Sons Inc.: New York, NY, USA,
1990; p. 449.

20. Donnet, B.; Bansal, R.C. Carbon Fibers, 3rd ed.; Marcel Dekker Inc.: New York, NY, USA, 1998; p. 567.
21. Harris, B. Engineering Composite Materials, 1st ed.; The Institute of Materials: London, UK, 1999; p. 194.
22. Turla, P.; Kumar, S.S.; Reddy, P.H.K.; Shekar, C. Interlaminar Shear Strength of Carbon Fiber and Glass Fiber Reinforced Epoxy

Matrix Hybrid Composite. Int. J. Res. Eng. Adv. Technol. 2014, 2, 1–4.
23. Padmanabhan, K.; Kishore, J. Interlaminar shear of woven fabric Kevlar-epoxy composites in three-point loading. Mater. Sci. Eng.

A. 1995, 197, 113–118. [CrossRef]
24. Reis, P.N.B.; Gorbatikh, L.; Ivens, J.; Lomov, S.V. Strain-Rate Sensitivity and Stress Relaxation of Hybrid Self-Reinforced

Polypropylene Composites under Bending Loads. Compos. Struct. 2019, 209, 802–810. [CrossRef]
25. Ferreira, J.A.M.; Reis, P.N.B.; Costa, J.D.M.; Richardson, M.O.W. Fatigue behavior of Kevlar composites with nanoclay filled

epoxy resin. J. Compos. Mater. 2013, 47, 1885–1895. [CrossRef]
26. Allred, R.E.; Hall, N.H. Volume Fraction Determination of Kevlar 49/Epoxy Composites. Polym. Eng. Sci. 1979, 19, 907–909.

[CrossRef]
27. Peters, S.T. Handbook of Composites, 2nd ed.; Chapman & Hall: London, UK, 1998; p. 1118.
28. Chung, D.D.L. Composite Materials, 2nd ed.; Springer: London, UK, 2010; p. 349.
29. Reis, P.; Ferreira, J.; Antunes, F.; Costa, J. Fatigue Notch Sensibility of Thermoplastic Glass Fibres Composites. Mater. Sci. Forum.

2006, 514–516, 653–656. [CrossRef]
30. Amaro, A.P.B.M.; Reis, P.; Moura, M.F.S.F. Residual Strength after Low Velocity Impact in Carbon-Epoxy Laminates. Mater. Sci.

Forum. 2006, 514–516, 624–628. [CrossRef]
31. Amaro, D.A.M.; Reis, P.N.B.; Neto, M.A.; Cirne, J.M. Residual impact strength of carbon/epoxy laminates after flexural loadings.

Compos. Struct. 2016, 146, 69–74. [CrossRef]
32. Reis, P.; Ferreira, J.; Antunes, F.; Costa, J. Flexural behaviour of hybrid laminated composites. Compos. Part A-Appl. S. 2007, 38,

1612–1620. [CrossRef]
33. Amaro, A.; Reis, P.N.B.; de Moura, M.F.S.F. Delamination effect on bending behaviour in carbon-epoxy composites. Strain 2011,

47, 203–208. [CrossRef]
34. Zhang, J.; Chaisombat, K.; He, S.; Wang, C.H. Hybrid composite laminates reinforced with glass/carbon woven fabrics for

lightweight load bearing structures. Mater. Des. 2012, 36, 75–80. [CrossRef]
35. Bekyarova, E.I.; Thostenson, E.; Yu, A.; Kim, H.; Gao, J.; Tang, J.; Al, E. Multiscale carbon nanotube-carbon fiber reinforcement for

advance epoxy composites. Langmuir 2007, 23, 3940–3974. [CrossRef]
36. Adhikari, K.; Hubert, P.; Benoit, S.; Andrew, J. Effect of the Localized Application of SWNT Modified Epoxy on the Interlaminar

Shear Strength of Carbon Fibre Laminates. In Proceedings of the 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics, and Materials, Newport, Rhode Island, 1–4 May 2006; p. 10.

37. Mouritz, A.P.; Gallagher, J.; Goodwin, A.A. Flexural strength and interlaminar shear strength of stitched GRP laminates following
repeated impacts. Compos. Sci. Technol. 1997, 57, 509–522. [CrossRef]

38. Alsaadi, M.; Ugla, A.A.; Erklig, A. A comparative study on the interlaminar shear strength of carbon, glass, and Kevlar
fabric/epoxy laminates filled with SiC particles. J. Compos. Mater. 2017, 51, 2835–2844. [CrossRef]

39. Wu, Z.; Li, J.; Huang, C.; Li, L. Effect of matrix modification on interlaminar shear strength of glass fibre reinforced epoxy
composites at cryogenic temperature. Phys. Procedia. 2015, 67, 1068–1073. [CrossRef]

40. Gao, J.; Wang, X.; Huang, J.; Yao, J.; Yang, J.; Liu, X. Effects of different fluorination routes on aramid fiber surface structures and
interlaminar shear strength of its composites. Appl. Surf. Sci. 2013, 270, 627–633. [CrossRef]

41. Wu, J.; Cheng, X. Study of interlaminar shear strength of rare earths treated aramid fiber reinforced epoxy composites. J. Mater.
Sci. 2005, 40, 1043–1045. [CrossRef]

42. Kim, Y.; Mai, J. High strength, high fracture toughness fibre composites with interface control-a review. Compos. Sci. Technol. 1991,
41, 333–378. [CrossRef]

http://doi.org/10.21608/jesaun.2006.110472
http://doi.org/10.1088/1757-899X/1057/1/012016
http://doi.org/10.1016/j.matdes.2012.01.021
http://doi.org/10.1177/0731684409357256
http://doi.org/10.1002/(SICI)1097-4628(19960926)61:13&lt;2447::AID-APP24&gt;3.0.CO;2-
http://doi.org/10.1016/0921-5093(94)09742-9
http://doi.org/10.1016/j.compstruct.2018.11.030
http://doi.org/10.1177/0021998312452024
http://doi.org/10.1002/pen.760191305
http://doi.org/10.4028/www.scientific.net/MSF.514-516.653
http://doi.org/10.4028/www.scientific.net/MSF.514-516.624
http://doi.org/10.1016/j.compstruct.2016.03.006
http://doi.org/10.1016/j.compositesa.2006.11.010
http://doi.org/10.1111/j.1475-1305.2008.00520.x
http://doi.org/10.1016/j.matdes.2011.11.006
http://doi.org/10.1021/la062743p
http://doi.org/10.1016/S0266-3538(96)00164-9
http://doi.org/10.1177/0021998317701559
http://doi.org/10.1016/j.phpro.2015.06.202
http://doi.org/10.1016/j.apsusc.2013.01.099
http://doi.org/10.1007/s10853-005-6531-2
http://doi.org/10.1016/0266-3538(91)90072-W


Materials 2022, 15, 1302 14 of 14

43. Khan, S.U.; Kim, J.K. Improved interlaminar shear properties of multiscale carbon fiber composites with bucky paper interleaves
made from carbon nanofibers. Carbon 2012, 50, 5265–5277. [CrossRef]

44. Kim, J.; Mai, Y. Engineered Interfaces in Fiber Reinforced Composites, 1st ed.; Elsevier Science Ltd.: Oxford, UK, 1998; p. 391.
45. Almeida, J.H.S.; Angrizani, C.C.; Botelho, E.C.; Amico, S.C. Effect of fiber orientation on the shear behavior of glass fiber/epoxy

composites. Mater. Des. 2015, 65, 789–795. [CrossRef]
46. Abali, F.; Pora, A.; Shivakumar, K. Modified short beam shear test for measurement of interlaminar shear strength of composites.

J. Compos. Mater. 2003, 37, 453–464. [CrossRef]

http://doi.org/10.1016/j.carbon.2012.07.011
http://doi.org/10.1016/j.matdes.2014.10.003
http://doi.org/10.1177/0021998303037005053

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

