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Abstract: This research work focuses on the experimental
analysis for mechanical characterization of 3D woven
carbon, Kevlar, and their hybrid composite laminates.
According to the research, in 3D weaving, weft, warp, and
binder fibersmeet along and through the fabrics within theX,
Y, and Z directions, respectively. The effect of different com-
binations of weft, warp, and binder with respect to 3D woven
composites in terms of tensile strength, flexure strength, frac-
ture toughness, and impact energy is analyzed in this study.
The primary objective of this research is to fabricate four
combinations of 3D woven composite fabrics from carbon
and Kevlar fibers using hand weaving and a vacuum bagging
method, keeping the weaving of the binder at 45°, with
respect to weft and warp. On testing the combinations, the
CCK specimen provided a higher tensile modulus and peak
stress with a medium strength to weight ratio. It reflects the
ability of the CCC combination under bending to compress or
stretch less when experiencing deformation (strain), while
the maximum values (stress) indicate that the CCC can sup-
port a larger load. KKC shows the synergistic effect of the
fibers, excellent interfacial bond strength, and good material
properties. The double cantilever beam test is used to experi-
mentally determine the crack mode opening displacement
and energy release rate of laminated composites in mode-I
crack type. Linear elastic fracture mechanics is also used to
investigate the energy release rate. The KKK combination
exhibits very high impact resistance and energy absorption
properties in the free fall impact test.

Keywords: 3D woven, carbon–Kevlar hybrid, tensile
strength, flexural strength, impact energy, strain energy,
toughness

1 Introduction

Recently, woven fabric composites are receiving great
attention because of their excellent mechanical properties
compared to laminated composites, increased production
rates, and formability characteristics. It also provides good
dimensional stability over a range of temperatures [1].
Plane woven fabrics are produced by weaving the weft
and warp yarns orthogonal to each other. These yarns
are, in general, continuous fibers with diameter in the
order of microns [2]. However, the 2D woven fabric has
limitations toward industrial applications because of its
poor out-of-plane properties. Wind turbine blades, pres-
sure vessels, and aircraft stringers are some examples of
applications where the out-of-plane properties are
demanded. To improve the mechanical properties in the
thickness direction, 3D woven composites are developed
through different manufacturing techniques such as
weaving, knitting, braiding, and stitching [3]. Not only
the out-of-plane properties, 3D woven composites also
result in increased delamination resistance and impact
characteristics [4]. The manufacturing technique directly
influences the fiber orientation, fiber volume fraction, and
the behavior of the resultant composite [5]. Among the
stated manufacturing techniques used to produce 3D
woven fabrics, weaving techniques appear to be promising
by imparting the composite with better mechanical and
interlaminar response [6].

3D woven fabric will have a binder yarn in the thick-
ness direction of plane fabric. 3D fabrics will have inter-
twined, interlaced, or intermeshed yarns in three mutually
perpendicular directions [7]. There are many classifica-
tions of 3D woven composites, and based on how deep
the binder yarn penetrates the thickness direction, the
fabrics will be classified into two categories of through
the thickness interlock and layer-to-layer interlock.
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In through the thickness interlock pattern, the binder yarn
goes from the top layer of fabric to the bottom layer of
fabric, and in the layer-to-layer interlock architecture the
binder yarn will hold only part of the fabric in the thick-
ness direction. Furthermore, if the binder yarn remains
perpendicular to both weft and warp yarns, then it is called
orthogonal interlock, and for any other angle, it will be
called angle interlock [8].

Although 3D woven composites have been used in var-
ious applications over the years, understanding the
response of the woven composite under load is still com-
plex [9]. The influence of parameters, such as constituent
materials of yarns, direction of the binder yarn with
respect to weft and warp yarns, penetration depth of the
binder yarn, angle of the binder yarn in the fabric plane,
inclusion of resin in the composite, etc., makes the under-
standing of 3D woven composite mechanics a more diffi-
cult one. Further, the frequency of binder interweaves
which defines the unit cell of fabric will alter the load
response of the woven fabric composite [10]. Also, the
undulation caused by the interlacement between weft,
warp, and binder yarns results in poor in-plane response
of the composite [11]. Even though so many studies have
been carried out regarding the mechanical characteriza-
tion of 3D woven composites, every change in material
composition, architecture pattern, and process parameters
results in a large variation in mechanical properties
leading to unique characterization results [12].

Tan et al. studied the tensile response of a 3D woven
carbon/epoxy composite in weft and warp directions and
stated that the average Young’s modulus and failure
strength are higher in the weft direction than in the
warp direction. But the failure strain in the warp direction
is higher than that in the weft direction [13]. Quinn et al.
found that the modulus and tensile stress magnitudes are
proportional to the binder density, and Yu stated that the
contribution of weft density is higher than the contribution
of warp density [14,15]. Gu and Zhili found that the curva-
ture of yarns in woven architecture plays a major role in
the tensile strength, stiffness, and failure strain of the
resultant composite [16]. Brandt et al. compared the tensile
properties of through the thickness orthogonal, layer-by-
layer orthogonal, and through the thickness angle 3D
woven carbon/epoxy composites and found that the stiff-
ness of all three architectures is nearly the same. However,
the stresses in the layer-by-layer orthogonal composite are
higher than the other two configurations [17]. The effect of
binder yarn size on tensile behavior was investigated by
Gu and Zhili, they stated that increasing the binder yarn
size increases the tensile modulus in thickness direction
and reduces in the other two in-plane directions [16].

Cai-yun et al. showed that the addition of binder yarns
increases the flexural stress and decreases the flexural
modulus because of the increase in weft density [18].
Chen et al. observed that the addition of layers increases
the bending stiffness in weft as well as warp directions,
and the rate of increase is high in the weft direction when
compared to the warp direction [19]. Sun et al. conducted a
three-point bending quasi static flexural test and con-
cluded that the binder volume fraction increases the flex-
ural strength where the binder yarn size influences the
flexural modulus [20]. Jin et al. showed in their study
that the 3D orthogonal composites have higher flexural
load carrying capability and bending stresses than angle
interlock composites [21]. Dai et al. found that the binder
yarn angle increases the flexural properties and induces
delamination cracks [22].

Earlier, Guenon showed in his paper that the fracture
toughness of the 3D orthogonal carbon/epoxy composite is 15
times higher than the traditional 2D laminated composite [23].
Tanzawa et al. found that the addition of binder to the 3D
woven orthogonal composite increases the energy release
rate in mode-I condition [24]. Mouritz et al. observed that
themode-I energy release rate is the same for glass/vinyl ester
composites in layer-by-layer and orthogonal architectures
[25]. Fishpool in his study compared the fracture toughness
of 3D composites through the thickness orthogonal, through
the thickness angle, and layer-by-layer angle architectures in
mode-I and mode-II conditions. Fishpool observed that
through the thickness orthogonal interlock showed higher
resistance toward mode-I fracture than others, and in
mode-II the resistance was approximately equal to the
layer-by-layer composite [26].

3D composites will absorb higher energy and result in
a smaller damage area compared to 2D composites under
impact loading [27]. 3D orthogonal woven composites
improve the impact resistance than the plane woven and
laminated composites because of their delamination resis-
tance [28]. Under low velocity loading, the impact strength
and energy absorption are primarily influenced by in-
plane fracture and binder yarns, respectively [29]. It is
also noticed by researchers that binder yarns in 3D woven
composites can effectively restrain the delamination pro-
pagation [30]. Further, the shape of the impactor plays a
crucial role in the low velocity impact response of 3D
woven composites [31].

The compliance equation was used to determine the
energy release rate for an angle ply laminated double can-
tilever composite beam specimen [32]. Instead of the con-
ventional technique of a beam on an elastic basis, a second
order shear thickness deformation beam theory (SSTDBT)
was examined. Fiber-reinforced composite materials are
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widely employed in all types of engineering constructions
due to their high strengths and low densities. Laminated
composite structures are composed of layers of orthotropic
materials that are glued together [33]. The layers can be
made of various materials or the same orthotropic mate-
rial, with each layer’s major material directions orientated
at a different angle to the reference axis [34]. A structural
designer can customize a laminate’s strength and other
attributes to the needs of a specific application by changing
the material or orientation of each layer, or both. Because
of the low stiffness in the transverse direction, when
out-of-plane force occurs, the plies separate, resulting in
delamination. In any engineering design of laminated com-
posite structures, the delamination mechanism of failure
should be considered. Delamination modes in composite
laminates typically include mode-I (opening), mode-II (in-
plane shearing), and mode-III (out-of-plane tearing) frac-
tures. As a result, characterization of these fracture modes
is critical to preventing delamination damage. Most of the
research on delamination focuses on unidirectional and 3D
woven composites [35].

There is a lack of clarity regarding how binder yarns
woven at 45° affect the tensile strength, flexural strength,
fracture toughness, impact resistance, and overall mechan-
ical behavior of hybrid 3D woven composites. More
research is needed on the binder yarn’s effect on load
transfer between fibers, as well as its interaction with

both carbon and Kevlar fibers in 3D woven structures. In
this research work, the composites were fabricated by
binding the weft and warp yarn with binder yarn at an
angle 45° to both weft and warp yarns in the plane of a
woven plate throughout the thickness. This angled binding
alters the mechanical response of the woven plate from the
conventional woven plates where the binder is kept in
the direction of weft or warp yarns. Carbon and Kevlar
are the two types of yarns considered here for investiga-
tion. Further, hybrid woven composites are woven and
laminated by choosing the binder yarn from a different
material than the weft and warp yarns. The prepared spe-
cimens are subjected to tensile, flexural, fracture, and
impact loadings to evaluate their response.

2 Materials and methods

The specimens which are fabricated for the study are listed
in Table 1 along with their reinforcement composition in X,
Y, and Z directions.

Square wooden frames are made with dimensions of
35 × 35 mm2 for initiating the weaving process. Then, 2D
fabrics with weft and warp yarns, as shown in Table 1,
were cut into required dimensions to match with the
wooden frame. Five layers of 2D fabrics were stacked
one over another in the wooden frame and taped on all
four edges to avoid pulling of fibers. Binder yarns are
placed on the woven 2D fabric diagonally in the frame
throughout the thickness. During weaving, the spacing
between the binder yarns is kept uniform. Figure 1 shows
the manufacturing process of the woven fabric in steps,
and Figure 2 shows the woven 3D fabrics.

A mixture of Araldite LY 556 resin and HY 951 hard-
ener was prepared by carefully maintaining the weight
ratio as ten parts of resin to one part of hardener. The

Table 1: Specimens and their composition

Specimen X Direction Y Direction Z Direction

Weft Warp Binder
CCC Carbon Carbon Carbon
CCK Carbon Carbon Kevlar
KKK Kevlar Kevlar Kevlar
KKC Kevlar Kevlar Carbon

Figure 1: (a) Wooden frame. (b) 2D fabric marked to cut for the dimensions of wooden frame. (c) Woven binder yarn in the diagonal direction.
(d) Uniformly spaced binder yarn in the fabric.
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prepared mixture was then applied over the woven fabric
to attain the uniform wetting of fibers. The matrix applied
woven fabric was then vacuum bagged under a vacuum
pressure of 25 mmHg to get a quality laminate. During
vacuum bagging, the vacuum pump was turned on for
6 h, after which the pump was turned off and left for
48 h to remove the excess resin and air bubbles.

The prepared laminates were cut into specimens as
per ASTM standards and tested for tensile strength, flex-
ural strength, and impact loadings. Further, fracture
response was also determined through mode-I loading.

2.1 Specimens and experimentation

Tensile coupons were prepared as per the ASTM standard
D3039, which determines the in-plane tensile properties of
polymer matrix composites. The specimen had dimensions
of 25 mm in width, 250 mm in length, and constant thick-
ness. The total length was equal to the combination of total
gripping length (100mm) and gauge length (150 mm) as per
the standard. The grips were aligned properly to reduce
the bending effects.

Flexural specimens were prepared as per the ASTM stan-
dard D790 with rectangular cross-sectional dimensions of
25mm in width, 150mm in length, and constant thickness.
The total length was equal to the combination of total gripping
length (20mm) and gauge length (130mm) as per the standard.

In the fracture toughness test, the objective was to
determine the material’s resistance to fracture and its
ability to withstand crack propagation. The geometry of a
typical DCB specimen used in this work was according to
ASTM D5528, in which h is the specimen thickness (which
was varied), a0 is the initial crack if any, a is the length of
any propagating crack, d is the crack opening as forced by
the wedge forces applied at P, and δ* is the crack opening
at the tip of the original notch. Details of the loading and
measurement methods are that the total length of the pre-

cracked specimen was 150 mm. During the test, a pre-
cracked (a0 = 40) specimen was subjected to a controlled
loading, typically in a tension or bending configuration.
The applied load gradually increased and allowed the
crack to propagate. The displacement ‘δ’ is the full opening
point due to the application of load P. The critical strain
energy release rate (GIC) was calculated from the fracture
data of composite DCB specimens following Eq. (2).

Details of the loading and measurement method are
provided in Section 2. The beam was loaded at the end with
a force perpendicular to the longitudinal axis of the spe-
cimen, which is the standard configuration of the DCB test.
The relationship between the load P, opening displacement
δ, and crack length was determined using the simple beam
theory (SBT), which is expressed as follows:
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Evaluation of the critical load and the associated cri-
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(3) and (4).
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Here, Pcr and δcr are the critical load and the corre-
sponding critical deformation. The rotational spring con-
stant (kr) was obtained from the fracture data and N the
number of fracture data.
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Figure 2: Woven (a) CCC, (b) CCK, (c) KKK, and (d) KKC fabrics.

4  Gandham Ram Vishal et al.



The maximum load applied during the DCB test of a
material with a known modulus E and applied value of GIC

may be evaluated as follows:

( )
=P
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For mode-I interlaminar fracture toughness, four dis-
tinct composite laminates were considered: CCC, KKK, CCK,
and KKC with a pre crack length of a0 = 40mm. The pre-
crack length value was used to evaluate the last stage of
delamination of the laminates, allowing for the determina-
tion of the maximum energy absorbed during the fracture.
Load–deflection curves were obtained by testing.

The impact test was conducted to evaluate the material’s
ability to withstand sudden impact. It measures the material’s
resistance to fracture and deformation under high-energy
impact conditions. This test provides important information
about the material’s impact strength. In an impact test, a stan-
dardized specimen was subjected to a sudden impact from a
falling weight. The impact energy was transferred to the spe-
cimen, causing deformation, damage, and sometimes fracture.
The dimensions of the test specimen were 150mm (length) ×
100mm (width) × 4.5mm (thickness). The prepared specimens
for tensile, flexure, fracture toughness, and impact testing
using the vacuum bagging process are shown in Figure 3.

The experimental setup for tensile, flexure, impact,
and fracture toughness testing is shown in Figure 4, and

the correspondingly tested specimens for tensile, flexure,
and impact tests are shown in Figure 5.

3 Results and discussion

3.1 Tensile testing

Testing was conducted at room temperature with a con-
stant rate of 1.2 mm/min, as shown in Figure 5(a). Five
specimens were tested for each case, and the average
response is shown in Figure 6. From the engineering
stress–strain curve, it is clear that the presence of Kevlar
increased the strain, and the increment was higher when
the Kevlar fibers were placed in the in-plane loading direc-
tion. It is noticed that the failure strain of the KKK spe-
cimen was 153, 115, and 31% higher than those of CCC, CCK,
and KKC specimens, respectively. Failure stress is noticed
to be superior in the case of CCK and KKK composites
compared to KKC and CCC composites. The presence of
Kevlar yarns as a binder increased the peak stress, and a
greater response is noticed in the hybrid composites than
others with the same binder. The peak stress of the CCK
composite is 1.1, 20.5, and 46.6% higher than those of KKK,
KKC, and CCC composites, respectively. The stiffness of the
specimens improved by the presence of carbon yarns

Figure 3: Prepared specimens for the (a) tensile test, (b) flexural test, (c) fracture toughness test, and (d) impact test.
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except in the case of CCC composite, and it is higher in the
hybrid specimens. CCK showed stiffness that is 22, 82.8, and
105% higher than those of CCC, KKC, and KKK specimens,
respectively. It is also noticed that the presence of Kevlar

contributes to higher specific strength, and the effect is higher
when the Kevlar yarns are placed as a binder. KKK specimens
resulted in 28.8, 45, and 86% higher strength to weight ratio
than CCK, KKC, and CCC specimens, respectively. Among the
combinations provided, the CCK specimen results in better
tensile modulus and peak stress with a moderate strength to
weight ratio, as given in Table 2.

3.2 Flexural testing

The loading test was done in a universal testing machine
with a crosshead movement of 1.0 mm/min, and the three-

Figure 4: Experimental setup for the (a) tensile test, (b) flexural test, (c) impact rest, and (d) fracture toughness test.

Figure 5: Tested specimens of the (a) tensile test, (b) flexural test, and (c) impact test.

Figure 6: Tensile response of woven composites.

Table 2: Tensile behavior of woven composites

Specimen Tensile modulus
in GPa

Peak stress
in MPa

Strength to
weight ratio

CCC 139.157 420.899 50.347
CCK 170.509 616.482 72.784
KKC 93.359 511.104 64.615
KKK 83.477 609.679 93.797
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point bending setup and tested specimens are shown in
Figures 4(b) and 5(b), respectively. The stress–strain
responses for four distinct combinations of 3D woven
carbon and Kevlar materials were recorded. Each combi-
nation underwent five separate flexural tests, and the
resulting data from these tests were averaged for each
combination, as shown in Figure 7 and Table 3. The objec-
tive of this graph is to facilitate a comparative analysis of
the combinations and determine which exhibits the best
flexural strength among them.

From the analysis of the provided graph and data con-
cerning Young’s modulus, it can be concluded that the CCC

combination exhibits the most favorable characteristics
among the tested combinations in terms of strain reduction
and stress levels. Specifically, the CCC combination experi-
ences the least amount of strain while demonstrating
higher stress levels compared to other combinations. This
conclusion is drawn by examining the stress–strain curves
and considering the Young’s modulus values associated
with each combination. The observed lower strain values
in the CCC combination suggest its ability to withstand
deformation or elongation to a lesser extent, while the
higher stress values indicate its capacity to handle greater
applied forces.

3.3 Fracture toughness testing

Fracture toughness testing is a mechanical test method used
to determine the energy needed to initiate and cause failure
within a material. The tested specimens and obtained graphs
are depicted in Figures 8 and 9, respectively. Figure 9

Figure 7: Flexural response of woven composites.

Table 3: Flexural test strength to weight ratio

Specimen Average peak
stress (MPa)

Weight (g) Strength to
weight ratio

CCC 273.443 8.36 32.708
CCK 259.777 8.47 30.670
KKC 144.183 7.91 18.228
KKK 67.244 6.50 10.345

Figure 8: Tested specimens of the fracture toughness test: (a) CCC, (b) CCK, (c) KKK, and (d) KKC.
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illustrates the load–displacement curves for four distinct
combinations of 3D woven carbon and Kevlar materials.
Each combination underwent five separate fracture tough-
ness tests.

The mode-I critical strain energy release rates are
determined by using the double cantilever beam method.
It is found that GIC dramatically increases due to stitching.
We could conclude that the 3D woven KKC hybrid laminate
has greater fracture toughness than CCK, KKK, and CCC
because carbon has a higher tensile strength than Kevlar.
Figure 10 shows the variation of critical strain energy
release rate with crack length.

The load and deflection at specific crack lengths for
CCC, CCK, KKK, and KKC samples are tabulated in
Table 4. The synergistic effect of fibers, effective interfacial
bonding, and favorable material properties for KKC com-
bination is shown in Figure 10. These factors contribute to
the enhanced ability of the composite to withstand crack

propagation, making it the best combination in terms of
fracture toughness.

The obtained average results for the peak stress and
strength to weight ratio of fracture toughness test are shown
in Table 5. Up to the maximum load point, when fracture
development propagation is steady, load variations are seen
to be linear. Following this, there is a sharp decline in load
until it reaches a certain amount, at which time it starts to
drop as quickly as an unstable fracture, where critical load
and deflection are obtained. The average maximum load
values for various composites are shown in Figure 9, which
displays the resistance to the fracture curve (R-curve) for
mode-I. The fiber bridging phenomena, matrix cracking,
tow breaking, multiple delamination, and tow bridging in
the case of woven fiber composites have an impact on the
R-curve’s form. Consistent crack development is observed,
although only a little load drop is seen right after the first
crack commencement as the displacement is increased.

Figure 9: Mode-I delamination response of woven composites.
Figure 10: Mode-I critical strain energy release rate of 3D woven
composites.

Table 4: Crack length, load, and deflection for different samples

CCC CCK KKK KKC

Crack
length, a0 +
a1 (mm)

Load
(kN)

Deflec-
tion,
δ (mm)

Crack
length, a0 +
a1 (mm)

Load
(kN)

Deflec-
tion,
δ (mm)

Crack
length, a0 +
a1 (mm)

Load
(kN)

Deflec-
tion,
δ (mm)

Crack
length, a0 +
a1 (mm)

Load
(kN)

Deflec-
tion,
δ (mm)

40 0 4.8 40 0 6.45 40 0 8.4 40 0 7.2
40.5 0.592 5.1 40.25 0.395 6.9 40.25 2.723 8.7 40.2 1.405 7.6
41 0.971 5.4 40.5 0.761 7.5 40.5 5.212 9.3 40.5 3.455 8.1
41.5 1.36 5.7 40.75 1.039 7.9 40.75 7.408 9.8 40.9 6.163 8.6
42 1.572 6.2 41 1.317 8.4 41.15 8.579 10.3 41 6.617 9.08
42.5 1.827 68 41.15 1.42 8.7 41.25 8.038 10.5 41.08 6.852 9.6
43 2.041 7.3 41.25 1.405 9.12 41.35 7.218 10.9 41.1 7.086 10.5
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3.4 Impact testing

The impact test was conducted to study the ability of a
material to withstand impact. The obtained results for
average absorbed energy, displacement, and impact force
of different specimens are shown in Table 6.

In the impact test, the KKK combination emerges as
the most favorable choice among the tested combinations,
displaying the highest absorbed energy (22.22 J), during the
impact test, and this combination offers excellent impact
resistance and energy absorption capabilities.

4 Conclusions

The CCK combination stands out as the optimal choice
among the tested combinations in terms of tensile mod-
ulus, making it well suited for aeronautical applications
that require high tensile strength and stiffness. In the
CCK combination, the presence of Kevlar fibers in the Z
direction plays a crucial role in distributing stress and
helps to prevent the formation and propagation of cracks
or fractures within the material. The CCC combination
emerges as the most favorable choice among the tested
combinations, demonstrating the highest Young’s mod-
ulus for flexural strength for excellent resistance to
bending.

The KKC combination emerges as the most favorable
choice among the tested combinations, with the highest frac-
ture toughness, and this combination exhibits exceptional

resistance to crack propagation and improved durability. In
the KKC combination, the presence of carbon fibers in the Z
direction plays a crucial role in enhancing the fracture tough-
ness and preventing crack propagation when the material is
under tensile load during the fracture toughness test.

The presence of Kevlar fibers in all layers of the
composite structure contributes to its remarkable impact
resistance. When subjected to an impact, the Kevlar fibers
effectively distribute and absorb the energy generated by
the impact, preventing it from propagating and causing
significant damage to the structure. This ability to absorb
and dissipate impact energy ensures the integrity and dur-
ability of the aeronautical components, even under high-
stress conditions.

In future, the researchers can extend this work to ana-
lyze the effect of different binder yarn angles and material
variation on the fracture toughness and impact resistance.
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