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Abstract: Carbon—Kevlar hybrid composites are being increasingly recognized as suitable
materials for aerospace, automotive, and construction applications due to their unique
combination of strength, toughness, and safety. Prior to their use, extensive testing and
validation are essential to ensure that these composites meet the specific safety and perfor-
mance standards required by each industry. In this study, the mechanical performance and
behavior of five different types of Carbon-Kevlar hybrid composites were investigated.
In addition to microstructural investigations, mechanical tests were also carried out, in-
cluding tensile, bending, impact, and micro-hardness tests. The investigated composites
were Carbon-Kevlar hybrids without orientation, with a symmetrical orientation, and
with the addition of TiO, nanoparticles at weight percentages of 3%, 4%, and 5%. The
results showed that the mechanical properties of these composites could be significantly
influenced by different fiber orientations and the addition of TiO, nanoparticles. In particu-
lar, the addition of TiO; nanoparticles increased the tensile strength, hardness, toughness,
and breaking strength. Of the composites tested, the composite reinforced with 5% TiO,
nanoparticles exhibited the highest mechanical performance, with a 79.8 Shore D hardness,
406 MPa tensile strength, 398 N/mm? flexural strength, and 10.1 ] impact energy. These
results indicate that Carbon-Kevlar hybrid composites reinforced with TiO, nanoparticles
have excellent mechanical properties that make them highly suitable for armor plating, hel-
mets, and vehicle armoring in particular and a wide range of other industrial applications
in general.

Keywords: hybrid composites; carbon fibers; Kevlar fibers; fiber orientation; TiO,
nanoparticles; mechanical performance; flexural strength; microstructural investigation

1. Introduction

The lower interlaminar fracture toughness of Carbon fiber-reinforced composites
makes them favorable for use in several fields such as military, automotive, and aerospace
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applications. Recently, the use of polymer matrix composites has been increased by many
folds, as incorporating high-strength fibers into a brittle matrix enables a superior quality for
aerospace and automobile components. On the other hand, when comparing the expenses
and manufacturing prices with those of metals such as aluminum and steel, fiber-reinforced
polymer composites are very cost-effective. They also permit the improvement of other
properties such as resistance to fatigue loads and a higher specific toughness and strength.
Hence, there is a need for the use of these composites in various fields, predominantly in
the sports, automotive, aerospace, and construction industries [1]. Further, fiber-reinforced
composites have found applications in other areas such as the fuselage skin of airplanes,
helicopters, panels of truck cabs and cars, sports shoes, tennis rackets, fishing rods, and golf
club shafts [2,3]. The interlocking pattern of woven fibers such as weft yarns, warp yarns,
and bundles triggers a higher resistance to crack growth. Additionally, they exhibit a higher
strain-to-failure ratio during compression, tension, and impact. For achieving a higher
composite performance, epoxy resin is used more commonly as a matrix or binding material
due to its very good stability in dimension, chemical resistance, and higher stiffness [4-6],
with Carbon, Kevlar, and glass fibers as reinforcements [7].

It was reported by Pathak et al. [8] that fillers like graphene oxide can be used for
the reinforcement step in the process of developing Carbon fiber/graphene oxide—epoxy
hybrid composites to improve the mechanical behavior of polymer composites. The core
component of such hydrogen-bonded composites with graphene oxide not only prevents
the Carbon fibers from breaking apart, but also forms hydrogen bonds with Carbon fibers
to further enhance the tensile strength and modulus. This can be corroborated by the
mechanical interlocking of the filler materials between the Carbon fiber and epoxy resin.
Ogasawara et al. [9] reported that by adding fullerene (0.1-1 wt. %) into the matrix resin,
the interlaminar fracture toughness could be increased by 60%. Vaganoy et al. [10], in
their work, reported that by adding 1.0% by wt. of CNTs to Carbon fiber-reinforced epoxy
composites, it was possible to increase the fracture toughness by about 40%. Xu et al. [11]
reported that when clay is added as an additive material to Carbon fiber/epoxy composites,
an enhancement in the flexural properties may occur.

McGrath et al. [12] investigated the influence of alumina powder on the mechanical
properties of epoxy composites. Their study reported that by varying parameters such
as particle size distribution, size, and shape, only a small effect on the final mechanical
properties could be obtained [13]. But the most critical factors enabling changes in such
properties are the resin cross-link density and filler loading. Kardar et al. [14] investigated
the physical-mechanical properties of UV-cured epoxy acrylate manufactured with differ-
ent nano alumina particles by applying nanoindentation. Their study revealed that the ex-
istence of nanoparticles helped to enhance the self-healing and scratch resistance capability
of the film. The water absorption effect on the nano-alumina-filled epoxy nanocomposites
was investigated and the mechanical and dielectric properties were studied [15,16]. Their
study showed that, due to the addition of nano alumina to the composites, there was an
increase in stiffness. Furthermore, the interfacial area increased the dielectric properties.
Zhao et al. [17] performed research on the mechanical characteristics of nano-filled epoxy
with alumina nanoparticles. The authors noted that an improved tensile strength of the
composites corresponded to stronger interfacial bonding. The primary mechanisms of
failure were crack deflection and microcracking.

Mirmohseni and Zavareh [18] used nano TiO; as a filler material to study its influence
on improvements in the toughness of composites. Their study found that nanofillers
improve the tensile and impact strength when compared to pure composites. Chatterjee
and Islam [19] investigated the influence of TiO; nanofillers on the mechanical properties
of epoxy nanocomposites. Properties such as viscoelastic, thermal, and mechanical were
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improved by the addition of nanofillers. They further noted that there was an increase in
the tensile modulus Tg, flexural modulus, short beam strength, and storage modulus when
compared to normal epoxy composites without any nanofillers. Zhou et al. [20] carried out
a study on the flexural and failure modes of fiber-reinforced epoxy composites when TiO,
particles were added as additives. The size and weight fraction of the particles were varied,
and their effects were studied. They found that increasing the addition of TiO, by more
than 1% was associated with a reduction in the mechanical properties. This is because a
higher stress concentration can occur by the agglomeration of nanoparticles. Hamming
et al. [21] studied the macro-scale properties of TiO, polymer matrix composites in terms
of the interfacial modification effect and the dispersion of the nanoparticles. They found a
decrease in the Tg when an increase in the wt. % of the unmodified nanoparticles happened.
Tg is highly sensitive to the quality of the dispersion of nanoparticles and the quality of
interfacial interaction. Siddhartha et al. [22], in their study, reported that there was an
increase in flexural strength, tensile strength, tensile modulus, and impact strength when
fillers were added to composites by up to 20%. Rajesh et al. [23], in their work, carried out
the fabrication of GFRPs with different proportions of aluminum oxide and silicon carbide
using epoxy and polyester resins. The final result was better when compared to composites
fabricated by polyester resin. Naik et al. [24] studied the performance of composite laminae
with only Carbon and only glass reinforcements. They found that the notch sensitivity for
hybrid composites was lower compared to the above two types of reinforcements.

Hence, in the literature, it can be seen that the mechanical properties of composites
improve significantly with the addition of filler materials such as nanoparticles. Carbon
fibers possess a high tensile strength and stiffness, while Kevlar fibers offer an excellent
impact resistance, toughness, and thermal stability. By combining these fibers in a hy-
brid composite, the overall mechanical performance can be improved, making trade-offs
between the advantages of each material to match the needs of specific structural appli-
cations. One of the major drawbacks of Carbon-Kevlar composites is that they are more
expensive than metals. They can also exhibit a poor inter laminar fracture toughness, i.e.,
not performing as well under some loading conditions like shear. Enhancement of this
can be achieved through the incorporation of TiO, nanoparticles as reinforcements into
these composite structures, which results in improved mechanical characteristics such as
an increased tensile strength, hardness, toughness, and impact strength. Nanoparticles
serve as fillers that improve matrix—fiber bonding, resulting in an overall improved perfor-
mance with a better strength and durability. A study on the mechanical performance of
Carbon-Kevlar fiber-reinforced epoxy composites manufactured with TiO, nanoparticles
by varying the wt. % has not been carried out so far. Hence, this paper deals with the study
of the mechanical performance and microstructural properties of Carbon—Kevlar hybrid
epoxy composites with TiO; reinforcements. Control samples were used without nano
additives (with and without orientation). The present work distinguishes itself from others
by combining both the orientation of fibers and the addition of TiO, nanoparticles in a
hybrid composite system.

2. Materials and Methods

The materials used to develop the composites included Carbon Fiber 600 gsm, Kevlar
Fiber 49, Titanium Oxide nanoparticles (TiO,), Epoxy Resin Araldite LY 556, and Hardener
Aradur HY 951. The nanoparticles and all other required raw materials were obtained
from a retailer named SM Composites, Chennai. Titanium Oxide nanoparticles were
purchased from Platonic Nanotech Private Limited, Jharkhand, India. The Titanium Oxide
nanoparticles used had an average particle size of 30-50 nm and a specific surface area of
200-230 m?/g. They had a bulk density of 0.15-0.25 g /cm3 and a true density of 4.23 g/cm?3.
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The morphology of the nanoparticles was spherical. The purity of the nanopowder was
about 99.99% and the color was white. The chemical proportion of the TiO; nanoparticles
is shown in Table 1.

Table 1. Chemical composition of TiO, nanoparticles.

Material TiO, S Si Mg Al
% Composition >99.9 <0.05 <0.02 <0.01 <0.01

2.1. Development of Carbon—Kevlar Hybrid Composites

The Carbon-Kevlar hybrid composites were developed using the compression mold-
ing technique. To create an effective composite with a superior performance, the material
should be selected from various compositions. Here, to find the best one, we chose 5 differ-
ent configurations, and for simplification, they are abbreviated as follows: (i) Carbon-Kevlar
hybrid composites without any orientation as (Type I), (ii) Carbon-Kevlar hybrid compos-
ites with a symmetric orientation as C(+45°)K(—45°)C(90°)K(0°)C(90°)K(—45°)C(+45°) as
(Type 1), (iii) Carbon—Kevlar hybrid composites with 10 gm Titanium Oxide nano reinforce-
ments as (Type III), (iv) Carbon-Kevlar hybrid composites with 12.5 gm Titanium Oxide
nano reinforcements as (Type 1V), and (v) Carbon—Kevlar hybrid composites with 15 gm
Titanium Oxide nano reinforcements as (Type V).

The size of the die used was 150 mm x 250 mm x 5 mm. Initially, the purchased
Carbon and Kevlar fibers were cut as per the dimensions of the die, which had a length of
250 mm and breadth of 150 mm. A total of 7 layers of fibers were stacked alternatively as
Carbon fibers (4 Nos) and Kevlar fibers (3 Nos). Hence, the sequence was abbreviated as
CKCKCKC, with details presented in Figure 1. The same type of sequencing arrangement
was followed in all the developed cases studied here.

Carbon Fibre

Kevlar Fibre

Epoxy resin
Figure 1. Stacking sequence of Carbon—Kevlar hybrid composites.

Epoxy resin and hardener were mixed in the desired ratio as per the rule of mix-
ture, which is assumed to find the suitable mass fraction of resin and mass fraction of
fibers, respectively. The composites were allowed to settle for a while between 8 h and
24 h in a compression molding machine. The compression molding machine was pur-
chased available in the Department of Mechanical Engineering, Mepco Schlenk Engineer-
ing College, Sivakasi, Tamil Nadu, India. It is purchased from JRD Rubber and Plastic
Technology Pvt. Ltd., New Delhi, India. The machine has a capacity of 60 tones and
it is a downward compression molding machine. After the settling time, the composite
was removed from the mold. The final composite structure is shown in Figure 2. This
figure shows the composite structure that was developed without any orientation (Type
I). Then, Carbon—Kevlar hybrid composites with a symmetric orientation were developed
as C(+45°)K(—45°)C(90°)K(0°)C(90°)K(—45°)C(+45°). Here, the size of the fibers was sim-
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ilar as that in the previous case, and the mass fraction was also the same for the fibers
and matrix.

Figure 2. Carbon—Kevlar hybrid composite without any orientation.

The preparation of nano-reinforced Carbon-Kevlar hybrid composites was performed
with three percentage compositions using TiO, nanoparticles as reinforcements. The per-
centage compositions were 3%, 4%, and 5% by weight, respectively. The nanoparticles were
initially weighed using a standard weighing machine and then mixed with the epoxy resin,
as shown in Figure 3.

Pouring TiO2
Nano Particles
into Epoxy Resin Epoxy Resin

Stirrer

Weighing
Machine

Adding TiO; and Epoxy Mixture to the
Fibres to develop the Composite in the
Compression Moulding Machine

Carbon-Kevlar Hybrid
Composite with TiO2
L Nano Reinforcement
evlar Fibre

Figure 3. Preparation of nano-reinforced Carbon-Kevlar hybrid composites.

A conventional direct mixing technique was used for mixing the nanoparticles with the
epoxy resin. The mixing process was carried out for 5 min to allow for uniform mixing. After
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(a)

preparing the nano-resin mixture, the novel composite was manufactured as described in
the procedures for preparing the Carbon-Kevlar hybrid composites. Initially, the die was
filled with the mixture and a standard paintbrush and squeezer were used to completely
spread out the resin mixture on the base of the die. Then the first layer of Carbon fiber was
laid on it. Further, once again, the resin was poured and spread out on the top of the first
layer of Carbon fiber. Here, the squeezer was used to evenly spread out the resin mixture
in all areas. Then, the Kevlar fiber was laid on top, which was followed by a coating of
resin. In this way, the layup was conducted up to 7 layers, and then using the squeezer, the
excess resin was removed to prevent the formation of any void content in the composite.
After this, the male die was placed over the female die and the entire setup was kept inside
the compression molding machine for 8 h. Finally, after the settled time, the composite was
taken from the die. Figure 4 shows a pictorial view of the manufactured Carbon-Kevlar
hybrid composite containing TiO, nano reinforcements. Details of three weight percentages
of 3%, 4%, and 5%, respectively, are presented.

(b)

Figure 4. (a) Carbon-Kevlar hybrid composites with TiO, nano reinforcements 3%, (b) 4%, and (c) 5%

by weight sample, respectively.

2.2. Performance Evaluation

To evaluate the performance of the composites developed, they were subjected to var-
ious mechanical tests. Before carrying out the tests, the samples were prepared as per the
ASTM standards D638 [25], D 790 [26] & D 256 [27] for Tensile, Flexural and Impact testing
respectively. The outcomes of these tests were used to identify the best candidate sample for
aerospace applications. The following tests were carried out to check their performance.

2.2.1. Tensile Test

A tensile test was carried out to find out the value of the maximum pulling force that
the prepared samples could withstand before failure took place. The tensile tests were
carried out according to the ASTM D638 standard. The dimensions used for preparing the
samples are given in Figure 5g as per ASTM D638 standards. Details of the configuration
of the samples prepared are shown in Figure 5. To carry out the tensile test, three samples
from each composite material were cut from the center of the material. The test was carried
out under a UTM Machine, manufactured by Associated Scientific Engg. Works, New
Delhi. The maximum load capacity of this machine was 50 kN (5 Ton, class 0.5).
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Figure 5. Tensile test samples prepared as per ASTM D638 standards for: (a) Type I, (b) Type II,
(c) specimen placed in the testing machine, (d) Type III, (e) Type IV, (f) Type V, and (g) ASTM

D638 standard.

2.2.2. Flexural Test

To find out the sample modulus of rupture, flexural tests were carried out. This is a
test which permits one to find out the amount of force that is needed to bend a beam under
a 3-point load. This test can evaluate the stiffness of a material. This test was carried out
under ambient conditions of temperature and pressure. Figure 6 shows the various samples
that were used for carrying out the flexural tests. The standard dimensions used to carry
out the evaluation were according to ASTM D 790. The dimensions used for preparing the
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samples are given in Figure 6g as per ASTM D 790 standards. The testing was conducted on
three-point bending test equipment manufactured by Shimadzu Corporation, Kyoto, Japan.

© ()
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E:-mm
k 150 mm (g)

12.7 mm

Figure 6. Flexural testing as per ASTMD 790 standards: (a) Type I, (b) Type II, (c) specimen placed in
the testing machine, (d) Type III, (e) Type IV, (f) Type V, and (g) ASTM D 790 standard.

2.2.3. Impact Test

The composites manufactured were subjected to impact tests. These tests allowed
us to find out the toughness of the material manufactured. The amount of energy that is
absorbed by a material during plastic deformation is said to be called material toughness.
When compared with ductile materials, brittle materials have a lower value of toughness.
This is because they can withstand only the minimum value of plastic deformation. When a
material is tested under temperature, a change in the toughness occurs. For example, when
the testing temperature is very low, the impact resistance of the material tested is low too.
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By varying the size of the sample, some changes in the sample impact value can also occur.
This is because, in some cases, the imperfections in these samples may increase, which acts
as a stress riser. Figure 7 shows the various samples used to detect impact characteristics.
The standard used to evaluate the impact resistance was ASTM D 256. The dimensions
used for preparing the samples are given in Figure 6g, as per ASTM D 256 standards. This
test was carried out on an Izod impact tester manufactured by AIT Testing Equipment Co.,
Ltd., Dongguan, Guangdong, China.
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\Va—
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—

Figure 7. Details of impact testing samples prepared as per ASTM D 256 standards for: (a) Type I,
(b) Type II, (c) specimen placed in the impact testing apparatus, (d) Type III, (e) Type 1V, (f) Type V
machine, and (g) ASTM D 256 standard.
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2.2.4. Hardness Test

To find out the hardness of the manufactured sample product, a Shore D test was
performed on it. To measure the Shore hardness, we used an instrument called a Durometer.
The Durometer intender foot is made to penetrate samples to detect their hardness. The
samples were cut into 20 mm x 20 mm and they were ground to a smooth flatness using a
grinding machine before carrying out the hardness test. The details of samples prepared
to evaluate the hardness resistance are shown in Figure 8. The tester used to carry out the
Shore D hardness test was manufactured by Mitutoyo.

ﬁ%gz‘,\f_‘iwv".uﬂgﬁ;{;jw"":wa'ﬁg;li‘ ¥
i RS

oepe

(e) (f)

Figure 8. Shore D hardness testing sample prepared as per ASTM standards for: (a) Type I, (b) Type
II, (c) Shore D hardness testing machine, (d) Type III, (e) Type IV, and (f) Type V.

2.2.5. Microstructural Investigation and Fractography

Microstructural investigation is a very powerful technique to find out the structural
morphology of a composite structure. It also permitted us to find out the various layer
structures in the manufactured composite, their bonding nature, fiber orientation, and the
size of the particles. The microstructure was taken from the Scanning Electron Microscope
(EVO18 (CARL ZEISS)) facility available at Kalasalingam University, Krishnankoil, Virud-
hunagar District, Tamil Nadu. The samples were prepared accordingly, and they were
bounded by a cross-section of 10 mm x 10 mm. In addition, SEM was used to carry out the
fractography of the tested samples to detect fiber damage, pull out, and other imperfections
that formed during the manufacturing of the composite.
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Point of
Fracture

3. Results and Discussions

Figure 9 shows the samples after the tensile test. This permits us to see the point where
the fracture takes place. Since composites act as a brittle material, the point of failure does
not take place exactly at the center of the sample in all cases. Further, there is no formation
of any necking region and, hence, it is a pure brittle failure. Failure takes place at different
points in all five different samples. After evaluating the results of the tensile tests, we
can notice a steady increase in the ultimate tensile strength for the samples evaluated, as
shown in Figure 10. The Carbon fiber has a very good tensile strength, however, it is very
brittle, with a good rigidity and a higher strength to weight ratio. On the other hand, the
Kevlar fiber has a very good impact resistance, toughness, and thermal stability. Hence,
by combining these two compounds, it is possible to improve the properties of novel
materials. In addition to this, the addition of titanium oxide nanoparticles helps to increase
the strength of the composite structure greatly.

F[[ul:ﬂw
15 1l 17

of Point of
Fracture

Poit
Fracture

(b)

Point of
Fracture

i T R
M%’ 15 16 117
T T 7

Point of
Fracture

Figure 9. The sample shape after conducting the tensile test for: (a) Type I, (b) Type 11, (c) Type III,
(d) Type IV, and (e) Type V.



J. Manuf. Mater. Process. 2025, 9, 140 12 of 24

‘- Ultimate Tensile Strength
350 320.185

©w

=3

3
L

73
S
L

e
L

Type-1 Type-II Type-III Type-IV Type-V

Ultimate Tensile Strength (N/mm?)

Type of Sample

Figure 10. Ultimate tensile strength for 5 different types of samples studied.

Table 2 shows the tensile test results that were obtained for the various samples. For
each type, three samples were prepared for conducting the tensile tests, and the average
value of the tests is displayed. From Table 2, it can be seen that the increase in the tensile
strength was produced at the expense of the reduction in percentage elongation. This was
also observed by Hamidon et al. [28]. However, not all cases followed the same pattern.
Further, the decrease in the percentage elongation was not directly proportional with
strength, as seen in Table 2. At the same time, whenever a material has a higher tensile
strength, it does not mean that the material is a good one, and vice versa. It depends on
where the material is used [28].

Table 2. Tensile test output.

S.N Sample: Tensile Strength Maximum  Elongation  Tensile Load Maximum Displacement

T ) (N/mm?) Strain (%) (kN) (mm)
1 Typel 113 18.3 17.4 4.81 6.57

2 Type Il 158 26.3 21.3 5.39 947

3 Type III 221 22.6 9.50 7.36 8.14

4 Type IV 236 36.3 26.7 10.1 10.9

5 Type V 320 31.9 16.6 10.6 11.5
Standard Deviation 79.07 7.18 6.34 2.64

The results demonstrate that the introduction of nano additives should improve
the tensile strength of the composites manufactured. Out of the two fibers used, Carbon
fibers help to enhance the strength of the final composites made and Kevlar fibers aid in
improving the stiffness of the composites. Moreover, the strength increases further with the
addition of TiO, nanoparticles. An increase of 15% in the weight of the TiO, nanoparticles
improves the tensile strength of the developed composites (Type V) to about 184% when
compared to the composite without any nanoparticle addition (Type I) [29].

Figure 10 shows the ultimate tensile strength plot for different types (Type I to Type V)
of samples. From the graph, it can be seen that there is a steady increase in the ultimate
tensile strengths of different types of samples. The value of the maximum tensile strength is
about 320 N/mm? for Type V and the minimum value is around 113 N/mm? for Type L. This
proves that the strength of the composites increases during the change in the orientation of
the composite fibers used, and also during the addition of nano-reinforcements. When we
check Type I against the rest of the sample types (i.e., from Type II to Type V), we can see
that there is an increase of about 40% in the ultimate tensile strength for Type II samples,
96% for Type 111, 109% for Type IV, and 184% for Type V, respectively. Hence, adding nano
reinforcements into the composites enables improving the strength, which is about three
times greater than ordinary hybrid composites and two times greater than fiber-oriented
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hybrid composites. Further, the load capacity for all sample types is noted to increase up to
a maximum of 10.6 kN for Type V, while the lowest is 4.81 kN for Type L. Therefore, the
nanoparticles permit an increase of up to ten times the withstanding load before failure
takes place. In other words, the composites with a symmetric fiber orientation are stiffer
than those without orientation, and the composites with nanoparticle reinforcement are
further stiffer than the rest.

Figure 11 shows the stress vs strain curve for all five different types of samples. Here,
we can observe that, for Type I and Type II, the maximum stress values obtained are about
177 N/mm? and 204 N/mm?, respectively. However, when adding TiO, nanoparticles to
the hybrid composites, the maximum values of stress obtained are 325 N/mm?, 348 N/mm?,
and 406 N/mm? for Type III, Type IV, and Type V, respectively. The percentage differences
in the improvement of the maximum stress value obtained by comparing the composites
without orientation (Type I) to those with nanoparticle addition are about 83%, 96%, and
129% for Type 111, Type IV, and Type V, respectively. In the same way, comparing the
maximum stress value of Type II with nanoparticle addition, the percentage differences
are about 59%, 70%, and 99% for Type III, Type IV, and Type V, respectively. Hence, the
addition of TiO, nanoparticles shows a significant improvement in the stress resistance
capacity of the composites.

Stress Vs Strain

=
_n
[

406

400 348

hn
(e

b2 2 W
h O
o O

Stress (MPa)
N = S
[T e T |

o

(=]

0 10 20 30 40
Strain %

—e—Without Orientation —— With Orientation
——3 % Ti102 4 % Ti102
-5 9% Ti02

Figure 11. Stress vs. strain curve for 5 different types of samples.

From Figure 11, we can see that all the curves exhibit more or less the same pattern.
All these curves prove that they are brittle, since there are no yield points in them. Once
the maximum tensile stress is achieved, immediately, the failure of the samples takes place.
The failure of the samples is characterized by a ticking sound, which is heard when the
experiment has been carried out. During the loading process, the load is initially supported
by the matrix and progressively transmitted to the reinforcements. When the matrix can no
longer withstand the load, plastic deformation takes place. Then, the load is absorbed by
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the fibers together. Since the material manufactured is a hybrid polymer composite, the
two fibers used have various moduli of elasticity. Further, since Kevlar fibers possesses
a lower elasticity as compared to their counterpart Carbon fibers, Kevlar fibers break
faster than Carbon fibers. The overall elongation of Carbon fibers is somewhat longer than
that of Kevlar fibers because of the higher elasticity value. This helps to extend the time
before the failure of the entire sample during tensile activity. Because of this variation in
moduli of elasticity, interplanar shear (slip planes) may occur in between the sheets of the
fibers. The percentage of void contents, fiber uniformity, matrix distribution, and uniform
distribution of nanoparticles, together, determine the tensile strength of the composites.
Poor bonding and an insufficient interlaminar strength will also lead to premature failure
of the composites.

The mechanism of tensile failure is described in Figure 12. When a load is applied,
there is an increase in the length of the composite and, at the same time, there is a reduction
in the width of the composites. Finally, failure takes place. It can be seen that the red-
colored dots that fill the interstitial sites of the fiber sheets help to reduce the content of
voids in the entire sample if the fabrication is performed properly. Nanoparticle distribution
is an important parameter that drives the final mechanical properties of the composites
developed. As shown in these figures, if the nanoparticles are distributed uniformly, this
leads to an improvement in the tensile strength. On the other hand, if some agglomeration
occurs in the nanoparticle distribution, then the microstructure of the material may vary
across the sample and the strength value may be lower. This process is well established,
providing the minimum chance for the formation of agglomerated TiO, nanoparticles. It is
speculated that these nanoparticles will also tend to expand in dimension, as shown in the
last figure. Hence, this process reveals that the addition of these nanoparticles proves to be
beneficial for improvement in the strength of the composites.

l Compression Kevlar Fibre
Tensile o i i Tensile
- Load Tensile

Failure

Tensile
Load

N ¥ Nano TiO,
I Compression CarbonFibre

Figure 12. Mechanism of composite subjected to tensile failure.

Figure 13 shows the five different types of samples after the flexural test. The figures
reveal that failure occurs at the center of the sample. Only a limited amount of fiber
debonding is observed. During loading, the shear deformation starts on the laminate and
failure takes place where the fiber is weaker.

Table 3 indicates the details of the flexural properties of all five types of composites
manufactured. For each type of composite, three samples were tested, and their average
values are given. To numerically evaluate the value of flexural stress, the following formula
was used:

F = -—>, N/mm?’ (1)
m
where x indicates the maximum load in N, y indicates the entire span of the flexural sample

in mm, ! indicates the breadth of the sample in mm, and m indicates the depth of the sample
in mm.
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Figure 13. Details of samples after the flexural test for: (a) Type L, (b) Type II, (c) Type III, (d) Type IV,
and (e) Type V.

Table 3. Flexural test results for the samples.

S. No Sample Type Flexural Load Flexural Stress Maximum Displacement Stiffness
B N) (N/mm?) (mm) (N/mm)
1 Typel 555 266 3.8 146
2 Type 11 585 281 4.3 136
3 Type III 650 312 2.3 283
4 Type IV 725 348 1.9 382
5 Type V 830 398 5.9 141
Standard Deviation 111.21 53.30 1.61 110.63

A graphical view with details of the flexural load and flexural strength is shown in
Figure 14a,b. The maximum value of ultimate breaking load is achieved for Type V, which
is about 830 N, whereas the minimum breaking load is detected for Type I, which is 555 N.
The deviation percentage between these two types of samples is about 49.5%.

Figure 14b reveals that the flexural stress is lower for the Type I sample, which shows
only 266 N/ mm?, while the highest is associated with Type V, with a value of 398 N/ mm?.
The rest of the samples have values between these two extremes. The percentage of in-
crease between the maximum and minimum values of flexural stress is 49.5%. During the
application of the load, the received curve is initially linear up to the maximum load and
then a sudden fall occurs which follows a zig-zag pattern. This is associated with fiber
breaking and the delamination of lamina during loading. ‘Pinging’ sounds were recorded,
which is in line with Akash Deep et al.’s report [27]. Tianyu Yu et al. [30] reported that
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the value of flexural strength can be improved by increasing the number of Carbon fiber
layers in the composite structure and also due to the interlaminar shear strength of Carbon
fiber polymers. Further, the addition of TiO, nanoparticles allows for further increasing
the flexural strength. Nano addition leads to matrix strengthening, which can trigger the
crack bridging phenomenon. Since the stiffness of TiO, nanoparticles is greater than that
of epoxy resin, an enhancement in strength is produced. This agrees well with the results
presented in [31].
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Figure 14. Details of numerical values of (a) flexural load and (b) flexural stress for 5 different types
of samples tested.

Usually, the failure of a composite is affected by one of the following factors. These
factors are linked to the type of materials used, their stacking sequence, and their loading
direction. When flexural load is applied, the failure of the samples occurs in shear or
delamination [30]. In the present study, we observe the occurrence of delamination failure
when the sample is subjected to flexural load. Therefore, the fracture happens along the
fiber direction. Tension failures are very unlikely during the present flexural tests, as Carbon
fibers and Kevlar fibers possess good tensile properties. Moreover, the compressive mode
of failure is more likely in the case of flexural tests [32]. Composite failure also depends
on the stacking sequence of fibers produced by manufacturing. Usually, when Carbon
fibers are placed as the outermost layers on either side of a composite, an increased value
of flexural strength can occur, as reported by Ary Subagia and Yonjig Kim [33]. The flexural
load applied generates a compressive load at the top end. Hence, this results in a failure
called kinking at the center of the load, and if the load is increased, results in fiber pullout.
Other potential failures are shearing, micro buckling, and splitting, which were reported
by Chensong Dong et al. [31].

Figure 15 shows the sample after the impact test. The impact test is carried out for
three samples for each type, and their average values are introduced in Figure 16. The
maximum value of impact energy achieved is about 10.1 joules for the Type V sample and
a minimum value of 7.7 joules for the Type I sample. The increase in the percentage of the
impact energy absorption from Type I to Type V is about 31.2%. Further, when comparing
the impact energy of Type V with Type II, the increase is about 20.2 %. Rahmani et al. [34]
reported that the impact strength of composites is affected by factors such as the number of
laminates and fiber orientation. This effect is identified here because the Type I composites
exhibit a very low value of impact energy absorption, whereas Type II samples, which
contain a symmetric fiber orientation, show an increased value of impact energy absorption
up to 9.09%. Further, the addition of TiO; nanoparticles triggers a significant improvement
in the values of impact energy absorption. Yet, this variation is almost constant and lesser
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with an increase of nearly 0.5 ] in each case. The literature also reported that the impact
strength of composites may be improved by increasing the number of plies. The number of
laminate sheets used in this research is seven, which also contributes to the improvement
in the value of impact strength.

)
3 i rs 61

i ﬁiﬁ?dr—n.ﬂ ok i

Point of Fracture
Point of Fracture

(b)

ST III”I M
15 16 iz ala

Point of Fracture Point of Fracture

(©) (d)

(e)

Figure 15. Specimen after impact test for: (a) Type I, (b) Type II, (c) Type I1I, (d) Type IV, and (e) Type V.
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Figure 16. Details of impact test results for 5 different types of samples.

Figure 15 reveals that the failures do not occur exactly on the notch machined in
the center. Harris and Bunsell [35] reported that notched areas promote failure, but crack
propagation may not follow a straight pathway across the notch itself, rather forming
a kinking area near the notch. The fracture that is observed due to TiO, nanoparticles’
addition (Type III, IV, and V) may be ascribed to a brush type of failure. This results in fibers
being pulled out and protruding on both sides of the broken sample. Here, we speculate
that Kevlar fibers extend more than that of Carbon fibers. Further, one purpose of adding
Carbon fibers is to reduce the length of the fiber pullout length and the probability of
resin fragmentation. However, the results show that adding nanoparticles contributes to
creating the conventional brush type of failure mode. On the other hand, in the case of Type
I and Type II, as reported by Harris and Bunsell [35], the type of failure changes due to
the influence of Carbon fibers. In Type I and Type Il samples, the brush type failure mode
occurs. The failure mode is noted as a reduction in fiber pullout length, corroborating with
a pure brittle failure [36].

Figure 17 shows the value of Shore D hardness obtained for different types of samples.
The value of hardness is massively improved when the sample has a fiber orientation, as shown
with Type II, which shows a much higher value compared to the Type I sample. On the other
hand, the improvement in hardness is slightly better for Type III, but not as significant when
compared to Type II. Adding 4% (Type IV) and 5% (Type V) TiO, nanoparticles produces
a significant improvement in hardness. The percentage increase in hardness for Type II
compared with Type I is 13.02%. For successive types (i.e., Type III, IV, and V), the percentage
increases compared with Type I are 14.8%, 23.5%, and 28.3%, respectively. The increase in
hardness in the novel composites is also attributed to better bonding between the matrix
and fibers. The addition of nanoparticles corroborates with a uniform distribution of these
particles, also contributing to an increase in hardness values.

Figure 18 shows the microstructural investigation for the composite samples studied.
Figure 18a reveals that the Carbon—Kevlar hybrid composites are formed by seven layers.
In Figure 18b, a magnified view of this sample is presented. There is perfect bonding
between the successive layers of the fibers. Figure 18c shows the microstructure generated
from the tensile tested sample. Due to the applied tensile load, the fibers are pulled out
from their initial location. It is observed that Kevlar fibers are pulled out at a greater length
when compared to Carbon fibers. This is because Kevlar fibers yield more than that of
Carbon fibers and their strength is lower. The most common type of fracture seen in the
composites is brittle fracture. The applied load may also induce delamination and laminate
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debonding. This happens when the load exceeds the maximum load capacity of the tested
sample. This process (delamination/debonding) may cause ups and downs in the areas
of sample failure. Figure 18d shows a magnified view of the same tensile tested sample.
There, Carbon fiber bundles are visible together with TiO, nanoparticles, which are seen to
be attached to the surface of the fibers. The presence of some Carbon fiber and Kevlar fiber
debris is also noted on the microstructure. Figure 18e,f show the detail obtained at a higher
magnification, in which arrangements of Carbon fiber bundles and Kevlar fiber bundles,
respectively, are observed. There, the variation in the length of fibrous bundles is caused by
damage associated with the applied load [37].

“:I Hardness Number

90

804 79.8

76.8

71.4

= 70

g 60+
=
Z. 504

& 40+

62.2

= 30+
T 20

10 A

T T T T T
Type-1 Type-II Type-III Type-IV Type-V
Type of Sample

Figure 17. Details of the hardness test results for 5 different types of samples.

The following Table 4 shows a comparison of the results obtained with other re-
search works.

Table 4. Comparison of results with other research works.

S. No. Authors Tensile (MPa) Flexural (N/mm?) Impact (J) Hardness Shore D
1 Present Work 406 398 10.1 79.8
Sulistyo and Wirawan
2 (2024) [38] 181.6 1387 - -
3 Williams et al. (2011) [39] 314.9 -- -- --
4 Rezza Ruzugqi (2020) [40] 87.054 - -- --
5 Ajibade et al. (2018) [41] - - - 29.3
6 Jiang et al. (2023) [42] 37 - 63 --
7 Krishnan et al. (2018) [43] 88.70 106.6 92.3 (k] /m?) 29.5
8 Salaman, A. J. (2012) [44] 358 -- 175 (k] /m?) --

The evaluation of composites manufactured with TiO, nano reinforcements shows the
distribution of nanoparticles on the composite surface. Figure 18g,h present the microstruc-
ture, in which we can see the agglomeration of TiO, nanoparticles. This agglomeration may
result in a non-uniform strength variation along the surface of the composites. This can be
attributed to some manufacturing defects produced during the fabrication of the compos-
ites. Generally, whenever the mold is kept inside the die, excess resin comes out of the die
due to the pressure applied to the compression molding machine. Further, Figure 18i,j show
the surface of the composites with a uniform distribution of TiO, nanoparticles. These
nanoparticles are stacked on the surface of the fibers and matrix. Therefore, they generate
increases in strength, hardness, toughness, and resistance to indentation. Here, the Carbon
fiber bundles run parallel to the length of the composites. Some locations present matrix
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defects, i.e., some pits and valleys that arise due to poor resin distribution. Otherwise,
voids may be created due to a poor distribution of resin. Microstructural observation makes
it possible to identify the main process caused by mechanical loading, which is beneficial
for designing robust and challenging components for the industrial sector [45].
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Figure 18. (a) Patterns of microstructural morphology of Carbon-Kevlar hybrid composites that
contain different layers, (b) a magnified view of Carbon—Kevlar hybrid composites, (¢) microstructure
from tensile tested sample, (d) magnified view of tensile tested sample, (e) Carbon fiber pulled out
due to elongation, (f) Kevlar fiber pulled out due to elongation, and (g—j) present microstructure of
samples which contain TiO, nanoparticles.

4. Conclusions

Five different types of composites were investigated for their performances in terms
of mechanical properties, with the following conclusions. The results showed that they are
promising candidates for automotive, aerospace, and structural applications.

Symmetric fibers within a specific orientation (Type I) enabled better properties than a
random orientation (Type II).

Adding TiO, nanoparticles as reinforcements to the matrix permitted further improve-
ment in the composite mechanical performance. A 15% wt TiO, nanoparticle addition
resulted in a 183.62% increase in tensile strength.

The results of tensile, flexural, impact, and microhardness tests revealed that there was
an improvement in the composites” performances not only because of their fiber orientation,
but also due to the addition of nanoparticles. The best mechanical properties were achieved
with 5 wt% TiO, nano reinforcements.

The microstructural investigation allowed us to identify the details of the bonding
nature, fiber orientation, and distribution of nanoparticles. It was found that the failure
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mechanism of the developed composites was related to fiber damage, pullout, voids, etc.
The fracture that was observed due to TiO, nanoparticle addition (Type IIL, IV, and V) was
ascribed to the brush type of failure.

Furthermore, application-specific needs should be taken into account when evaluating
how cost-effective it is to use these composites in aerospace and automotive applications.
This means testing at elevated temperatures and in fire conditions. Such materials can
be used to make shapes such as C-section, T-section, and tubular sections. As part of
cooperation, we can examine such elements as applications in building structures at the
Silesian University of Technology.
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