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Abstract

Many researchers are doing effort to investigate the effect of different particulates or fillers incorporated in the composite
materials. In this investigation, the effect of the incorporation of different amounts of carbon black particulates on the mechanical
performance of carbon fiber-reinforced epoxy composites has been studied. The carbon fiber-reinforced carbon black/epoxy
hybrids were prepared with keeping constant weight fraction of carbon fiber and varying weight fraction of carbon black (0, 5, 10,
and 15 wt%), using hand lay-up technique. After cure, the fabricated composite materials were cut and dimensioned into
specimens as per the ASTM standards of testing and submitted to tensile, flexural, and impact tests. The microstructural
characteristics and fracture surfaces of the composite were examined by scanning electron microscope (SEM). Increments of
65.78, 32.07, and 36.11% have been noticed in the tensile strength, flexural strength, and impact strength respectively for the
hybrid composite (10 wt% carbon black) with respect to the conventional carbon fiber-reinforced epoxy composite. The exper-
imental result has been validated with the numerical technique. This study represents that carbon black/epoxy composites
reinforced with carbon fiber show higher mechanical performance than the conventional carbon fiber-reinforced epoxy matrix
composites.
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1 Introduction

Today, there is an increasing demand for the advanced mate-
rials which can perform better and which are able to meet new
requirements or to replace conventional materials. This de-
mand has greatly contributed in the development of new poly-
mer matrix composite. Epoxy resins are the major thermoset-
ting polymer resins which are being used in the composite
materials as a matrix. Due to its characteristics, such as low
viscosity, good adhesion to the other materials, and less
shrinkage problem during curing, epoxy resin is widely used
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in the polymer matrix composite [1]. Previously research has
well documented the high performance of carbon fabric-
reinforced polymeric matrix composites. The epoxy matrix
composites generally have excellent mechanical and tribolog-
ical properties, good chemical and corrosion resistance, and
excellent dimensional stability [2], but Cho et al. [3] suggested
that the matrix-dominated properties such as interlaminar
shear properties together with matrix stiffness, toughness,
and hardness are still an area for research. Carbonaceous ma-
terials are being used as fillers in the polymer matrix compos-
ites in order to enhance their performances. Three types of
carbonaceous fillers, which are most widely used in the
composites, are carbon blacks, carbon fibers, and carbon
nanotubes (CNTs) [4]. Incorporation of these fillers in the
composites provides improvement in mechanical proper-
ties, low specific weight and ease of processing, etc.
Toughening of the epoxy-based composite can be done
by using a variety of materials including block copoly-
mers [5, 6], graphite filler [7], grapheme [8], carbon nano-
tubes [9], and nanoclay [10]).

Previously research by Cho et al. [3], Suresha et al. [2],
Yasmin et al. [11], and Shokrieh et al. [12] has shown that
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the matrix-dominated properties of polymer matrix compos-
ites can be improved by incorporating different types of fillers.
These improvements basically depend on the processing
method, surface condition, concentration, and dispersion of
the filler particles in the epoxy matrix. There is also a benefit
of cost reduction of composite by the incorporation of the
fillers, due to the lower consumption of epoxy resin [2]. In
this investigation, the approach used to improve the mechan-
ical properties of conventional carbon fabric-reinforced epoxy
composite, consisted on the incorporation of carbon black
particulates as a filler material in the epoxy resin. The overall
purpose of this investigation is to develop a hybrid carbon
fabric/carbon black-reinforced epoxy composite with better
mechanical properties.

2 Experimental work
2.1 Materials used

Epoxy (epoxy resin LY-556 and hardener HY-951) is used as
the matrix material in the fabrication of the composites.
Carbon fabric (3k, 200 gsm, bi-directional) is used as reinforc-
ing material, and carbon black particulate obtained from the
pyrolysis process of waste automobile’s tire is used as a filler
material with different weight percentage (wt%) to enhance
the mechanical properties of conventional carbon fabric/
epoxy matrix composite.

2.2 Method of fabrication

Hand lay-up technique Hand lay-up is the oldest, simplest, and
most commonly used method for composite production. Mold
and hand tools are the basic need of hand lay-up fabrication
method. The same method has been used for the present hybrid
composite fabrication. Before starting lay-up, the wooden
mold is coated with a mold release agent to ensure that the
fabricated composite sheet would not adhere to the mold sur-
face. Carbon fabric for the entire lay-up should be dimensioned
before the mixing of epoxy is started because epoxy has a
limited usable pot life. After applying the first layer of epoxy
over the release agent-coated mold surface, reinforcing fibers
are layered one on top of the other. The layers should be laid
wet in wet which means that consecutive layers are laid on top
of the others before the epoxy has gelled to promote bonding
between the layers. A brush and roller can be used to impreg-
nate the fibers with the resin properly. After the part has cured,
it can be de-molded. Care must be taken to ensure that the
curing of composite has completed. The fabricated composite
sheet has the following dimensions: sheet length =300 mm,
sheet width = 150 mm, sheet thickness =2 mm.

Depending on the epoxy system used and the properties
required, post-curing may be necessary to obtain maximum

strength of the final product. Post-curing of the prepared com-
posite samples has been done in the oven by the application of
heat. The temperature of oven was maintained at 80 °C and
the time period of post-curing in the oven was 2 h for each
sample. The oven used was electrically heated. It features
normal duty construction, in standard and medium capacity
up to 150 °C. A micro-processor-based digital instrument is
used for accurate temperature management. A separate high-
limit instrument with manual reset provides over-temperature
protection.

The composite samples A;, A,, As, and A4 have been
fabricated with varying the wt% of carbon black particulate
and keeping the wt% of carbon fabric and epoxy constant.
These composite samples have been fabricated containing
the following percentage of carbon black shown in Table 1.

2.3 Mechanical testing

Mechanical testing of composite materials is important for the
evaluation of their fundamental properties, as well as to devel-
op different materials and for controlling their quality so that
they can be utilized in various design applications. For these
reasons, a number of experimental techniques for the mechan-
ical testing of composite materials, subjected to different types
of loading, have been developed.

Under mechanical testing, three mechanical tests, i.e., ten-
sile test, flexural tests, and Izod impact test, have been
performed.

2.3.1 Tensile test

A computerized universal testing machine (UTM) DAC
System (Series 7000) has been used for conducting the tensile
test and flexural test for the fabricated composite material.
Tensile testing is a way to determine how a material reacts
when it is pulled apart, i.e., when a tensile load is applied on
it. The test has been done on the same UTM at room temper-
ature according to the ASTM D638. The feed rate was chosen
as 5 mm/min. The mechanical properties which can be direct-
ly measured through a tensile testing are ultimate tensile
strength, maximum elongation, and reduction in area.

Table 1  Composition of samples
S. no. Sample Matrix Reinforcement
1 A Epoxy [0/90] bi-directional
(0_90_0%) carbon fabric
2 A, Epoxy + 5 wt% [0/90] bi-directional
(090 5%) carbon black carbon fabric
3 Az Epoxy + 10 wt% [0/90] bi-directional
(090 10%) carbon black carbon fabric
4 Ay Epoxy + 15 wt% [0/90] bi-directional
(090 15%) carbon black carbon fabric
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ASTM D638 test method is used to determine the tensile
properties of any unreinforced and reinforced plastics or com-
posite in the form of standard dumbbell-shaped (dog bone
shape) specimens tested under the defined conditions of tem-
perature, humidity, and testing machine feed rate. This test
method can be utilized for testing materials of any thickness
up to 14 mm. Basically five types of standard dumbbell-
shaped (dog bone shape) specimens are used under this stan-
dard, i.e., TYPE-I, TYPE-II, TYPE-III, TYPE-IV, and TYPE-
V with different dimensions. TYPE-I specimen is used for the
reinforced composite material, including highly orthotropic
laminates. As the fabricated hybrid composite is the laminated
composite of carbon fiber and carbon black reinforcement, so
the TYPE-I specimen has been used for tensile testing. Test
specimens have been prepared by die cutting from the com-
posite sheet.

2.3.2 Flexural testing

A three-point bending test has been performed on the same
ultimate testing machine as per the ASTM D790 standards (at
room temperature) to determine the flexural strength of com-
posite samples. The testing has been performed at a feed rate
of 1 mm/min. ASTM D790 test method is used to determine
the flexural properties of unreinforced as well as reinforced
plastics and composites in the form of rectangular bars molded
directly or cut from sheets, plates, or molded shapes of the
material. The flexural strength is calculated by the following
formula.

Flexural strength, o = 3FL/2bt

where, F is the maximum load, L is the distance between two
supports, i.c., span length, b is the width of the specimen, and ¢
is the thickness of the specimen. The dimension of the spec-
imen for the test was 127 x 16.5 X 2 mm and the span length
was 64 mm.

2.3.3 Impact testing

Impact testing is also an important mechanical testing. A col-
lision of any two objects can often result in damage to one or
both of them and this damage may be in the form of scratch,
crack, and fracture. So a design engineer needs to know how
the materials behave under impact loading and the magnitude
of load which they can sustain. Impact energy absorbing ca-
pacity, i.e., toughness of the fabricated composite material, has
been determined by measuring the energy absorbed in the
fracture of the specimen. For this purpose, I1zod impact test
has been carried out over fabricated composite material. This
test has been done on TINUS OLSEN-104 according to
ASTM D256 standard.
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2.3.4 Characterization

Scanning electron microscope (SEM) has been used for analyz-
ing the interaction of reinforcements and matrix as well as the
fracture behavior of the fabricated hybrid composite material. A
scanning electron microscope is a type of microscope that pro-
duces the images of an object by scanning the surface of the
object with a focused beam of electrons. The electron beam
interacts with atoms in the object, producing various signals that
contain information about the object’s surface and composition.
The fractured surface as well as the flat surface of the fabricated
hybrid composite sample has been examined by scanning elec-
tron microscope ZEISS EV0, MA10. Composite samples were
washed and cleaned thoroughly and were coated with platinum
in JEOL sputter ion coater as the PMC is not a conductive
material. The fractured surface has been observed through
SEM at 20 kV, 14.5 mm of working distance with three different
magnifications of x 313, x 1.23K, and x 1.69K.

3 Results and discussions

“Results and discussions” deals with the result obtained from
the experimental testing. The changes in mechanical proper-
ties with the change in the wt% of carbon black in the fabri-
cated hybrid composite are explained. The mechanical tests of
the fabricated hybrid composite have been conducted only in
one direction as the composite is considered as nearly isotro-
pic. Under characterization, SEM of the fabricated composite
has been discussed.

3.1 Mechanical tests
3.1.1 Tensile properties

Tensile strength of the fabricated composite samples Aj, A,,
Az, and A4 has been measured on UTM DAC System (Series
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Fig. 1 Tensile strength and Young’s modulus for different compositions
of composites
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Fig. 2 Flexural strength of composites

7000). Basically, the tensile strength of the composite mate-
rials depends on its fiber strength as well as on the percentage
of the particulate, used as reinforcement or filler in it. So, in
this investigation, a variation in the fabricated composite
strength has been observed with the varying percentage of
the carbon black particulate. A;, A,, Az, and A4 are the four
composite samples which have been fabricated by varying the
percentage of carbon black particulate in the composite. The
fiber and matrix interface plays an important role in determin-
ing the mechanical properties of the composite.

The tensile test result shows that there is gradual increase in
the tensile strength of the composite from 65.32 to
108.28 MPa with increase in the percentage of carbon black
particulate in the composite from 0 to 10 wt% (Fig. 1). The
tensile strength of the fabricated hybrid composite increased
significantly up to 108.28 MPa corresponding to 10 wt% of
carbon black particulate in it. Beyond 10 wt% of carbon black
in the composite reduces the tensile strength of the composite
as the poor interface adhesion of carbon black with epoxy
matrix occurs due to a greater amount of carbon black in the
same amount of epoxy binder. The tensile strength of the
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Fig. 3 Impact strength of composites

Table 2  Percentage change in the mechanical strengths of the hybrid
composite with respect to mechanical strengths of simple carbon fabric-
reinforced epoxy composite

Sample % change in % change in % change in
tensile strength ~ flexural strength  impact strength

A, (0.90 0%) — - -

Ay (0.90 5%) 3291 11.71 3.63

A3 (0.90_10%) 65.78 32.07 36.11

A4(0.90 15%) 4823 26.04 26.40

composite noticed at 15 wt% carbon black is 96.82 MPa
which is less than the corresponding value of tensile strength
at 10 wt% of carbon black. Valente et al. [13] with LDPE/
glass/wood flour and PP/glass/wood flour composites has also
obtained approximately similar behavior.

Figure 1 also shows the variation in Young’s modulus of
the composite samples A;, A, Az, and A4 which are having
different percentages of carbon black particulate (wt%). The
maximum value of Young’s modulus obtained for composite
sample Az (epoxy + carbon fabric + 10 wt% carbon black) is
14.11 GPa. Further addition of carbon black (above 10 wt%)
in the composite sample reduces the Young’s modulus of the
composite. The value of Young’s modulus corresponding to
15 wt% of carbon black particulate in the composite (sample
Ay) 1s 10.92 GPa. The increasing trend of Young’s modulus
up to 10 wt% of carbon black particulate in the composite is
due to the strong interfacial bonding among carbon fiber, ep-
oxy, and carbon black particulate. Also the decreasing trend
above 10 wt% of carbon black in the composite is due to poor
adhesion among epoxy and carbon black particulate.

Overall tensile test result shows an increasing trend of ten-
sile strength and Young’s modulus of the fabricated composite
material up to 10 wt% of carbon black compositions. Both
tensile strength and Young’s modulus are maximum for the
composite sample Aj, which is having 10 wt% of the carbon
black particulate.
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Fig. 4 Comparison of mechanical properties
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Fig.5 a SEM image of'the hybrid
composite (x 313 magnification).
b SEM image of the hybrid
composite (x 1.23 K
magnification). ¢ SEM image of
the hybrid composite (x 1.69

K magnification)
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3.1.2 Flexural strength

The bending strength of the fabricated composite samples
with different wt% of carbon black particulate has been mea-
sured on the same UTM machine.

Figure 2 shows the flexural strength of composite samples
A1, As, Az, and A4. The flexural test result shows that there is
gradual increase in flexural strength of the composite from
78.01 to 103.03 MPa with increase in the percentage of carbon
black particulate in the composite from 0 to 10 wt%. Flexural
strength of the fabricated hybrid composite increased signifi-
cantly up to 103.03 MPa corresponding to 10 wt% of the
carbon black particulate in it, which is the result of the good
bonding property of carbon black with epoxy matrix. Carbon
black particulate acts as a mechanical interlocking between
carbon fiber and epoxy. This strong interfacial bonding con-
tributes to good flexural properties.

Beyond 10 wt% of carbon black in the composite reduces
the flexural strength of the composite as the poor interface
adhesion of carbon black with epoxy matrix and some other
fabrication defects occur due to a greater amount of carbon
black in the same amount of epoxy binder. The poor disper-
sion of carbon black particles in the epoxy matrix and possi-
bility of the existence of voids in the sample A, due to in-
creased wt% of carbon black particulate may be another rea-
son for decrement in the flexural strength.

The flexural strength of the composite noticed at 15 wt%
carbon black is 98.33 MPa which is less than the correspond-
ing value of flexural strength at 10 wt% of carbon black.
Previously done investigations have shown that Valente et
al. [13] got the similar results for PP/glass/wood flour and
LDPE/glass/wood flour composites.

3.1.3 Impact strength

The Impact strength of the fabricated composite samples with
different wt% of carbon black particulate has been measured
on the impact tester.

Figure 3 shows that the resistance to impact loading of
conventional carbon fabric epoxy matrix composite improves
with addition of carbon black particulates.

It has been noticed that the impact strength of the compos-
ite increases to 14.29 and 18.77 KJ/m?” with the 5 and 10 wt%

addition of carbon black respectively and then it decreases to
17.43 KJ/m? with addition of 15 wt% of carbon black partic-
ulate. Cui and Tao (2009) has also observed the similar be-
havior for glass fiber-reinforced wood plastic composites.

Many of the carbon microfibrils are formed at the time of
impregnation by the friction between carbon fiber and carbon
black particles. Then a special kind of three-dimensional hol-
low structures forms among the constituents of composite
(i.e., carbon fiber, epoxy, and carbon black particulates). The
carbon black particulates filled the cavity in the three-
dimensional microstructure. Thus, a very strong framework
is generated in composites which effectively restrict the crack
propagation and increases the impact strength. The decreasing
trend of impact strength above 10 wt% of carbon black in the
composite is due to the poor adhesion among epoxy matrix
and carbon black particulate as greater amount of carbon black
mixed in the same amount of epoxy binder.

3.1.4 Comparison of overall mechanical properties

In the present investigation, hybridization of the conventional
carbon fabric-reinforced/epoxy matrix composite has been
done with the carbon black particulates. So through this hy-
bridization, the percentage increments in the tensile strength
of the hybrid composite (with 5, 10, and 15 wt% of carbon
black addition) over tensile strength of conventional carbon
fabric-reinforced epoxy composite (0% carbon black) are
32.91, 65.78, and 48.23% (Table 2).

Similarly, the percentage increments in the flexural strength
of the hybrid composite over the simple carbon fabric com-
posite are 11.71, 32.07, and 26.04% for 5, 10, and 15 wt%
respectively of carbon black addition.

Also, the impact strength of conventional carbon fabric
composite increases up to 3.63, 36.11, and 26.40% for 5, 10,
and 15 wt% respectively of carbon black addition in the com-
posite. Here it should be noticed that the percentage increment
in the impact strength due to the addition of carbon black in
the conventional carbon fabric composite is lesser compara-
tively to the tensile and flexural strengths. The reason behind it
is that the particulate reinforcements generally are not so ef-
fective in improving the fracture resistance of composite ma-
terial but they are beneficial for enhancing the stiffness of the
composite up to a limited extent.

Table 3 Analytical result of

tensile test Sample Composition Applied maximum  Equivalent max.
load (N) stress (MPa)
A1 (090 0%) Epoxy + carbon fabric 1070 67.52
A, (090 5%) Epoxy + carbon fabric + 5 wt% carbon black 1420 89.59
A3 (0 90 10%)  Epoxy + carbon fabric + 10 wt% carbon black 1750 110.43
A4 (0 90 15%)  Epoxy + carbon fabric + 15 wt% carbon black 1592 100.50
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Fig. 6 a Stress distribution of composite composition A; (tensile test). b Stress distribution of composite composition A, (tensile test). ¢ Stress
distribution of composite composition Aj; (tensile test). d Stress distribution of composite composition A, (tensile test)

The comparison of all these three mechanical properties,
i.e., tensile strength, flexural strength, and impact strength, is
shown in Fig. 4.

3.2 SEM characterization

The SEM images of the composite sample have been pro-
duced as a result of electron-sample interaction. As the sample
of composite having two major components, i.e., reinforce-
ment (more dense) and matrix (lesser dense) in the form of
lamina, has been fabricated by hand lay-up technique, so the
layered structure can be easily distinguished in the SEM
characterization.

Figure 5a, b, ¢ shows the SEM images of fractured
surface of the hybrid composite A3 (epoxy+ carbon fabric
+ 10 wt% carbon black) based on three different magni-
fication ranges x 313, x 1.23K, and x 1.69K respectively.

@ Springer

Different layers of carbon fabric and epoxy matrix can
easily be seen in Fig. 5a. River line markings and sharp
edges on the fractured surface are the evidence for the
brittle fracture of the composite. These river lines formed
due to the crack propagation.

The carbon black particulates are well dispersed in
the epoxy matrix, although some small agglomerates
are present in the composite. These images show that
a good bonding between epoxy/carbon fiber and carbon
black has been formed.

The interaction or mixing of carbon black particulate
in the epoxy matrix is pointed out in Fig. 5b.The fiber
breakage and matrix fracture due to the fracture of the
composite are clearly in observed in Fig. 5c. This figure
also indicates the fractured edges of the carbon fibers in
the specimen and also the fiber dislocation due to frac-
ture of the composite.
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Table 4 Analytical result of

flexural test Sample Composition Applied maximum  Equivalent
load (N) max. stress (MPa)
A; (090 0%) Epoxy + carbon fabric 352 79.48
A, (0 90 5%) Epoxy + carbon fabric + 5 wt% carbon black 422 90.33
A3 (0 90 10%) Epoxy + carbon fabric + 10 wt% carbon black 498 106.22
A4 (0 90 15%)  Epoxy + carbon fabric + 15 wt% carbon black 472 99.56

4 Analytical analysis
4.1 Tensile test analysis

The analytical result of tensile test analysis is based on
specimen configuration, applied maximum load with
value of experimental tensile modulus, and Poisson ra-
tio of each composition of the composite. Tensile

strength obtained from the post-processor is shown in
Table 3.

Figure 6a—d shows each composition of the composite under
tensile test. These figures clearly represent that the numerical
result of stress distribution in all the compositions of the com-
posite is nearly same as the experimental results. Maximum
stress is developing at the fillet edges due to the stress concen-
tration, which is covered by red color in all images.
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Fig. 7 a Stress distribution of composite composition A; (flexural test). b Stress distribution of composite composition A, (flexural test). ¢ Stress
distribution of composite composition Aj (flexural test). d Stress distribution of composite composition A4 (flexural test)
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Table 5 Comparison between experimental and analytical results
Sample Composition Experimental ~ Analytical tensile Experimental Analytical Percentage error Percentage error
tensile strength (MPa)  flexural strength flexural in tensile in flexural
strength (MPa) (MPa) strength (MPa) strength (%) strength (%)
A, (0_90_0%) Epoxy + carbon fabric 65.32 67.52 78.01 79.48 3.37 1.88
A, (0_90 5%) Epoxy + carbon fabric + 86.81 89.59 87.14 90.33 3.19 3.65
5 wt% carbon black
A3 (0_90_10%) Epoxy + carbon fabric + 108.28 110.43 103.03 106.22 1.98 3.09
10 wt% carbon black
A4 (0_90_15%) Epoxy + carbon fabric + 96.82 100.50 98.33 99.56 3.80 1.25

15 wt% carbon black

4.2 Flexural test analysis

A three-point bending test has been performed in
ANSYS to analyze the flexural behavior of the different
compositions of the composite. Specimen configuration
and the applied maximum load for flexural test on each
composition of the composite have been used in analy-
sis. Analytical flexural strength of the four compositions
of the composite, with corresponding maximum load, is
tabulated in Table 4.

Figure 7a, b, c, d represents the flexural stress distri-
bution in the fabricated composite samples A, A,, Az,
and A4 respectively. All images show almost the same
stress distribution for all the compositions. Two roller
supports are provided at the bottom of the specimens
and the load has been applied at the middle of the top
surface of the specimens. Failure region is occurring at
the middle portion of the composite samples. This is
because in three-point bending test, samples are subject-
ed to load which are acting at the middle of the span.
At the supports, the deflection is zero and at the middle
portion where the load is acting, maximum deflection
has occurred. So failure occurred at the middle point
of the total gauge length.
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Fig. 8 Comparison of experimental and analytical tensile strength
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4.2.1 Validation of experimental result

The result for tensile test and flexural test obtained from the
numerical analysis has been compared with the experimental
result. Table 5 shows the comparison of experimental and
analytical results of tensile and flexural tests. The percentage
difference between two approaches is also given.

Figure 8 represents the percentage variation in tensile
strength between experimental and analytical results for the
different composite samples A;, A,, Az, and A4. The maxi-
mum positive deviation occurs with analytical result for the
composite sample A4 (epoxy + carbon fabric + 15 wt% carbon
black), which is 3.8%. Composite samples A;, A,, and Aj
show 3.37, 3.19, and 1.98% positive deviation for analytical
results. As the hand lay-up method has been used for the
composite fabrication, so some voids have developed in the
fabricated composite samples. Also, FEM gives the approxi-
mate results. So the abovementioned difference occurs be-
tween analytical and experimental results.

Similarly, Fig. 9 represents the percentage variation in flex-
ural strength between experimental and analytical results for
the different composite samples A, A,, Az, and A4. The max-
imum positive deviation occurs with analytical result for the
composite sample A, (epoxy + carbon fabric + 5 wt% carbon
black), which is 3.65%. Composite samples A;, Az, and Ay
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show 1.88, 3.09, and 1.25% positive deviation for analytical
results. Formation of microvoids during fabrication is the rea-
son for percentage deviation between analytical and experi-
mental results of flexural strength.

5 Conclusions

Epoxy-based four composites samples A, A,, Az, and Ay
have been fabricated. Out of the four sample Al is con-
ventional carbon fabric-reinforced epoxy composite and
the remaining samples are hybrid composite which have
been fabricated with keeping constant weight percentages
of carbon fabric and with varying weight percentage of
carbon black 5, 10, and 15% respectively. This work dem-
onstrates that the hybridization of conventional carbon
fabric-reinforced epoxy composite with carbon black is
successfully achieved by hand lay-up fabrication tech-
nique. The tensile test results show that for composite
A3 (epoxy + carbon fabric + 10 wt% carbon black), ten-
sile strength increases by 65.78% as compared to tensile
strength of conventional carbon fabric-reinforced epoxy
composite. In flexural test, 32.07% improvement in the
flexural strength is observed for hybrid composite A; (ep-
oxy + carbon fabric + 10 wt% carbon black) when com-
pared to conventional carbon fabric-reinforced epoxy
composite. Impact strength of hybrid composite A; also
increases by 36.11% with 10 wt% addition of carbon
black in the epoxy-based carbon fabric-reinforced com-
posites. Under SEM characterization matrix fracture, frac-
tured carbon fiber and the dislocation of the carbon fiber
have been noticed due to the composite fracture. A good
intermingling of the carbon black with the epoxy matrix
has also been noticed. Finally, the optimum mechanical
properties (tensile strength, flexural strength, and impact
strength) are obtained for the composition of composite
Az (epoxy + carbon fabric + 10 wt% carbon black).
Experimental results have been validated with the numer-
ical analysis. Comparison of experimental and analytical
results shows a deviation of 3.37, 3.19, 1.98, and 3.8% in
the experimental and analytical tensile strength and 1.88,
3.65, 3.09, and 1.25% deviation in the experimental and
analytical flexural strength for composites samples Aj,
A,, Aj, and A4 respectively.
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