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Abstract

The present research is aimed to understand the influence of graphene-reinforced
carbon/Kevlar hybrid fabric epoxy composites. Samples HGO, HG2, HG4, and HG6 are
fabricated using four layers of fabric mat and with varying graphene weight percent-
age as 0, 2,4, and 6 wt.%, respectively. Mechanical characterizations such as hardness,
tensile, and flexural strength were individually assessed. Thermal stability is evaluated
through thermos-gravimetric analysis. Composite HG6 with high filler loading showed
71% and 114.4% greater tensile and flexural strength compared to unfilled HGO speci-
men. Similarly, HG6 exhibited greater thermal stability. Inclusion of graphene particles
in higher concentration improved the interfacial bonding between fibre/matrix/filler
system. Fracture surfaces are analysed using scanning electron microscopy to under-
stand the failure mechanisms.

Keywords: Carbon/Kevlar hybrid fabric, Graphene, Mechanical strength,
Thermogravimetric analysis, Polymer composites

Introduction

Polymer composites are extensively utilized for structural applications in automotive,
chemical, and medical industries owing to their lighter weight components that are
combined with superior thermal, mechanical, and chemical properties [1-4]. Polymer
matrix particularly epoxy resin is commonly employed as structural adhesive by rein-
forcing with different types of fibres and fillers. Epoxy-based composites possess high
specific strength, fabrication ease, chemical resistant, and less cost. These compos-
ites find their applications in aircraft engine blades, pipe lines for petroleum refining,
high speed vehicles, and impeller blades [5-7]. Polymer composites strengthened with
fibres often referred as fibre-reinforced composites (FRPs) exhibit excellent mechanical
strength, but they are weakened owing to brittle nature of matrix material. To overcome
such drawback, appropriate micro or nano filler is added to develop fibre/matrix/filler
system [8-10].
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Kevlar fibres exhibit high strain and neither melt or decompose at higher temperatures
(>450 °C). Carbon fibres are popularly used for aerospace applications owing to good
specific strength and stiffness [11, 12]. Hybridization of two fibres can enhance compres-
sive strength, impact toughness, weight reduction, and strain capability of composite
laminates. Although better properties were reported with hybridization, yet the further
improvements are necessary to meet varied design conditions [13, 14]. Thus, filler parti-
cles are added to obtain beneficial effects to hybrid fibre composite configurations. In the
current industrial scenario, carbon-based particles such as carbon nanotubes, carbon
black, graphene, and graphite emerged as novel filler materials. Integration of graphene
particles into the epoxy resins showed promising results by enhancing the properties
of composite materials [15-17]. Graphene particles comprise two-dimensional carbon
atoms in mono layers. Due to this, better dispersibility can be achieved with polymer
matrices. Besides, they are able to improve mechanical and thermal properties, damping
characteristics and corrosion resistance of composites [18—20].

A study presented by Alexopoulos et al. [21] proved that addition of graphene nano
particles increased the tensile and fracture toughness of epoxy composites by 15% and
12%, respectively. Another study by Salom et al. [22] showed the enhanced storage mod-
ulus in graphene/epoxy composite materials at optimum filler loading. At higher con-
centration, the properties tend to decrease. Li et al. [23] stated in his literature review
that incorporating graphene layers in polymer matrices improve their mechanical char-
acteristics. Cho et al. [24] added graphene particles to carbon fibre/epoxy composites
and observed 16% and 18% increase in compressive and in plane shear strengths respec-
tively. Moreover, graphene also enhanced tensile, flexural, and impact strengths of glass
fibre/epoxy composites as reported by Aswathnarayan et al. [25]. The interfacial interac-
tion between graphene and fibres improves the structural stability of epoxy composites.
From the literature, it was observed that limited research was reported on graphene-
based fibre-reinforced composites. On the other hand, hybridization of fibres was pre-
sented by researchers, but the studies pertaining to hybrid fabric was not explored so far.
Thus, the novelty of present research lies in utilizing the hybrid fabric mat comprising
carbon as warp and Kevlar as weft in epoxy matrix along with graphene particles. Such
fibre/matrix/filler composite configuration is experimentally tested to understand the
mechanical and thermal characteristics.

Materials and methods

Hybrid mat as shown in Fig. 1 comprises carbon as warp and Kevlar as weft 200 gsm
taken as fibre material. Graphene having an average particle size of 15 um with 99%
purity is chosen as filler. Epoxy resin LY-556 is utilized as a polymeric matrix along with
a curing agent HY-951. Properties of raw materials used in the fabrication process are
given in Table 1.

Fabrication of hybrid composites

Initially, the hybrid fabric mat was cleaned using acetone to remove any dust particles
present on it. It was then dried at 60 °C in a vacuum oven for 3 h to remove the moisture
completely. Degassing of epoxy resin was done to eliminate the air bubbles. Graphene
taken in different weight percentages (0, 2, 4, and 6%) was added to epoxy in individual
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Warps (Carbon fibre)

Wefts (Kevlar fibre)
E
Fig. 1 Carbon/Kevlar hybrid fabric mat
Table 1 Properties of raw materials
Constituents in composite samples Density (g/cc)
Hybrid mat 1.63
Graphene 0.3
LY-556 epoxy 1.15-1.20
HY-951 curing agent 0.98

containers. To ensure uniform dispersion of graphene in epoxy, the containers were sub-
jected to ultrasonic bath sonicator as supplied by Samarth Electronics by maintaining
a temperature of 60 °C for 3-h duration. After sonication, the curing agent was added
to the epoxy mixture in 10:1 ratio. The composites were fabricated in a wooden mould
of volume 200 x 200 x 4 mm? through lay-up lamination process. Four layers of hybrid
fabric mat were placed in a wooden mould, and then epoxy mixture was added to it.
Samples were left out for curing at room temperature for 72 h. Composite fabrication is
represented through Fig. 2. Composites were designated as HGO, HG2, HG4, and HG6
which corresponds to filler weight percentage.

Hardness

Hardness of composite specimens is evaluated on RS Scientific FMV1-MC-AT micro
Vicker’s hardness testing apparatus present at Vellore Institute of Technology, Andhra
Pradesh. Samples were tested following ASTM E384-17 standard by applying a load of
1 kg for a dwell period of 15 s. For each composite, three readings were taken, and their
mean value was noted. Hardness number in terms of HV is calculated using the formu-
lae reported in the literature [26].

Thermogravimetric analysis
Thermogravimetric analysis (TGA) is performed on PerkinElmer thermal analyser avail-
able at Vellore Institute of Technology, Andhra Pradesh, to understand the thermal stability.
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Fig. 3 ASTM D638 standard figure for tensile testing

Specimens were heated in the inert atmosphere from 30 °C to 700 °C maintaining a con-
stant rate of 15 °C min ™!, and the corresponding weight loss (in %) was recorded.

Mechanical testing

Mechanical strength in terms of tensile and flexural was evaluated on Tinius Olsen
H10KL UTM facility available at Vellore Institute of Technology, Andhra Pradesh, fol-
lowing the ASTM D638 and D790 standards respectively. For tensile testing, ASTM
D638 type V sample having overall length of 63.5 mm and a width and gauge length of
9.53 as displayed in Fig. 3 was utilized. Crosshead strain rate of UTM is maintained con-
stant at 1 mm/min ', Three identical specimens from each composite were tested, and
their average value is adopted for result analysis. After testing, the surface of fractured

samples was analysed under SEM to understand failure mechanisms.

Results and discussion

Hardness

Vickers hardness (in HV) of all composite samples is shown in Fig. 4. Results depicted
that specimen filled by 6% graphene, i.e. HG6, exhibited high hardness number of 92 HV



Peddakondigalla et al. Journal of Engineering and Applied Science (2024) 71:113 Page 5 of 10

compared to other composites due to better dispersion of filler particles and their bond-
ing with the fibre and matrix. Nearly 27.7% increment in hardness was observed from
HG2 to HG6. As the filler loading is increased, the interparticle distance in the matrix
decreases which provide resistance to indentation [27]. Thus, the composite specimen
HG6 with more filler particles displayed greater hardness. On the other hand, HGO hav-
ing 0% graphene exhibited least hardness of 54 HV due to weak bonding between fibre
and epoxy. Hardness improved by 33.3%, 57.4%, and 70.3% for HG2, HG4, and HG6,
respectively, as compared to HGO.

Thermogravimetric analysis

TGA analysis was performed in the nitrogen atmosphere, and the obtained results are
represented in Fig. 5. From the curves, it was evident that early degradation of compos-
ites took place around 330-350 °C. During this temperature, the moisture and wax in
the samples evaporate and resulted in maximum weight loss [28]. On further increase
in temperature, the decomposition of polymer chains was initiated. The presence of
graphene significantly affected the thermal stability of hybrid carbon/Kevlar epoxy
composite laminates. Sample HG6 exhibited greater stability with 59.6% residue which
indicates its more char formation, while HGO possess least thermal stability and formed
39.1% of solid residue. Likewise, the char formation in the composites HG4 and HG2
was observed as 42.7% and 40.3%, respectively. Increasing sequence of thermal stabil-
ity of all samples follow the order as HG6 > HG4 > HG2 > HGO. Greater stability of HG6

is mainly due to better thermal response and dispersibility of graphene particles in the
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Fig. 5 TGA curves of composite samples

epoxy. Moreover, the aromatic rings present in the Kevlar were highly cross linked with
the epoxy which also effects the thermal stability [29].

Mechanical testing

Figure 6a—b represents the tensile stress—strain graph and ultimate tensile strength (in
MPa) of composites. The specimens showed a linear variation indicating their nature
as brittle. Addition of graphene particles further increased the brittleness and improved
the tensile strength of hybrid carbon/Kevlar epoxy composites [30]. Highest strength
of 217.2 MPa was shown by HG6, while the least strength of 126.9 MPa exhibited by
HGO among all composite configurations. Composites with graphene particles displayed
superior strength due to their dispersibility and better load carrying capability. The
tensile strength was improved by 41.8% as graphene content increased from 2 to 6%.
Further, the increment of 20.62%, 58.6, and 71% was observed for HG2, HG4, and HG6
compared to HGO composites. The increasing sequence of tensile strength of all speci-
mens follows the order as HG6 > HG4 > HG2 > HGO. On the other hand, tensile modulus
for the sample HG6 was also reported to be higher as evident from Fig. 6c.

Flexural strength (in MPa) corresponding to all the composites is represented in
Fig. 7a. Samples showed increased strength with an increase in graphene particles. Flex-
ural strength improved by 114.4% as filler content increased from 0 to 6% as observed
from HGO to HG6. Almost 55.48% increment in strength is seen from HG2 to HG4,
while the flexural strength was marginally increased to 21.9% from HG4 to HG6. Among
all fabricated samples, the higher and lower flexural strengths were displayed by HG6



Peddakondigalla et al. Journal of Engineering and Applied Science (2024) 71:113 Page 7 of 10

250 250
== HG6 ~——HG4 ~———HG2 ———HGO
~
£
200 < 200
3
=
< s
[
150 - 150 4
g 3
Q @
= H
& 1004 & 100
2
]
£
50 g 5o
o T T T T T T T Al
0 6 8 10 12 14 16 HGO HG2Z HG4 HG6
Strain (%
(%) Composite Sample
(@) (b)
30000
-~
S
S
~
2 20000 -
3
3
S
=
=
2
a 10000 +
o0
HGO HG2 HG4 HG6
Composite Sample
(9

Fig. 6 aTensile stress—strain graph. b Ultimate tensile strength. ¢ Tensile modulus of all samples

350 50000
300 o
40000
~ -~
) S
E 250 o <
s Y
= 30000
E, 200 §
S 3
8 =
@ 150 S 20000 1
s =
I s
g g
§ 1004 s
& 10000
50
0
L HGO HGZ HGA HG6
HGO HG2 HG4 HG6
. Composite Sample
Composite Sample P it

(a) (b)
Fig. 7 a Flexural strength. b Flexural modulus of composite samples

and HGO which was reported as 145 MPa and 311 MPa, respectively. Furthermore, flex-
ural modulus for the sample HG6 was found to be higher as can be displayed in Fig. 7b.
All the mechanical results are provided with error bars which represent the standard
deviation. From the results obtained, it can be concluded that the improved interfa-
cial force between fibre and matrix can be attained by inclusion of graphene particles
which results in superior mechanical strength [31, 32]. In the present study, hybrid
carbon/Kevlar fabric mat was utilized which can replace the individual mat usage and
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obtain significant improvement in mechanical properties of fibre-reinforced polymer
composites.

The SEM images shown in figure resemble the brittle fracture of all composite sam-
ples. As the filler loading increased from 2 to 6%, graphene particles formed as continu-
ous networks on the fibre surface as assessed from Fig. 8a, b. Due to this, the sample
HG6 showed improved interfacial bonding among fibre/matrix/filler which significantly
affected its mechanical strength. Besides, the images also reveal the uniform dispersion
of filler particles in the composites due to ultra-sonication process during fabrication.
Thus, agglomeration was not detected in the images. Figure 8c, d represents the fracture
images of HG2 and HG6 subjected to tensile loading respectively. Due to lower filler
content, surface of sample HG2 failed by weak interface bonding and fibre pull-out [33].
Along fibre direction, the uneven breakage occurred, while the fibre cracking lowered in
the case of HG6 compared to HG2 due to more graphene particles present in the com-
posite (see Fig. 8d).

Conclusions

Epoxy composites comprising four layers of hybrid carbon/Kevlar fabric mat with vary-
ing weight percentage of graphene particles were fabricated through lay-up lamination
technique. Specimens were mechanically tested to understand their tensile and flexural
strength. Based on results obtained, the following observations were summarized below.

Fig. 8 a-d SEM micrographs of fractured HG2 and HG6 samples
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+ Inclusion of graphene particles within hybrid carbon/Kevlar fabric significantly
improved thermal stability and tensile and flexural strengths of composite laminates.

+ Mechanical strength of composites increases with an increase in filler content due
to the improved interfacial bonding between fibre/matrix/filler which resulted in
greater load transfer.

+ The sample HG6 with high filler loading exhibited 71% and 114.4% greater tensile
and flexural strength respectively, as compared to unfilled HGO composite.

+ Thermal stability and hardness of HG6 were greater among all the specimens.

+ SEM images reveal the uniform dispersion of graphene particles in the composite
system. Besides, the samples have shown brittle fracture.

Abbreviations

FRPs Fibre-reinforced composites

ASTM  American Society for Testing and Materials
TGA Thermogravimetric analysis

UtMm Universal testing machine

SEM Scanning electron microscope
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