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Abstract Innovative composite materials ensure spe-
cific mechanical/tribological/thermal characteristics that
are greater than the traditional materials from engineering
polymers. The innovating epoxy/surface-treated epoxy com-
posite is prepared through an advanced injection mold tech-
nique, and its mechanical/tribological features such as hard-
ness, fracture toughness, and wear resistance are enhanced
by the additions of 0-6 wt% of nano-silicon carbide (SiC)
particles in the size of 50 nm. Mechanical properties such
as hardness, fracture toughness, and wear resistance of
epoxy hybrid nanocomposites are studied, and the excel-
lence of SiC presence in epoxy matrix. Different types of
epoxy composite compositions, the epoxy/20 wt% surface-
treated jute fiber/6 wt% SiC identified maximum hardness
of 35+ 1HYV, better fracture toughness of 1.48 +0.01MPa
m®?, and reduced wear rate of 0.330+0.01 mg/m on 20N
load at 1 m/s sliding velocity. These values are greater than
the epoxy matrix without fiber and filler material. Moreover,
the hybrid epoxy/20 wt% surface-treated jute/6 wt% of SiC
is recommended for sports equipment applications.
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Introduction

Particularly, the strength-to-weight ratio of poly-based
composites increased in engineering sectors [1]. Different
kinds of research on natural fiber-based bio-composites are
extended due to their unique characteristics, including biode-
gradable, easy to recycle, and cost-effective [2]. According
to application requirements, the poly composites are pre-
pared with long and short fibers [3], which are synthesized
by different techniques, reviewed and detailed in their pro-
cessing and characteristics [4].

Amid the various techniques used in fabricating poly-
mer composites, advanced injection molding suits complex
shape production with economics [5]. The epoxy hybrid
composite is synthesized with different jute and carbon fiber
volume percentages for automotive interior parts applica-
tions. The epoxy composite with a higher volume of jute
fiber facilitates superior mechanical properties such as ten-
sile and flexural strength [6]. The hybrid polymer composite
is developed for structural application, and its mechanical/
structural behavior is studied. Its investigation revealed that
the composite with higher natural fiber content has superior
mechanical and structural characteristics [7]. Biodegradable
hybrid polymer composite is prepared with various fiber
position stacking. The impact of stacking position on basalt
and ramie fiber on tensile and flexural strength of the com-
posite is evaluated, and its evaluated result showed better
improvement in mechanical behavior composite. It is greater
than the conventional epoxy composite without fiber materi-
als [8]. Sasikumar et al. [9] studied the tamarind fruit fiber
incorporated epoxy-based polymer composite developed by
advanced fabrication. The presence of natural fiber in the
physical, mechanical, and thermal properties of prepared
composites is studied through ASTM standards.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40033-024-00722-8&domain=pdf

J. Inst. Eng. India Ser. D

Natural fiber treated with NaOH solution offers better ten-
sile, flexural, and impact strength and marginal improvement
in hardness value related to traditional unreinforced polymer
matrix [9]. In future, the development of bio-composites
prepared with natural fiber is the trend for recent materials,
which are eco-friendly, economical, and environmentally
sustainable. For this reason, the natural fiber-blended bio-
composite is attractive in automotive interior part applica-
tions [10]. Natural bast fiber incorporated HDPE composite
behavior is enriched by the additions of silica nanoparticles,
and better hardness and wear resistance values are recorded
in unreinforced HDPE composite samples [11]. Moreover,
synthetic fibers such as MWCNT and glass fiber developed
epoxy composite offer better mechanical and tribological
behavior. But, compared to natural fiber, it is costly [12]. The
composite characteristics relate to processing and adhesive
behavior [13]. The biodegradation of natural fiber processed
with chemical treatment is exploited for better adhesive
behavior, which results in improved physical, mechanical,
and thermal characteristics. It is greater than the composite
prepared without fiber or filler materials [14, 15]. Incorpo-
rating hard SiC particles in a polymer composite showed
better hardness and wear resistance value [16].

The current investigation of epoxy composite developed
with natural fiber-related past literature is studied, and their
details are addressed in the above paragraph. The natural
fiber-blended composites lacked hardness and wear resist-
ance value. The main objectives of the current work are
to synthesize the epoxy composite made with 20 wt% of
surface-treated jute fiber via an advanced injection molding
process and study its mechanical/wear behavior. Its specific
hardness/wear resistance characteristics are featured using
nano-SiC particles as 0-6 wt%. Its evaluated results showed
that the epoxy hybrid nanocomposite containing 20 wt% of
surface-treated jute fiber and SiC nanoparticle attained better
hardness, fracture toughness, and wear resistance.

Materials and Methods

The current investigation of this paper selected epoxy resin
as the matrix, jute natural fiber as the reinforcement, and
nano-SiC as filler material. Epoxy is the most common resin
with better chemical resistance, good strength, ease of fabri-
cating, and cost-effective [17]. For this reason, it is selected
as the matrix phase. The SiC particle offers better structural
stability, improved hardness, and high thermal stability rea-
sons [18]. It is considered a filler material for fabricating
epoxy hybrid composites.

The natural jute fiber is extracted from a natural source
and cleaned via water as required. Then, the fiber is dried
at 100 °C with a processing time of 10min, which helps
remove the moisture from the fiber. The chemical-based
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surface treatment approach enriches the cleaned jute fiber
adhesive behavior and quality [19]. The 10% sodium hydrox-
ide (NaOH) solution is used for jute fiber processing for
1 h. To eliminate the waste particles, the fibers are stirred
manually every 10 min. After the NaOH surface treatment,
it was subjected to drying at ambient temperature for 1 h
and involved a drier-assisted drying process with an applied
temperature of 200 °C. It supports limiting moisture content
and cutting into 4—6 mm long fibers. It is used as 20 wt% for
epoxy composite fabrication. As stated earlier, the 20 wt%
of jute fiber facilitates better mechanical behavior than
monopolymer [20].

With the suitability of high thermal stability, good hard-
ness, and high rigidity modulus [21] reasons, the nano-SiC
particle is selected as filler material as the weight percent-
ages of 0, 2, 4, and 6 wt% are utilized to enrich the hardness
and wear resistance of epoxy/surface-treated jute fiber com-
posite. Table 1 indicates the constitutions of epoxy/jute fiber/
SiC filler materials used in composite fabrication.

Epoxy Hybrid Nanocomposite Synthesis Details

Figure 1 depicts the advanced injection mold machine con-
figured with temperature monitoring and a digital control
system.

The epoxy resin is blended with hardener solution by
the ratios 100:10 via a blending machine with 50-100 rpm
speed; meantime, the NaOH surface-treated short jute fiber
is added according to the weight percentages mentioned in
Table 1. The epoxy resin mixture and surface-treated jute
fiber are blended uniformly via a mechanical stirrer setup
with an applied speed of 100 rpm for a processing dura-
tion of 10 min. It helps to enhance the fiber distribution
that results in increased mechanical behavior of the com-
posite [2]. During the stirrer process, the required quantity
of nano-SiC is added to the epoxy/jute fiber mixture with a
processing time of 10 min. The prepared epoxy resin mix-
ture with surface-treated jute short fiber and nano-SiC is
kept in an injection molding machine and heated by 200 °C
to eliminate the microvoids and porosity inside the epoxy
mixtures. With the support of the injector, the mixture is

Table 1 Constitutions of epoxy/surface-treated jute fiber/SiC nano-
particles

Composite Weight percentages (Wt%)

identification B -
Epoxy Surface-treated jute fiber Nano-SiC

1 80 20 0

2 78 2

3 76 4

4 74 6
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Fig. 1 Advanced digitalized injection molding setup

injected into a preheated tool steel die for the dimensions
150 mm X 150mm X 10 mm. Finally, the fabricated epoxy
hybrid nanocomposites are cured by the die itself.

ASTM standards evaluate the fabricated epoxy hybrid
nanocomposite characteristics. Instron tests the composite’s
microhardness and makes a U30 model Vickers hardness
tester with a 100 g load maintained for 10s duration as per
ASTM D4762 standard. Similarly, the fracture toughness
and wear resistance are measured by ASTM D6110 and
G99 standards. During the fracture toughness, the compos-
ite samples are notched for the Charpy impact test via the IT
30 model impact tester configured with a maximum energy
absorption of 300 J. The Ducom pin-on-disk wear testing
machine configured with a hardened steel counter disk is
utilized for wear studies under 20N load, and 1m/sec sliding
velocity at a constant sliding distance is followed. However,
to find the statistical significance, the three test samples are
tested with 5% test significance and the average value of
three is considered as the mean value of the composite.

Results and Discussions
Hybrid Nanocomposite’s Microhardness Behavior

Figure 2 bar chart indicates the microhardness of hybrid
nanocomposite made by 0, 2, 4, and 6 wt% of SiC nano-
particle and 20 wt% of surface-treated jute fiber. The
epoxy/20 wt% surface-treated jute fiber composite’s micro-
hardness is 19+ 0.5HV, and 24 + 1HV records this compos-
ite feature with 2 wt% of nano-SiC. The wide dispersion of
nano-SiC particles causes improved hardness of the com-
posite. Generally, the SiC particle has high hardness and is
suitable for composite fabrication [16]. The microhardness

w
(3.}
L

u‘\mmm
(A
I
(i

N W
(5 I -]
L

[l
W
It
“\Um‘m‘

M

N
(=]

it

Microhardnessin HV
=Y
(3]
.

A
‘H{‘HH\M\\

i
I

=y
(=]
L

I

(=]
'

1 2 3 4

Hybrid composites

Fig. 2 Hybrid composite’s microhardness behavior

of epoxy hybrid nanocomposite with 20wt% surface-treated
jute fiber and 4wt% of nano-SiC is exposed to 29+ 1HV.
The uniform dispersion of natural fiber and SiC nanopar-
ticles is the reason for increased hardness. Moreover, the
contribution of ceramic particles in a soft polymer matrix
causes a better hardness value than monopolymer [11]. The
epoxy matrix/20 wt% of surface-treated jute fiber/6 wt% of
nano-SiC hybrid nanocomposite showed 34 + 1HV and 79%
enhancement compared to the epoxy matrix with 20 wt%
surface-treated jute fiber.

Hybrid Nanocomposite’s Fracture Toughness Behavior

The fracture toughness of epoxy matrix composite with con-
stant wt% of surface-treated jute fiber along with 0-6 wt%
of nano-SiC hybrid nanocomposite is displayed in Fig. 3.
Epoxy/20 wt% of surface-treated jute fiber prepared com-
posite’s fracture toughness is 1.15+0.01MPa m®?, and this
combination is prepared with 2 wt% of nano-SiC is recorded
by 1.25+0.02MPa m®3. The chemical-treated natural fiber
could absorb the energy and show better impact toughness
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Fig. 3 Hybrid composite’s fracture toughness behavior

@ Springer



J. Inst. Eng. India Ser. D

0.45

0.35

HH
—
HH

0.3
0.25
0.2
0.15
0.1

Wear rate in mg/m

0.05

1 2 3 4

Hybrid composites

Fig. 4 Hybrid composite’s wear rate behavior

[11]. The fracture toughness of epoxy/20 wt% surface-
treated jute fiber/4wt% of nano-SiC is noted by the value of
1.37+0.01MPa m®3, It is higher than the other composite
values of fracture toughness. The appearance of natural fiber
withstanding the maximum force during fracture toughness
evaluation. The multi-reinforcement combination gives a
better bonding effect with the improved mechanical behavior
of the composite [6]. However, the epoxy/20 wt% surface-
treated jute fiber/6 wt% of nano-SiC hybrid nanocomposite
is exploited by maximum fracture toughness and improved
by 29% related to the fracture toughness of epoxy/20 wt%
surface-treated jute fiber.

Hybrid Nanocomposite’s Wear Rate

Figure 4 illustrates the wear rate of epoxy/20 wt% of sur-
face-treated jute fiber with varied wt% of nano-SiC hybrid
nanocomposite measured by 20 N load and 1 m/s sliding
velocity. Epoxy/20 wt% of surface-treated jute fiber com-
posite’s wear rate is 0.403 +0.03 mg/m, and the inclu-
sions of 2 wt% of nano-SiC are recorded to reduce the
wear rate of 0.339 +0.02 mg/m. The coarse grain of SiC
particles may limit the abrasive wear and withstand the
maximum sliding force. The wear rate of 4wt% nano-SiC
blended epoxy/20 wt% surface-treated jute fiber exhibited
0.335+0.01 mg/m wear rate and is lower than the unrein-
forced epoxy/20 wt% of jute fiber composite. The presence
of ceramic particles causes better absorption resistance value
[11].

The lowest wear rate of 0.33 +0.01 mg/m is identified
on 6 wt% nano-SiC blended by 20 wt% of surface-treated
jute fiber in an epoxy matrix. Compared to epoxy/20 wt%
of surface-treated jute fiber, it has reduced by 18%. The
reduction in the wear rate of hybrid composite is due to the
appearance and uniform dispersion of nano-SiC, making an
efficient bond with jute fiber.

@ Springer

Conclusions

In the advanced injection molding technique, the epoxy
hybrid nanocomposite is fabricated with constant weight
percentages of surface-processed jute fiber, and 0-6 wt%
of nano-SiC particle is made successfully. Its hardness,
fracture toughness, and wear rate are investigated, and the
main findings of its evaluated results are highlighted in the
following key points.

e Based on the evaluated results of the present study, the
epoxy/20 wt% surface-treated jute fiber/6 wt% of nano-
SiC hybrid nanocomposite’s hardness is provided with
the maximum value, which is attained 79% relates to
epoxy/20 wt% surface-treated jute fiber composite.

e The fracture toughness value of the epoxy/20 wt% sur-
face-treated jute fiber/6 wt% of nano-SiC hybrid nano-
composite is noted as higher than the other composite
and obtained a 29% improvement of fracture toughness.

e The wear rate of epoxy/20 wt% surface-treated jute
fiber/6 wt% of nano-SiC hybrid nanocomposite
showed an 18% reduction in wear rate compared to the
epoxy/20 wt% surface-treated jute fiber composite.

e This optimum hardness, fracture toughness and
improved wear resistance is recommended for sports
goods applications.
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