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Abstract

The Epoxy-based hybrid composites are attention in various engineering domains. Distinctively, natural fiber-made epoxy
composites are advantageous over synthetic fiber-made composites and attracted in automotive applications such as set
frames, interior panels, dashboards, etc. Moreover, due to its high moisture absorption nature, the epoxy composite formed
with natural fiber is suspected to have poor adhesive quality compared to synthetic fiber composite. It leads to lower adhesive
performance and limits the behaviour of composite. The prime objective of the current work is to ensure the adhesive behav-
iour of NaOH-treated sisal fiber (SF) epoxy composite featured with silicon carbide nanoparticles (SiC). This composite is
prepared with the constant percentage of SF as 15 wt% and varied wt% of SiC through compression mould technology.
Influences of treated SF and SiC on pressing behaviour of surface morphology, tensile & flexural strength, microhardness,
and fracture toughness of composites are experimentally investigated with ASTM D638, D790, D4762, and D6110 policy,
and its outcomes are compared to 15wt% treated SF epoxy composite. The surface morphology study confirms that the SF
and SiC appearances in the epoxy matrix are uniform and homogenous. The Swt% SiC embedded with 15wt% treated SF
facilitates higher tensile (65.2 + 1.1 MPa) & flexural strength (69.1 + 1.3 MPa), microhardness (35.5+0.5 HV), and fracture
toughness (1.56+0.01 MPam®?). The enriched epoxy hybrid composite sample will recommended for automobile interior
parts application.
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Introduction

Intensification of natural fiber-embedded polymer com-
posite is advantageous over synthetic fiber-incorporated
polymer composites and exploited superior characteris-
tics, bio-degradable and economic [1] concerning it gath-
ering distinction in aviation interior panels, automotive
front cabin, and frame applications [2]. The natural source
extracted (natural) fibers own maximum absorption (mois-
ture) quality, which leads to reduced adhesive behaviour
during the composite fabrication, results lower quality of
composite [3]. Besides, the natural fiber is processed with
sodium hydroxide (NaOH) solution [4], exposed to superior
quality and incorporated with a polymer matrix, recording
superior mechanical behaviour and limited moisture absorp-
tion behaviour [5]. Recently, the natural fiber mage polymer
composites featuring ceramic particles have reached maxi-
mum hardness, tensile, and fracture toughness values [6].
Recently, the hybrid low-density polyethylene compos-
ite was developed with 20 wt% of chemically processed
jute natural fiber along with varied wt% of nano SiC par-
ticles via injection moulding process and the effect of
hybrid reinforcement on mechanical properties like flex-
ural, tensile and energy absorption is studied. The com-
binations of SiC nanoparticles expose superior fracture
toughness value [7]. Hybrid epoxy composite is synthe-
sized with constant weight percentages of crab shell and
0-6 wt% of sisal fiber. Impacts of sisal fiber and crab
shell on epoxy hybrid composites' surface morphological,
mechanical, and chemical are evaluated and compared.
The composite synthesized by 4 wt% crab shell and higher
loading of sisal fiber has optimum tensile and flexural
properties [8]. Hybrid vinyl ester-based composite is pre-
pared using basalt fiber and SiC-based micro/nanofiller
via compression moulding. The evaluated results of the
developed composite were recorded by maximum hard-
ness, impact, tensile, and flexural strength quality [9].
Besides, the polymer composite developed using chemi-
cal solution processed natural fiber composite character-
istics are enriched by adding ceramic phase filler material
[10]. Epoxy resin hybrid composite consisting of 0-30
wt% of tamarind fruit fiber (treated) exposed lower mass
loss, improved tensile stress, and reduced water absorption
behaviour compared to mono resin matrix properties [11].
Epoxy composite configured with natural banana and sisal
fiber is utilized for lightweight applications. The contri-
bution effect of banana and sisal fiber on hybrid com-
posite's flexural, impact and tensile strength is tested and
found to maximize impact, flexural, and tensile strength
behaviour [12]. Heat treated — the adaptations of nano
SiC enrich chemical processed sisal fiber incorporated
epoxy-based composite. The chemical-treated natural
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fiber makes an efficient bond with epoxy resin, exposing
superior mechanical characteristics and SiC exposure to
better output results than unreinforced epoxy resin matrix
[5]. However, the composite behaviour is evaluated by
ASTM standards [13]. Natural palm (15%) and sisal fiber
(20%) incorporated epoxy hybrid composite is developed
by compression moulding technique and used for sound
absorption application [14]. The epoxy hybrid composite
is synthesized with NaOH-treated short sisal fiber and hex-
agonal boron nitride via the conventional route and stud-
ied its mechanical and thermal qualities of composites. It
showed a higher 1.88W/mK thermal conductivity than the
monolithic epoxy [15]. Cetyltrimethyl ammonium bromide
activated sisal fiber/polypropylene composite behaviour is
experimentally studied and spotted good mechanical prop-
erties, including impact, tensile, and flexural strength of
0.75 kJ/m?, 40.12 MPa, and 53.27 MPa respectively [16].
The jute/sisal fiber developed epoxy hybrid composite
static and dynamic behaviour is analyzed and compared
with unreinforced epoxy composite [17]. However, the
hybrid fiber/filler combination in epoxy matrix found sig-
nificant enrichment in composite mechanical and thermal
behaviour [18, 19].

Epoxy resin hybrid composite formed with hybrid natu-
ral fiber (processed by chemical solution) combinations via
advanced manufacturing technique exposed better composite
quality as well as improved characteristics of the compos-
ite. However, composite characteristics like hardness and
fracture toughness exploited partial enhancement in value
compared to mono polymer matrix. It is detailed above lit-
erature, and the present research objective is synthesizing
the NaOH-treated sisal fiber, and SiC nanofiller adopted
epoxy composite through compression mould technique.
Exposure of sisal fiber and SiC particles in the epoxy matrix
is analyzed via scanning electron microscope, and its signifi-
cance is evaluated through the evaluation of tensile/flexural
strength, hardness, and fracture toughness.

Materials and methods
Materials

Epoxy L556 resin and HY951 hardener are chosen as matrix
materials due to their specific behaviour, such as good adhe-
sive behaviour, enhanced mechanical strength, and better
dynamic and thermal qualities [20, 21]. The chopped SF of
3 to 5 mm length and 50 nm SiC nanoparticles were chosen
as reinforcements. The natural SF has superior mechanical
strength, good stability in higher temperatures, and is dura-
ble [22]. Similarly, the SiC nanoparticles have superior wear
and scratch resistance, good stability, chemical inertness and
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Table 1 Properties of SF and SiC

Properties ~ Density  Tensile strength ~ Elongation  Size
glce MPa %

SF 1.33 522-698 2.6 3-5 mm

SiC 2.4 - - 50 nm

high melting point [5 and 13]. The behaviour of SF and SiC
is addressed in Table 1.

The sisal fibers are involved in NaOH treatment to
enhance sisal fibre's qualities. Before the chemical pro-
cessing, the sisal fiber is washed with normal water and
dried at ambient temperature. The sisal fiber is kept in a
separate container and filled with a 5% NaOH solution for
24 h, and it is soaked every 30 min to remove the waste
particles. After the processing, it involves final process-
ing with the help of distilled water for 30 min and dried
through the electric oven at 50°C for 8-10 h. The treated
SF is cut into 3-5 mm length in the last stage. The com-
posite fabrication details are addressed in Table 2. The
overall flow process layout for composite fabrication is
detailed in Fig. 1.

Synthesis of epoxy hybrid composite

Figure 2 indicates the compression mould machine fea-
tured with a dual-mode auto controller unit. With Table 2
reference, the epoxy composites are synthesized. Before
fabrication, the SiC nano particles are preheated by 300 °C
to eliminate moisture absorption. Here, the epoxy hybrid
composite sample 3 is detailed. The 82% epoxy resin, 15%
NaOH treated (chopped) sisal fiber, and 3% nano-sized
SiC are blended by a mechanical blending machine oper-
ated by 100 rpm.

Even blended epoxy resin with SF and SiC is to rectangu-
lar tool steel die of 15 cm X 10 cm X 1 cm size. During the
process, the die temperature rises to 120 °C with an applied
compressive force of 200 MPa and is maintained for 1-2 min
to provide the best compressive action. Finally, compressed
composite mould is cured by dying with an ambient temper-
ature of 27 + 1°C and a relative humidity of 60%. Finally, the

Table 2 Composite fabrication

. Sample = Composition in wt%
details
Epoxy SF  SiC
1 85 15 0
2 84 15 1
3 82 15 3
4 80 15 5

synthesized hybrid composite is removed from the mould
cavity and involved in a further investigation process.

Performance evaluation

The microstructure of epoxy resin composite containing SF
and nano-sized SiC is analyzed via TESCAN make VGA3
model scanning electron microscope (SEM) with better res-
olution. The 0.1 cm X 0.1 cmx 0.1 cm size composite sample
is utilized for SEM analysis under 20 °C room conditions.
Likewise, the tensile and flexural strength of the composite
is evaluated by FIE make universal testing machine under
ASTM D638 standard (16.5 cmX 1.9 cmx 0.3 cm) and
ASTM D790 (15 cmXx 1 cmx 1.27 cm). ELMACH VM
30 model Vickers hardness tester is involved for hardness
measurement, and 0.1 kg load is applied for 10 s (ASTM
D4762). By the standard of ASTM D6110, the fracture
toughness of the composite is tested by the INSTRON IT
30 impact tester. Mechanical testing is done by ambient
temperature (26 + 1°C) with 60% relative humidity. To find
the test significance, each epoxy composites are divided
into three trials and subjected to mechanical performance
evaluation. The average three trials are taken as the actual
value of composite with 5% test excellence.

Results and discussions
Surface morphology of the composite

The surface morphology of epoxy composite developed
with 5, 10, and 15wt% SF and features with 5wt% SiC
is exposed in Fig. 3(a-d). Figure 3(a) illustrates the
surface morphology of an epoxy composite made with
5wt% of SF, showing better layer formation with good
adhesive bonding between epoxy and SF. Besides, the
well-mixed matrix and fiber made with suitable com-
pressive pressure found better bonding between matrix
and fiber [10]. Chemical surface treatment helps to
enhance the adhesive behaviour and limit the process-
ing difficulties [12].

The surface morphology of epoxy composite sample 2
made with Swt% of treated SF and S5wt% SiC nanoparticles
is identified from Fig. 3(b). Sample 2 was closely scanned
with 3000 X magnification, and the treated SF and nano SiC
particles were spotted. Effective pre and post-processing is
the tool for enriched fiber distribution in the polymer matrix
[3]. As mentioned, the bio-composite developed with treated
natural fiber proved better adhesive bonding, resulting in
better mechanical properties than an unreinforced polymer
matrix [7]. An applied 200psi force enhances the bond-
ing qualities and disperses over the matrix. The ash-dotted

@ Springer



191 Page4of9

Journal of Polymer Research (2024) 31:191

Fig. 1 Overall flow process lay-
out for composite fabrication

Chopped sisal fiber

(3-5mm) ﬂ

SiC nanoparticles =)
(50nm)

particle is denoted as SiC nanoparticles. Here, a few nano
SiC particles were spotted in the matrix due to the deep
dispersion of SiC nanoparticles [8].

Upper Mold die

Control panel

Fig.2 Compression molding machine
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Figure 3 depicts the surface morphology of epoxy hybrid
composite sample 3 prepared with 10wt% of treated SF and
5wt% of nano SiC particles. The Appearances of treated SF
and nano SiC are observed in Fig. 3(c) and spread over the
epoxy matrix with a short distance. The nano SiC placed over
the treated SF should make an effective adhesive bonding with
the epoxy matrix. Besides, the SiC particle is deeply dispersed
with an epoxy matrix. The optimum mixing and processing of
composite is the reason for enhanced particle distribution and
deep dispersion of particles [12, 14]. However, the applied
200psi compressive pressure proved their significance.

The surface morphology of epoxy hybrid composite sam-
ple 4 synthesized with 15wt% of treated SF and Swt% SiC
is shown in Fig. 3(d). Here, the treated SF is spotted as long
dispersed with an epoxy matrix with nano SiC particles.
The choice of matrix, filler materials, and processing could
decide the behaviour of the composite [10]. The nano SiC
is uniformly distributed along the epoxy matrix with good
inter-facial bonding without void or porosity. The NaOH-
treated natural fiber facilitates good adhesive behaviour than
the untreated natural fiber composite [5].

Influences of hybrid reinforcement on tensile
strength of epoxy composites

The exposure of nano SiC on the tensile behaviour of epoxy
composite composed with a constant weight percentage of
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Fig.3 a Surface morphology of Sample 1, b Surface morphology of sample 2, ¢ Surface morphology of sample 3, d Surface morphology of

sample 4

sisal fiber (treated with NaOH) is indicated in Fig. 4 with 5%
of test excellence. Epoxy composite tested with 15 wt% of
sisal fiber has reached tensile behaviour of 36.4 + 1.1 MPa.
The quality of sisal fiber is the reason for improved tensile
strength [5]. The epoxy composite of 15 wt% sisal fiber and
1 wt% of SiC nanoparticle is exploited 45.6 + 1 MPa of its
tensile strength. The fine-distributed SiC particle makes an
efficient bond with epoxy /sisal fiber, enduring the maxi-
mum tensile load [5]. Besides, the epoxy/sisal fiber com-
posite is featured with 3 and 5 wt% of nano-sized SiC and is
exposed to superior tensile strength performance related to
epoxy/15 wt% sisal fiber composite sample.

The tensile behaviour of composite sample 3, composed
of 15 wt% of chopped sisal fiber (treated with NaOH) and
3 wt% of nano SiC, is reached by 54.9 + 1.3 MPa. The even
blending action and applied even compression action led to
improved bonding strength, causing significant enrichment
in the tensile strength of the composite. The nano SiC cre-
ates a good bonding with sisal fiber, causing enduring the

load and limiting the crack initiation, and its surface mor-
phology is proved by Fig. 3(b). However, the contribution of
SiC as 5 wt% in epoxy / 15 wt% sisal fiber composite sample

60 - 54.9

50 - 45.6

40 - 36.4

20 -

Tensile strength (MPa)

10 -

1 2 3 4
Composite Sample

Fig. 4 Epoxy composite tensile strength
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Fig.5 Epoxy composites flexural strength

4 attained the maximum value of tensile strength, which
is 79% more than the tensile value of composite sample 1
composed of 15 wt% sisal fiber. The composite sample 4 is
hiked by 62.5% compared to 6wt% cetyltrimethylammonium
bromide/25wt% of sisal fiber/polypropylene composite [16].

Influences of hybrid reinforcement on flexural
strength of epoxy composites

Figure 5 depicts the flexural quality of epoxy composite
samples like 15 wt% of sisal fiber and its composite featured
with 1, 3, and 5 wt% of nano SiC with a test significance
of 5% (maximum). The behaviour of flexural strength is
significantly hiked with the additions of 1, 3, and 5 wt% of
nano SiC into sample 1. The flexural quality of composite
sample 1 (epoxy resin incorporated with 15 wt% sisal fiber)
is noted by 38.1 + 1.1 MPa, which is lower than the value of
SiC-reinforced developed composites. With the contribution
of 1 wt% of SiC, the composite showed 45.9 +1.2 MPa of
its flexural strength. The combination of sisal fiber (treated)
and nano SiC in the epoxy matrix makes a better-compacted
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Composite sample

Fig.6 Epoxy composites microhardness
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structure by the applied compressive force of 200 MPa, leads
to resists dislocation of hybrid reinforcement and withstands
the maximum compressive load. The well-compacted struc-
ture leads to better mechanical performance [13].

Similarly, due to the presence, the epoxy hybrid nano-
composite sample 3 contains 3 wt% SiC and 15wt% treated
SF exposed to the 58.1 + 1.2 MPa. SiC makes an effective
pinning effect on treated SF/epoxy composite. Whereas the
loading of treated SF as 15 wt% and SiC cross over the 3
wt% offered superior flexural performance and notified as
69.1 + 1.3 MPa. However, the hybrid epoxy/5 wt% SiC/15
wt% SF nanocomposite has reached the peak value and,
comparable with epoxy/15 wt% SF, is raised by 88%. The
efficient pinning action on epoxy/sisal/SiC is the cause for
attaining superior flexural strength. Besides, its flexural
strength performance is enhanced by 30% compared to past
reported value [16].

Influences of hybrid reinforcement
on microhardness of epoxy composites

Figure 6 presents the microhardness of the epoxy composite
developed with 15 wt% of treated SF and 1, 3, & 5 wt%
of SiC nanoparticles. The microhardness of epoxy compos-
ite made with 15 wt% of treated SF (sample 1) exposed the
14 +0.5 HV, and the incorporation of 1 wt% nano SiC facili-
tates the epoxy/15 wt% treated SF composite is 27.5+0.6HV.
The appearance of nano SiC could resist the indentation dur-
ing the hardness evaluation. The applied compressive force
makes better bonding strength and enriches the composite
quality [5]. The composite with 15 wt% treated SF featured
with 3 wt% nano SiC offered significant improvement in
microhardness of 31+0.5 HV. Effective interfacial bond-
ing of matrix and filler is the reason for the improved hard-
ness of the composite, and its microstructure is evidenced in
Fig. 3(c). The hard ceramic phase in polymer composite is
exposed to superior hardness value [5].

1.8
1.6 T

1.4 1.28 e
1.2 1 1.1

0.8 -
0.6 -
04 -
0.2 1

Fracture toughness (MPam®?%)

1 2 3 4

Composite sample

Fig. 7 Epoxy composites microhardness fracture toughness
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Table 3 Comparison of present investigation to past literature

S.No Composition of composite

Tensile strength Flexural strength Microhardness Fracture toughness Ref no

MPa MPa HV MPam®?
1 Alkali treated 30wt% Tamarind fruit fiber/epoxy 28.3 - - - 11
composite
Sisal/banana/banana/sisal fiber epoxy composite  24.5 80.45 - - 12
3 Sisal/glass fiber epoxy composite 53.35 82.6 - - 14
6wt% cetyltrimethylammonium bromide/25wt%  40.12 53.27 - - 17
of sisal fiber/polypropylene
5 15wt% Sisal fiber/5Swt% SiC epoxy composite 65.2 69.1 355 1.56 Present work

Moreover, the composite developed with a higher content
of treated SF and a constant weight percentage of nano SiC
exposed maximum hardness, enriched with a 153% sample
1 microhardness value. The deep dispersion of nano SiC in
an epoxy matrix leads to load restriction, and limiting the
indentation results in a high hardness value.

Influences of hybrid reinforcement on fracture
toughness of epoxy composites

Figure 7 illustrates the fracture toughness behaviour of
epoxy composite made with 1, 3, and 5 wt% nano SiC expo-
sure and constant weight percentage of sisal fiber (treated
with NaOH) shown with 5% test excellence. The fracture
toughness of composite sample 1 (epoxy/ 15 wt% of sisal
fiber) is 1.1 +0.01 MPa m®>, lower than the SiC-reinforced
epoxy composite samples. The contribution of 1 wt% of
SiC in epoxy/15 wt% of sisal fiber composite is recorded
by 1.28£0.01 MPa m’”. The combinations of SiC and sisal
fiber in an epoxy matrix lead to absorbing the maximum
energy. Hybrid reinforcement has better mechanical perfor-
mance than unreinforced polymer samples [9 and 13].

The fracture toughness of the epoxy composite sam-
ple (15 wt% sisal fiber and 3 wt% of SiC) is exposed to
1.38+£0.02 MPa m”’, and the contribution of 5 wt%
SiC is exploited maximum fracture toughness value of
1.56+0.01 MPa m®>. Compared to epoxy composite sam-
ple 1, it increased 41.8% of fracture toughness value. The
effective SiC particle dispersion with the uniform spread
of sisal fiber is the reason for enhanced fracture toughness.

However, the epoxy hybrid composite made with 15 wt%
of sisal fiber and 5 wt% of SiC nanoparticle attained opti-
mum behaviour of tensile, flexural, hardness, and fracture
toughness. Automobile interior parts applications suggest it.

With reference to Table 3, the present work is related
to past literature and highlights that the tensile strength of
epoxy hybrid nanocomposite sample 4 contained 5wt%
nano SiC and 15wt% treated SF is improved by 22% and
62.5% compared to sisal/glass fiber epoxy composite [13]
and 6wt% cetyltrimethylammonium bromide/25wt% of sisal

fiber/polypropylene [16]. Similarly, the flexural strength of
the composite is hiked by 30% compared to the previously
reported value of 53.27 MPa [16].

Conclusion

The epoxy hybrid composite made with 15 wt% sisal fiber
and 1, 3, and 5 wt% of nano-sized SiC via compression
moulding process is successful. The impact of SiC features
on surface morphology, tensile, flexural strength, hardness,
and fracture toughness of composites are evaluated. The
main findings of the proposed investigation are summarized
in below key points below.

e The processing of epoxy composite with sisal fiber and
SiC provides better dispersion, and the surface morphology
proved the homogenous distribution of hybrid reinforcement.

e Epoxy hybrid composite sample 4 contained 15 wt% of
sisal fiber (treated with NaOH) and was found to have
optimum mechanical behaviour rather than other com-
positions.

e The tensile strength of composite sample 4 is 79% more
than the tensile behaviour of composite sample 1, com-
posed of 15 wt% of sisal fiber.

e Similarly, the flexural strength and hardness of epoxy
composite sample 4 is hiked by 88 and 153% higher than
the epoxy composite sample 1.

e With the exposures of 5 wt% nano SiC in epoxy / 15 wt%
of sisal fiber composite, superior fracture toughness is
reached by 41.8% higher than the epoxy composite sam-
ple 1.

e The enriched epoxy hybrid composite sample 4 will be
recommended for automobile interior parts application
and the future, and the composite will be involved in
micro-machining studies.
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