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Focusing on natural fibers are the prominent substitution for synthetic fiber and reinforced into polymer matrices found unique
properties such as lightweight, cost-effectiveness, and good mechanical and wear properties. Incompatibility and low adhesive
behavior are the primary drawbacks found during the fabrication of natural fiber-bonded polymer matrix composites. The
constant weight percentage (10wt%) of sisal and hemp fiber is treated with a 5% NaOH solution for improving adhesive behavior
and bonded with epoxy. The prepared sisal/hemp/epoxy combination is blended with 0wt%, 3wt%, 6wt%, and 9wt% silica
nanoparticles, which results in reduced voids (1.32%) and increased flexural strength (56.98MPa). Based on the compositions of
fiber and reinforcement, the density of the composite varied. Samples 3-6wt% of silica nanoparticle-blend sisal/hemp/epoxy
composite offered maximum tensile and impact strength of 52.16MPa and 2.1 J. An optical microscope analyzed the tensile
fracture surface, and the failure nature was reported. The dry sliding wear performance of composite samples is tested by pin-on-
disc setup with a 10N-40N load of 10N interval at 0.75m/sec. Sample 3 found good wear resistance compared to others.

1. Introduction

Due to beneficial features, the polymer matrix composites
were considered significant in structural, sports equipment,
automotive interior structure, electrical, housewares, and
aerospace [1, 2]. The historical evaluation and measure-
ment of composite properties have varied by choice of
processing method, process parameters, choice of rein-
forcement fiber, and other relevant concerns [3, 4]. The
interest in natural fibers from natural plants was more
advantageous than synthetic fiber because of ease of avail-

ability, accessibility, lightweight, nonexpansive, biodegrad-
ability, superior flexural, strength, and renewable [5, 6].
Natural fiber-bonded polymer matrix composites were
hybridized with nanofiller additions and found to have
significant physical, mechanical, and wear performance
compared to conventional materials [7, 8]. Moreover, the
life cycle of plantfiber reinforced polymer matrix compos-
ites was addressed with various environmental aspects, and
its life cycle assessment was proved with the incorporation
of plant fiber [9] and to decide the cost and life span of
polymer matrix composite [10].
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Recently, the growth of hybrid polymer matrix compos-
ites containing more than one fiber helps enhance compos-
ites’ mechanical and wear properties. The composites were
prepared by combining polymer or epoxy matrix bonded
with reinforcements such as natural, synthetic, natural/syn-
thetic, and fiber/ceramic particles. Moreover, various
researchers reported that the adhesive bonding strength
between matrix and reinforcement could decide the proper-
ties of polymer matrix composite. Fiber with nanofiller
(ceramic particles) enhanced the interfacial adhesive action,
increasing mechanical strength, and void reduction [11–16].
Cost-effective natural coir, hemp, jute, sisal, bamboo, and
natural flax fibers in the polymer matrix composite found
an extended life span and biodegradability. The natural
fibers were gained from natural biodegradable waste and uti-
lized as filler material for polymer matrix composite fabrica-
tion [17–19]. The lightweight automobile components were
fabricated from epoxy composite bonded with natural sisal
fiber and found to have enhanced mechanical properties as
compared to unreinforced polymer composite [20]. The
mechanical tensile strength of the hybrid epoxy composite
was enhanced via jute/sisal/silica. The presence of silica
microparticles in epoxy hybrid composite tensile strength
increased by 77% compared to jute/sisal fiber composite [21].

The polyethylene composite was synthesized using
montmorillonite/silica nanoparticles blended with wood
flour through conventional technique. The presence of silica
nanoparticles enhances the composite’s rigidity, tensile, and
impact strength [22]. The mechanical characteristic of
hybrid polyethylene (HDPE) composite was prepared with
5wt% of natural wood powder and different weight percent-
ages of silica were studied by ASTM. The polyethylene com-
posite containing 3wt% silica was found to have higher
impact strength, and 5wt% of silica had superior tensile
and flexural strength [23].

Similarly, a kenaf/sisal fiber-reinforced epoxy composite
was hybridized with a small number of silica nanoparticles
and observed to have high mechanical strength [24]. The
effect of multiwalled CNT (carbon nanotubes) on the
mechanical characteristics of banana/jute/flex fiber-bonded
hybrid epoxy composite, which is the increased content of
multiwalled CNT in epoxy composite tensile strength, was
improved [25]. The ASTM G99 standard studied fly ash-
reinforced polymer matrix composites’ wear properties for
brake applications [26]. The short natural fiber-reinforced
thermoplastic composite’s thermal and mechanical character-
istics were studied by ASTM and found the enhanced flexural
strength in 30wt% of the natural fiber-reinforced composite
[27]. Recently, polymer matrix composites were synthesized
from chicken feather fiber [28, 29], nonwoven waste cellulose
fabric [30], human hair [31], and silicon carbide [32] and
found improvement in mechanical performance.

However, the literature studied above shows limited lit-
erature on sisal/hemp fiber-bonded epoxy composite. The
novelty of the present research is to enhance the adhesive
behavior of epoxy composite by adding NaOH-treated natu-
ral fiber, and its composite hybridization using different
weight percentages of silica nanoparticles helps reduce the

voids. The effect of NaOH-treated natural fiber and silica
nanoparticles on composite density and mechanical and
wear properties is studied. The adhesion effects are proven
by mechanical and wear performance. The presence of silica
nanoparticles in epoxy composites is expected to enhance
tribomechanical characteristics compared to conventional
and unreinforced composites. From the above, no report is
available on the combinations of sisal/hemp/different weight
percentages of silica nanoparticles incorporated in an epoxy
composite made by conventional fabrication methods.

2. Experimental Details

2.1. Details of Material Selection. Araldite epoxy resin
(AW106) and hardener (HV935) are chosen as matrix mate-
rials. Natural sisal and hemp fibers (10-12mm fiber length)
are selected as filler materials and have good mechanical
strength, better thermal properties, more durability, UV light
resistance, and good dying capabilities [24]. A silica nanopar-
ticle of 50nm is chosen as a secondary filler material, enhanc-
ing the composite’s mechanical and wear properties.

2.2. Processing of Natural Fibers. Initially, the natural sisal
and hemp fibers were cleaned with distilled water in test room
conditions and dried at ambient temperature (27°C) for 48hrs.
After the processing, each fiber was kept in a separate bowl
containing 5% NaOH, soaked for 24hrs to remove the waste
dust particles, and cured as clean fiber. The NaOH chemical
treatment helps to increase the adhesive and interlocking
properties between the matrix and reinforcements [25]. The
NaOH-treated fibers were dried in test room condition for
24hrs. After the NaOH treatment, the fibers were immersed
in distilled water for 30mins and then dried via oven heat for
10 hours duration at 65°C temperature. Finally, the fibers were
sheared to 10-12mm length via a fine cutter and used as filler
phase. The constitution of epoxy hybrid composite fabrication
weight percentage is tabulated in Table 1.

2.3. Fabrication of Composites. Figure 1 presents the actual
flow process fabrication layout for epoxy hybrid nanocomposite
containing constant weight percentages (10wt%) of sisal/hemp
fiber and hybridization with different weight percentages of sil-
ica nanoparticles, as the details were mentioned in Table 1.

The 10 : 1 ratio of epoxy resin and hardener was blended
using a mechanical stirrer. The chemically treated chopped
sisal and hemp fibers were weighed by a digital weighing
machine and mixed into an epoxy resin blend pool. An
applied speed of 500 rpm for 30mins uniformly stirred the
epoxy resin pool and natural fibers. Meanwhile, the silica
nanoparticles were preheated by a muffle furnace to remove

Table 1: Compositions of epoxy hybrid nanocomposites.

Matrix/reinforcements/sample 1 2 3 4

Epoxy

Weight percentages in Wt%

80 77 74 71

Sisal fiber 10

Hemp fiber 10

Silica nanoparticles 0 3 6 9
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the moisture content. After the blending process, the exter-
nally preheated silica nanoparticles were forced to epoxy
and blend with continuous stir action, and 70°C raised their
temperature via an electrical heater, increasing the compos-
ite’s adhesive properties. The epoxy resin pool containing
natural fibers and silica nanoparticles was blended at
500 rpm stir speed for 20mins at a temperature range of
55°C to 70°C. Finally, blended compositions were transferred
to a steel mold with an applied load of 0.5 tons.

2.4. Test Details. The rule of mixture measures the density of
the composite, and its voids are estimated by the Archime-
des principle at test room conditions. The Instron 3367
model, a tensile/compression testing machine, was utilized
to evaluate composites’ tensile and flexural strength at a
5mm/min cross-slide speed. The tensile and flexural
strengths of the composite were followed by the standard
of ASTM D638 and ASTM D790 standards [15, 23]. The
IT30-impact machine performed the impact toughness as

per ASTM D6110. The wear performance of the developed
composite is evaluated with hardened gray cast-iron mate-
rial under 10N, 20N, 30N, and 40N average loads at
0.75m/sec sliding velocity, followed by the ASTM G99 stan-
dard [3, 11, and 26].

3. Results and Discussions

3.1. Density and Porosity Percentages of Epoxy Hybrid
Nanocomposites. The density and porosity percentages of
epoxy hybrid nanocomposite synthesized using sisal/hemp
fiber bonded with different weight percentages of silica
nanoparticles results are addressed in Figure 2. The principle
of Archimedes measured the actual experimental density of
an epoxy hybrid nanocomposite. The actual experimental
density of epoxy hybrid nanocomposite without silica nano-
particles was 1:27 ± 0:28 g/cc, and the impact of silica nano-
particles on the epoxy hybrid nanocomposite density was
progressively increased by 1:29 ± 0:21 g/cc, 1:30 ± 0:11,
and 1:31 ± 0:12 g/cc of 3wt%, 6wt%, and 9wt% of silica
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Figure 1: Actual flow process fabrication layout for epoxy hybrid nanocomposite.
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Figure 2: Density and porosity of developed epoxy hybrid
nanocomposites.
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Figure 3: Tensile strength of developed epoxy hybrid nanocomposites.
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nanoparticles, respectively. The improvement in epoxy
composite density was mainly featured by the choice of
silica nanoparticle content and low-density epoxy resin.
However, the porosity percentages of epoxy hybrid com-
posites decreased with increased silica nanoparticles due
to its effective dispersion of silica nanoparticles in the
epoxy resin.

The uniform presence of silica nanoparticles was the
main reason for the composite’s increased density and
reduced porosity. It helps to improve the mechanical and tri-
bological properties [26].

3.2. Effect of Silica Nanoparticles on Tensile Strength of Epoxy
Hybrid Nanocomposites. ASTM D638 standards evaluated
the tensile strength of developed epoxy composites through
the Instron 3367 tensile testing machine with an applied
crosshead speed of 5mm/min. Figure 3 illustrates the tensile
strength of an epoxy composite reinforced with 10wt% of
sisal and 10wt% of hemp fiber via conventional technique.
The epoxy/sisal/hemp combinations were enriched with sil-
ica nanoparticles via a uniform stir speed of 500 rpm. The
tensile strength of an unreinforced epoxy/sisal/hemp fiber
composite was 35:21 ± 1:34MPa, and 3wt% of silica nano-
particles incorporated into an epoxy hybrid nanocomposite
was observed at 41:49 ± 2:11MPa. There was evidence of sil-
ica nanoparticles present.

The constitutions of 6wt% of silica nanoparticles in the
hybrid nanocomposites identified the maximum tensile
strength as 52:16 ± 1:91MPa. The increase in the tensile of
the composite was due to the good interfacial bonding
between epoxy and sisal/hemp fiber was increased by the
presence of silica nanoparticles. The minor porous was occu-
pied and silica nanoparticles increased its composite bond-
ing strength. The tensile strength of the composite varied
due to the processing, selection of matrix, and reinforcement
[15, 20]. Further additions of silica nanoparticles into epoxy
composite found decreases in tensile strength of 47:18 ± 1:87
MPa. However, the 6wt% of silica nanoparticles-reinforced
epoxy composite was found to have higher tensile strength
and increased by 48.13% compared to sample 1 (unrein-
forced epoxy/sisal/hemp composite).

3.3. Tensile Fracture Surface Analysis. Figure 4 represents the
tensile fracture micrograph of a natural fiber-reinforced
epoxy composite with and without silica (SiO2) nanoparti-
cles. Figure 4(a) shows the tensile fracture surface micro-
graph of an epoxy/natural fiber composite without silica
content. It showed elongated failure during the tensile test,
and the layers are deflecting with their natural fiber. The ten-
sile failure of sample 2 is illustrated in Figure 4(b). The
micrograph indicates the pullout failure during the high ten-
sile force. However, the silica nanoparticles were effectively

Flexural strength MPa

56.9853.8448.29
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4

Figure 5: Flexural strength of developed epoxy hybrid
nanocomposites.
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Figure 6: Impact strength of developed epoxy hybrid nanocomposites.

(a) (b)

(c) (d)

25 𝜇m 25 𝜇m

25 𝜇m25 𝜇m

Pull out
failure

SiO2

Void

Figure 4: Tensile fracture surface morphology. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 4.
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bonded with the epoxy layer, and the fracture surface of
sample 3 is shown in Figure 4(c). A few voids were found
during the evaluation of the tensile fracture surface and were
due to the air gap. Figure 4(d) indicates the tensile fracture
surface morphology of sample 4 composite contained
9wt% of silica particles. It clearly shows adequate bonding
with uniformly distributed SiO2 particles in epoxy and also
formed the microcrack during high tension.

3.4. Effect of Silica Nanoparticles on Flexural Strength of
Epoxy Hybrid Nanocomposites. The flexural strength of
epoxy hybrid composites reinforced with different weight
percentages of silica nanoparticles was evaluated by ASTM
D790 standards, and its values are summarized in Figure 5.
The flexural strength of epoxy composite without silica
nanoparticles showed 37:61 ± 1:09MPa, and it was
improved by 28.3% with the addition of 3wt% of silica
nanoparticles. The flexural strength of sample 3 hybrid
nanocomposite was 53:84 ± 2:13MPa, which increased by
43.15% compared to sample 1 epoxy composite. The higher
flexural strength of 56:98 ± 1:12MPa was noted by 6wt% of
silica nanoparticle-reinforced epoxy composite. It was
increased by 51.5% compared to sample 1 epoxy composite
without silica nanoparticles. However, the epoxy compos-
ite’s improved fiber orientations and silica nanoparticle con-
tent must attain maximum flexural strength. One of the
researchers reported a similar tendency while evaluating a
silica-reinforced sisal/glass fiber hybrid composite [20].

3.5. Effect of Silica Nanoparticles on the Impact Strength of
Epoxy Hybrid Nanocomposites. The Charpy impact energy
on developed epoxy composites with and without silica
nanoparticles was experimentally measured in ASTM
D6110 standards, and its measured values are illustrated in
Figure 6. The inclusion of silica nanoparticles in the epoxy
composites impact strength was progressively improved
with constant weight percentages of sisal and hemp fiber.
It was noted from Figure 6 bar chart that the epoxy compos-
ite contained 10wt% of each sisal and hemp fiber and

offered an impact strength of 1:1 ± 0:5 J, and the epoxy/
sisal/hemp fiber composite was hybridized with different
weight percentages of silica nanoparticles. The impact
strength of the composite was increased from 1:6 ± 0:45 J
to 2:1 ± 0:75 J with the incorporation of 3 wt% and 6wt%
of silica nanoparticles, respectively. The increase in impact
strength of the composite was due to the presence of sisal
and hemp fibers which were able to resist the high impact
load because both sisal and hemp fibers have good mechan-
ical properties. Moreover, the adequate void-free interfacial
bonding quality has increased by incorporating silica nano-
particles. With more than 6wt% of silica nanoparticles, the
impact strength of the composite was reduced by 23.5%
compared to sample 3. The decreased impact strength was
due to the higher content of silica which led to its brittle
nature [20]. The variation in impact strength was due to
fiber orientations and the processing method [23, 24].

3.6. Effect of Silica Nanoparticles on the Wear Rate of Epoxy
Hybrid Nanocomposites. The wear rate characteristics of a
developed hybrid nanocomposite containing different weight
percentages of silica nanoparticles were investigated by ASTM
G99 standards through a pin-on-disc wear tester consisting of
a hardened steel counter-disc with an applied load of 10-40N
of a 10N interval under 0.75m/sec sliding velocity. Figure 7
shows the wear rate of developed epoxy hybrid nanocompos-
ited with and without silica nanoparticles.

It was observed in Figure 6 that the volumetric wear rate
of epoxy hybrid nanocomposites increased with improved
average load from 10N to 40N, respectively. The volumetric
wear rate of sample 1 epoxy composite without silica nano-
particles was increased progressively from 0.041 cc to
0.048 cc. While the incorporations of silica nanoparticles in
the epoxy composite volumetric wear rate also increased
gradually but were lower than the sample 1 composite, sim-
ilarly, samples 2 and 3 observed a reduction in wear rate
with the addition of silica nanoparticles by 3wt% and
6wt%, respectively. Due to the presence of nanosilica parti-
cles that resisted the indentation against the high sliding
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Figure 7: Volumetric wear rate of developed epoxy hybrid nanocomposites.
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speed, natural fibers performed better in elongation. The
natural fibers had good tensile and Young’s modulus charac-
teristics that resist or withstand the maximum frictional
force [18, 25]. The content of silica nanoparticles of more
than 6wt% showed an increased volumetric wear rate. It
was due to increased silica content that led to the breaking
and deboning of the fiber layer. However, the content of
nanosilica particles enhanced the composite’s wear proper-
ties, and sample 3 was identified as having a low volumetric
wear rate compared to all. It was reduced by 9% with the
applied 40N load and 0.75m/sec sliding velocity.

4. Conclusions

The epoxy composite containing sisal and hemp fiber was
successfully hybridized using different weight percentages
of silica nanoparticles, and its physical, mechanical, and
wear properties were enhanced. The test results and main
conclusions are made below.

(i) The epoxy/sisal/hemp composite was enriched with
the addition of nanosilica particles at 0, 3, 6, and
9wt% via conventional processing to minimize
the cost

(ii) The composite density gradually increased, and
sample 4 found a higher density of 1:31 ± 0:12 g/
cc with a reduced porosity of 1.32%

(iii) The epoxy composite containing 6wt% of nanosi-
lica particles identified higher tensile and impact
strength. It was enriched by 48.13% and had 1.9
times tensile and impact strength compared to
sample 1 unreinforced silica nanoparticles epoxy
composites

(iv) The composite contained 6wt% of silica nanoparti-
cles owing to good flexural strength and increased
by 51.5% compared to sample 1 epoxy composite
without silica nanoparticles

(v) The influences of silica nanoparticles in the epoxy
composite have reduced the volumetric wear rate,
and sample 3 was observed as good wear behavior
on high load and sliding speed compared to others

(vi) In the future, silica will be derived from natural
wastes like rice husk ash, bamboo leaves, and others
and utilized as a secondary phase filler material for
polymer matrix composites

(vii) The natural fiber is extracted from various natural
waste leaves and chemically treated to increase the
properties of fiber instead of synthetic fiber
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