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Current research finds the suitability of natural fiber-reinforced polymer composites for industrial, automotive, marine, aerospace,
and military vehicle applications, among others; they process being lightweight, high strength, ecofriendly, recyclable, and
biodegradable. Bamboo fiber (Bambusoideae) mat, groundnut shell (Cocos nucifera) powder, copper particle, and multiwalled
carbon nanotubes (MWCNT) fillers with epoxy resin are the primary materials. The key responsibility of MWCNT as a
nanofiller is to improve the performance of materials by more than 80% and to attract the desirable properties such as high
specific energy absorption of CNTs. An extensive investigation was carried out to determine the weight ratio between the total
density and the water absorption rate of the composite. The maximal tensile and flexural strengths derived from EBGCM2 (E:
epoxy; B: bamboo; G: groundnut shell; C: copper particle; M: MWCNT) were 50.66MPa and 59.03MPa, respectively. Addition
of MWCNTs to specimens EBGCM2 and EBGCM3 and bonding the filler matrix by homogeneous mixing, but few
nanoparticles are seen agglomerated. Flexural abilities of groundnut fiber/filler loading to strengthen the hybrid
nanocomposites and the impact strength both quite improved than EB1 specimen. The neat epoxy and bamboo fiber
composite (EB1) achieved 87.5 Shore-D hardness. SEM revealed (EBGCM3) improved interfacial adhesion between fiber and
epoxy resin, but few nanoparticles are agglomerated, small molecules linked between the fibrous matrix, and the binding
elements trapped in neighboring atoms, forming structural chains by the polymerization process.

1. Introduction

Natural fibers have a crucial role in polymer composite
materials. Natural fiber-based composite materials that are
ecofriendly [1], biodegradable [2], and green composite
were chosen by the researchers [3]. For material character-
ization purposes, researchers utilized synthetic compounds
to modify the properties of the materials [4]. Furthermore,
the density fluctuation practically differs from natural fiber
to chemical substance; thus, the bulk of the agents compris-
ing the composite material are thermoplastic and thermo-

setting to make the material suitable for the application
[5–7]. Researchers are developing biodegradable, eco-
friendly, and synthetic polymers towards ecological sustain-
ability. For this purpose, natural fibers and natural fillers
are widely used [8–10].

Supian et al. [11] fabricated date palm fiber, and bamboo
fiber composites were tested for their tensile, flexural, and
impact strength. The maximum tensile modulus and elonga-
tion were attained on the date palm fiber-based composite.
They observed that the swelling thickness and water absorp-
tion test of date palm fiber, bamboo composite obtained the
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highest values of 27.68%. The composite tensile strength
increased as it interacted more with the chemical agent
and had a larger cellulose content. The fiber and filler can
bond very strongly and favorably to flexural characteristics
depending on the amount of lignin and hemicellulose pres-
ent. Perremans et al. [12] discussed how accessibility of the
discontinued UD bamboo fiber resulted in a positive result
with a unidirectional technical fiber length of 50mm. Shah
and Sultan [13] have prepared mineral-based natural fibers
for thermal stability cases. They have created neat epoxy/E-
glass fiber-bamboo fiber composite (EP/G-BFC, EP-BFC)
hybrid and EP-BFC nonhybrid composites. The superior
property of the material, principally EP/G-BFC exposed to
a high temperature of the organic component in glass fiber
and sustain maximal thermal stability, is a hybrid composite.
Because EP-BFC is a nonorganic chemical, the decline in
performance is attributable to poor fiber-matrix adhesion
caused by thermal deterioration.

Salim [14] fabricated three various hybrid composites:
bamboo/pineapple leaves, bamboo/pineapple leaves/coconut
fiber, and neat polyester bamboo composite. The mechanical
qualities of coconut fiber improved as a result of the devel-
oped materials, with 38% higher mechanical performance
than the other two variations. The hybrid composites’ sur-
face morphology was compared to their appearance. The
strong link between the composed material and the bamboo
fiber selection in the polymer matrix gave optimum mechan-
ical strength while also assuring that the material was biode-
gradable and ecofriendly. Alothman and Jawaid [15]
extracted fiber/filler material from the date palm trunk tree,
and the date palm fiber polymer composite was fabricated.
They have concentrated on thermal expansion and visco-
elastic qualities. The thermogravimetric analysis (TGA)
method revealed little weight loss and maximum heat stabil-
ity of palm trunk tree fiber for maximum reside sources by
22%. During the experiment, the DPF (date palm fibers)
weight loss was lower than neat epoxy, and DPF/epoxy
weight loss was lower than neat epoxy because it was dis-
solved in the initial process, causing additional constituents
hemicellulose, cellulose, and lignin to be produced.

Sisal and unidirectional bamboo fiber-reinforced polyes-
ter composite was manufactured. Tensile and flexural
strength were higher at 0° fiber orientation than at 90° orien-
tation [16]. Sathish et al. [17] investigated the thermomecha-
nical properties of the E-glass fiber epoxy composite. The
equal proportionate fiber capacity of 20 : 20 provided
remarkable mechanical and thermal qualities due to the
close packing of the fibers and epoxy. However, the extraor-
dinary performance of the flax fiber 40 : 0 combination may
be linked to the exceptional quality of the separated material,
which can withstand high temperatures and elongation
(washing and ironing materials are textile applications). This
study found that the combination 40 : 0 outperformed the
other combinations (0 : 40, 10 : 30, 20 : 20, 30 : 10, and 40 : 0)
in terms of tensile and flexural strength. Coffee bean natural
filler-reinforced composite prepared by compression mold-
ing method. By the incorporation of coffee bean, microfiller
(25%) improved overall mechanical performance, specifi-
cally fracture toughness due to the homogeneous distribu-

tion of coffee bean particulates in the matrix of epoxy
polymer [18, 19]. Nor et al. [20] examined that implanted
MWCNT in a bamboo/glass fiber hybrid composite showed
good tensile and flexural characteristics in this study.
MWCNT played (0.1, 0.3, 0.5, and 1.0%) a significant role
and discovered that 0.5% MWCNTs recognized maximal
mechanical behavior, which is 7.7% higher by weight than
other CNTs. MWCNT 1% saturation level deviated greatly
from the mechanical property (8.45% lower).

Prabhudass et al. [21] investigated the inclusion of
MWCNT nanoparticle increased the composite’s strength
by more than 4% and improved interfacial adhesion between
the particles. The maximum surface area per unit volume of
MWCNT resulted in good particle interaction, which signif-
icantly improved the fiber-matrix composite. Alaneme et al.
[22] discussed that the imported natural hybrid concept is to
strengthen the material’s properties. Pineapple leaf, ground-
nut shell, and coconut shell ash are used as filler materials in
the matrix with the nonferrous material, resulting in a signif-
icant change in the physical and mechanical properties of
the hybrid composites. The charging of rice husk, groundnut
shell, and pineapple leaf ash has a higher percentage of elon-
gation and flexural characteristics. Dhinakarraj et al. [23]
fabricated banana fiber-reinforced epoxy composite that is
added with rice bran particles as fillers towards developing
biopolymer, and the machining conditions of this fabricated
composite was discussed. Jawaid et al. [24] fabricated oil
palm empty fruit bunches/jute fiber matrix polymer com-
posite with a different sequence of fiber orientations were
evaluated and compared the mechanical properties, specifi-
cally flexural and impact strength increased. Saba et al.
[25] utilized hand lay-up method to make nanocomposites
containing 0.5, 0.75, and 1% carbon nanofillers (CNFs) filler
in epoxy resin. Chemical composition methods were linked
to the mechanical properties of the produced CNFs.

Arjmandi et al. [26] developed the rice husk’s constant
fiber material and altered the synthetic agent to determine
the innovative qualities of the materials. The material com-
positions and the addition of chemical agents determine
the appropriate application. 6% and 10% NaOH-treated
bamboo fiber composite with 48 hrs soaking duration
achieved the highest tensile strength and flexural strength.
It was found that more than 40% fraction volume exhibited
the highest ranges of mechanical properties [27–29]. Mosisa
and Batu [30] used sodium hydroxide concentrations of 5%
and 8% to treat bamboo and sisal fibers, respectively, to
remove lignin, cellulose, and other dirt particles and
improve interfacial bonding between the fiber-matrix and
composite performance. While the composite with a 15/
20% volume fraction of sisal to bamboo fibers, fabricated
with fiber ply orientation, and cured at 55°C, has higher
hardness strength.

Material hybridization is categorized by the uniqueness
of the constituents as found from the literature review.
Mechanical, thermal, dielectric, morphological structure,
viscoelastic, and hydrophilic/hydrophobic characters vary
with varying quantities of material loading. This research
article eventually focused the research gap on the fiber load-
ing, filler ratios, and combination of the materials and extra
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nonferrous material partially filled with the composites to
improve the mechanical and thermal characteristics, estab-
lished with the methodology of the work. The novelty of this
work is the incorporation of fine and ultrafine particles of
different size fractions in a bamboo fiber matrix using a vac-
uum deposition technique. Selected compositions of com-
posite materials meet thermomechanical, biodegradable,
and environmental performance requirements.

2. Materials and Methods

Epoxy (LY556) and hardener (HY951), bamboo fiber mate-
rial, copper particle, and MWCNT (Dia. ranges from 10 to
20 nm) fillers are purchased from Metro Composite,
Chennai, India. Groundnut shell is collected from modern
mill Kanchipuram, India, and segregated to have a particle
size of 300 to 600μm. The groundnut shell is dried in the
sunlight for 8 hours before being crushed. 99% pure
MWCNT is purchased from Ad-Nano Technologies. During
addition of MWCNTs, epoxy (LY556) and hardener
(HY951) react with Bisphenol A as epichlorohydrin and,

subsequently, homopolymerize by interacting with nucleo-
philic and electrophilic via the hardener (Figure 1).

Table 1 provides the physical properties and composi-
tion of the considered materials for fabricating the hybrid
polymer matrix composite.

The samples are fabricated as per the ASTM standard for
different characterization techniques. Primary work removes
stain and fine particles from the plate before applying wax.
Once wax is spread over on the plate, it allows a few seconds
for short curing, and small amount of epoxy and hardener is
applied as coating and further bamboo fiber mat piling is
placed over the viz., plate. Nabinejad, et al. [31] fillers are
mixed with epoxy and hardener, groundnut shell/Cu micro-
particle and continuously stirred manual to obtain homoge-
nous mixing, following which additional MWCNT fillers are
added over the epoxy resin, and to avoid agglomeration,
sonication process is adopted by ultra sonicator machine
PCI analytics 1.5 L capacity (Figure 2). After sonication
and liquefied agents are applied over the bamboo fiber mat
,allowed to cure for a few seconds, the second layer is piled
over the applied epoxy resin and again pouring the epoxy
resin; the final layer is piled over the mat, and the final

Epoxy and hardener

MWCNT + Copper particle
mixed uniformly before pouring

to epoxy

1. MWCNT and copper particles are 
mixing alone and then pouring to epoxy.

2. Both particles mixing with epoxy.

Figure 1: Micro- and nanoparticle mixing with epoxy resin.

Table 1: Material properties of reinforcements.

Materials Density (g/cm3) Specific gravity (g/cm3) Elongation (%) Cellulose (%) Hemicellulose (%) Lignin (%)

Bamboo fiber 0.8 0.85 11 46-57 20-25 20-30

Groundnut Shell 1.15 0.6 15-40 45 11 36

MWCNT 2.3 2.6 10.8 — — —

Ultrasound energy to agitate CNTs To disperse nanoparticles into the matrixUltrasonic sonicator:
Ultrasonic bath or horn/
probe

Stirrer
Reaction mixture

Bath sonicator
70°C

Figure 2: Sonication process.

3Journal of Nanomaterials



curing process is completed using the remaining synthetic
agents (Figure 3) [32, 33]. Furthermore, particle/polymer
and particle/particle interactions of micro- and nanoparti-
cles were extensively investigated [34]. Finally, before
bagging the specimen, rolling, trapping, and releasing the
capillary were done to remove the voids and bubbles
(Figure 4).

Three different concentrations are evaluated in this dis-
cussion forum. This section compared pure epoxy-bamboo
fiber, 0.5% MWCNT, and 1% MWCNT-bamboo fiber com-
posites. Ultimate focuses on incorporating three concentra-
tions to improve mechanical properties and adding micro-
and nanofillers to improve the thermal activity of the material.
Table 2 presents the various composition of epoxy, bamboo
fiber, coconut shell, copper particle, and MWCNTs.

3. Result and Discussions

After fabricating 3 specimens, they are tested to identify
their physical properties. The water absorption properties
are determined as per ASTM D570 standard. The water
absorption can increase bamboo fiber/groundnut shell filler
density and instantly altered the chemical compositions of
the hybrid polymer composite. Typically, cellulose contents
are rich in natural fiber and hydrophilic in nature, but the
water absorption rate is slightly higher, because lignin con-
tent is higher in coconut fiber than in bamboo fiber. The
hydroxyl group (-OH group) attracts water molecules and
generates hydrogen bonding with them, enabling cellulose
molecules which will draw the water molecules towards
them. The rate of water absorption increases which depends

Atmospheric pressure to hold adhesive or epoxy coated components of lamination until cures

To vacuum
pump Gauge

Breather
material

Sealing tape

MouldComposite laminatePerforated filmPeel ply

Vacuum
bagging film

Figure 4: Vacuum lay-up process.

Primary mat plying after breather material. Epoxy curing and secondary mat plying.

Third mat plying and final agent curing.Final curing and form protected layer

Bamboo fiber mat-III

Bamboo fiber mat-I

Bamboo fiber mat-II
Epoxy with filler coating-II

Epoxy with filler coating-I

Figure 3: Fiber and filler-matrix assembly.
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upon the absorption of the fiber/filler and the soaking rate
(Figure 5).

The bulk density of the fabricated specimens is deter-
mined based on Equation (1), and the % of water absorption
is determined based on Equation (2).

Bulk density Dð Þ
= Weight of the sample
Length of the sample ×Width of the sample × Height of the sample ,

Dð Þ = Wt
L ×W ×H

= 1:309 g
cm3 ,

ð1Þ

Water absorption in% = Wi −Wf
Wf

× 100, ð2Þ

where Wi is the initial weight and Wf is the final weight
after water absorption. Figure 6 presents the comparison of
water absorption qualities of fabricated polymer composites
for different soaking time observation presents that, with
higher soaking time, higher quantity of water is absorbed,
due to the hydrophilic nature of the bamboo fiber-
reinforced in epoxy matrix.

The bulk density of the bamboo and groundnut shell
fiber-matrix composite increased with the increase in the
fiber content in the samples [35]. The difference between
the initial and final rates of absorption allows the immersion
specimen to measure the water uptake. Figures 5 and 6 show
that after one hour the fiber take up 36% of the water con-
tent then the water absorption quality progressively
increases based on the soaking duration. Based on the rate
of soaking, it revealed that the hydrogen bond occurs
between the hydroxyl groups of the cellulosic chain. The fab-
ricated specimens are also subjected to mechanical testing as

per ASTM standards, and the observed values are recorded
in Table 3.

Tensile testing experiments are conducted by the univer-
sal testing machine (UTM) Dak System 7000 as per the
ASTM E83. Tensile strength of the EBGCM2 polymer nano-
composite is 50.66MPa. Figure 7 presents the tensile
strength of all fabricated composite. When the tensile stress
acting over the material, it can withstand the maximum
yielding stress initially, but once it started to fracture, it will
propagate rapidly and the fractured area generates more
epoxy crystals [36]. Once the instant load is applied on the
materials, it should be ready for elongation, but the EB1
specimen contains the majority of epoxy resin; as the adjoin-
ing material gets fractured, then, it will lose the crystal pack-
ing and then propagate towards the entire crack zone
instantly. From Figure 7, it is observed that EBGCM3 played
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Figure 6: Water uptake in % vs. soaking time in hrs.

Table 2: Designation of the composite in %.

Composite designation Epoxy (%) Bamboo fiber (%) Groundnut shell (%) Cu particle (%) MWCNT (%)

EB1 90 10 — — —

EBGCM2 84 10 5 0.5 0.5

EBGCM3 78.5 10 10 0.5 1.0

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

W
at

er
 a

bs
or

pt
io

n 
(%

)

Soaking time (hrs)

Figure 5: Water absorption in % vs. soaking time in hrs.
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an important role as the MWCNT/Cu particle weight %
increases, and the values slightly decrease with further
increase of the fillers. When the MWCNTs are loaded more
than the optimal level significantly, the tensile strength
recorded is 41.58MPa which is lower, but the values are
slightly higher than EB1 specimen. The maximum loading
of fine filler particles faced poor agglomeration, stacking
between the particles, poor dispersion, and adhesion
between the fiber-matrix. Promisingly, uncertainty particle
dispersion and stacking fiber are more at the failure zone
due to poor agglomeration (EBGCM3). The tensile strength
is abruptly changed by the incorporation of MWCNT; the
addition of copper particles present in certain areas results
in the maximum yield point never being reached when
applying a load against tension.

Three-point bending test methods are utilized for the
performance to acquire the flexural properties of the com-
posite as per ASTM E83. Researchers compared bamboo
fiber epoxy composite prepared from treated and untreated
bamboo. Untreated bamboo fiber composite had reached
its maximum flexural strength [37, 38]. It is illustrated that
the bamboo fiber mat and optimal proportionate filler spec-
imen reach the expected flexural strength. Figure 8 indicated
that the EBGCM2 hybrid composite material demonstrated
an increment of flexural strength by 23% higher than the
EBGCM3. Therefore, bamboo EBGCM3 fiber mat takes uni-
form loading along with optimal Cu particle/MWCNT fillers
that contribute towards excellent flexural properties of the
hybrid nanocomposites. Neat epoxy with bamboo fiber
mat also achieves better flexural properties (53.45MPa).
Natural fiber-treated hybrid composite attributed maximum

interfacial adhesion between them, which contributed to
attractive flexural strength [39]. Furthermore, bamboo
fiber/groundnut shell filler additional MWCNT/Cu particle
inclusion influences the interfacial adhesion between the
particle and fiber added epoxy matrix.

Impact strength of the fabricated specimens is deter-
mined as per ASTM D256. Figure 9 reports the impact
strength of all the fabricated composite. The maximum
impact strength absorbed is 73.5 J for EBGCM3. The signifi-
cance of the filler particle stacking is more in EBGCM3.
Micro- and nanoparticles are homogeneously combined with
good adhesion between the matrixes that can enhance prom-
inent mechanical properties, preferably impact strength. But
sonication process is helpful to changing phases by good
interfacial interaction between theMWCNTs and the matrix,
at the same time, stacking of filler particles reduces the EB1
and EBGCM2 properties impact strength gradually slanted
down to 65MPa and 33.5MPa, respectively.

The hardness value was measured by using Shore
Durometer (Shore-D) as per ASTM D2240. For testing, five
locations are preferred for each specimen. Figure 10 shows
hardness variation, progressively increasing in reciprocal
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Figure 9: Impact strength of the composite with and without
MWCNT.

Table 3: Mechanical properties of composites.

Composite
designation

Tensile
strength
(MPa)

Flexural
strength
(MPa)

Impact
strength

(J)

Hardness
(Shore-D)

EB1 26.09 53.45 33.5 87.5

EBGCM2 50.66 59.03 65.7 81

EBGCM3 41.58 47.68 73.5 76
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Figure 7: Tensile strength of the composite with and without
MWCNT.
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Figure 8: Flexural strength of the composite with and without
MWCNT.
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order of the hardness value compared to other properties,
maximum hardness reached for EB (specimen 1) 87.5
Shore-D hardness. But other two specimens, EBGCM2 and
EBGCM3, hardness declined gradually from 81 to 76,
respectively. The main reason towards higher hardness is
the composite must possess more matrix content in the
specimen, and filler material also supports fully for with-
standing maximum hardness and fiber content trying to
yield the specimen. For this criterion, specimen 1 reached
higher Shore-D hardness than the other two specimens,
EBGCM2 and EBGCM3. But for the specimen consider-
ation, all the mechanical characters met EBGCM2, and it is
the observed 81 Shore-D hardness nearer to the EB1.

The surface and fractured morphology structure is inves-
tigated by SEM images tensile, for the flexural and impact
tested specimens. Low-magnification images of each of the
compositions have been used to identify the fiber ordering
and filler distribution in the epoxy composite. Figure 11
indicated that the fiber and filler debonding region and cav-
ities over the surface area are due to the agglomeration of the
matrix (EBGCM2). Fiber pull-outs are observed in tensile
fractography because of weak interfacial adhesion between

the fiber matrixes. When a load is applied to EB1, it demon-
strates that the fiber mat’s maximum yielding has been
stretched, which is known as fiber pull-out. However, some
fibers are fractured as a result of the inclusion of micropar-
ticles stacked at a specific zone (Figure 12). Mechanical
properties of EBGCM3 (Figure 13) have a significant influ-
ence on various factors, including fiber stretches, extension,
fracture, fiber-matrix adhesion, fiber piling, voids, and
porosity as measured by the SEM morphology [40]. The
filled MWCNT composite (EBGCM2) showed lower
agglomeration and uniform distribution throughout the
matrix due to the improved mechanical properties of the
hybrid composite.

4. Conclusion

In this research, characterization of epoxy, bamboo fiber,
rice husk, copper polymer composite with and without the
addition of MWCNTs is carried out. The outcomes of the
research are the following:

Figure 13: SEM image of the impact-fractured surface for
EBGCM3.
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Figure 10: Hardness Shore-D of the composite with and without
MWCNT.

Figure 11: SEM image of the tensile-fractured surface for
EBGCM2.

Figure 12: SEM image of the flexural-fractured surface for EB1.
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(i) Water absorption tests are carried out for up to 48
hours, depending on the degree of soaking of fiber;
water uptake % increases after one hour of immer-
sion (36%) for EBGCM2

(ii) The addition of MWCNT plays a vital role in
improving mechanical properties, particularly 0.5%
MWCNT, which contributed the overall improve-
ment in mechanical properties such as tensile and
flexural properties of 50.66MPa and 59.03MPa,
respectively. EBGCM3 containing 1% MWCNT
achieved a significantly higher impact strength of
73.5 J than the other two combinations. The
Shore-D hardness of neat epoxy with bamboo fiber
composite (without MWCNT) alone is 87.5. But
with MWCNT the hardness tends to lower, since
these proportions of the filler matrix are larger,
composite (hardness) failure occurs earlier over
EB1 and EBGCM2

(iii) The hybrid composite’s surface and fractured mor-
phology for EBGCM2 have fewer voids that appear
between the particles as a result of better bonding
between the fillers and matrix. 0.5% MWCNT dem-
onstrated attractive mechanical performance due to
the absence of agglomeration between the fiber/filler
and matrix

(iv) The addition of the copper particle is to improve
thermal performance as well as misaligned atoms
to integrate with the Cu microparticle to continue
the adhesion between tiny particles to get a stream-
ing line of continuous heat conduction through the
polymer matrix

Data Availability

The data used to support the findings of this study are
included within the article. Should further data or informa-
tion be required, these are available from the corresponding
author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] T. P. Sathishkumar, J. Naveen, and S. Satheeshkumar, “Hybrid
fiber reinforced polymer composites – a review,” Journal of
Reinforced Plastics and Composites, vol. 33, no. 5, pp. 454–
471, 2014.

[2] J. M. Khare, S. Dahiya, B. Gangil, and L. Ranakoti, “Compara-
tive analysis of erosive wear behaviour of epoxy, polyester and
vinyl esters based thermosetting polymer composites for
human prosthetic applications using Taguchi design,” Poly-
mers, vol. 13, no. 20, p. 3607, 2021.

[3] L. Natrayan, P. V. Kumar, S. Baskara Sethupathy et al., “Effect
of nano TiO2 filler addition on mechanical properties of bam-
boo/polyester hybrid composites and parameters optimized

using grey Taguchi method,” Adsorption Science & Technol-
ogy, vol. 2022, article 6768900, 11 pages, 2022.

[4] A. Karimah, M. R. Ridho, S. S. Munawar et al., “A review on
natural fibers for development of eco-friendly bio-composite:
characteristics, and utilizations,” Journal of Materials Research
and Technology, vol. 13, pp. 2442–2458, 2021.

[5] M. Ponnusamy, L. Natrayan, P. P. Patil, G. Velmurugan, and
Y. T. Keno, “Statistical analysis on interlaminar shear strength
of nanosilica addition with woven Dharbai/epoxy hybrid
nanocomposites under cryogenic environment by Taguchi
technique,” Adsorption Science & Technology, vol. 2022, article
6571515, 9 pages, 2022.

[6] S. R. Mousavi, M. H. Zamani, S. Estaji et al., “Mechanical prop-
erties of bamboo fiber-reinforced polymer composites: a
review of recent case studies,” Journal of Materials Science,
vol. 57, no. 5, pp. 3143–3167, 2022.

[7] D. Kumar and A. Mandal, “Review onmanufacturing and fun-
damental aspects of laminated bamboo products for structural
applications,” Construction and Building Materials, vol. 348,
article 128691, 2022.

[8] A. Ashothaman, J. Sudha, and N. Senthilkumar, “A compre-
hensive review on biodegradable polylactic acid polymer
matrix composite material reinforced with synthetic and natu-
ral fibers,” Materials Today:Proceedings, 2021, In Press.

[9] D. Pantaloni, A. L. Rudolph, D. U. Shah, C. Baley, and
A. Bourmaud, “Interfacial and mechanical characterisation of
biodegradable polymer-flax fibre composites,” Composites Sci-
ence and Technology, vol. 201, article 108529, 2021.

[10] D. K. Rajak, D. D. Pagar, P. L. Menezes, and E. Linul, “Fiber-
reinforced polymer composites: manufacturing, properties,
and applications,” Properties, and Applications, Polymers,
vol. 11, no. 10, p. 1667, 2019.

[11] M. J. Supian, M. Jawaid, B. Rashid et al., “Mechanical and
physical performance of date palm/bamboo fibre reinforced
epoxy hybrid composites,” Journal of Materials Research and
Technology, vol. 15, pp. 1330–1341, 2021.

[12] D. Perremans, E. Trujillo, J. Ivens, and A. W. van Vuure,
“Effect of discontinuities in bamboo fibre reinforced epoxy
composites,” Composites Science and Technology, vol. 155,
pp. 50–57, 2018.

[13] A. U. Shah and M. T. H. Sultan, “Thermal analysis of bamboo
fiber and its composites,” BioResources, vol. 12, no. 2,
pp. 2394–2406, 2017.

[14] S. Salim, T. Rihayat, and S. Riskina, “Enhanced mechanical
properties of natural fiber bamboo/pineapple leaf/coconut
husk reinforced composites for application in bio-board,”
GEOMATE Journal, vol. 19, no. 75, pp. 168–174, 2020.

[15] O. Y. Alothman, M. Jawaid, K. Senthilkumar et al., “Thermal
characterization of date palm/epoxy composites with fillers
from different parts of the tree,” Journal of Materials Research
and Technology, vol. 9, no. 6, pp. 15537–15546, 2020.

[16] D. Getu, R. B. Nallamothu, M. Masresha, S. K. Nallamothu,
and A. K. Nallamothu, “Production and characterization of
bamboo and sisal fiber reinforced hybrid composite for inte-
rior automotive body application,” Materials Today: Proceed-
ings, vol. 38, no. 5, pp. 2853–2860, 2021.

[17] S. Sathish, K. Kumaresan, and L. Parbhu, “Experimental inves-
tigation on volume fraction of mechanical and physical prop-
erties of flax and bamboo fibers reinforced hybrid epoxy
composites,” Polymers & Polymer Composites, vol. 25, no. 3,
pp. 229–236, 2017.

8 Journal of Nanomaterials



[18] A. Muniappan, R. Srinivasan, M. S. Sandeep, N. Senthilkumar,
and P. V. Senthiil, “Mode-1 fracture toughness analysis of cof-
fee bean powder reinforced polymer composite,”MaterialsTo-
day: Proceedings, vol. 21, no. 1, pp. 537–542, 2020.

[19] X. Chen, F. Chen, G.Wang, X. Ma, J. Wang, and J. Deng, “Eco-
friendly, disposable bamboo fiber dishware: static and
dynamic mechanical properties and creep behaviour,” Indus-
trial Crops and Products, vol. 187, article 115305, 2022.

[20] A. F. M. Nor, M. T. H. Sultan, M. Jawaid et al., “The effects of
multi-walled CNT in bamboo/glass fibre hybrid composites:
tensile and flexural properties,” BioResources, vol. 13, no. 2,
pp. 4404–4415, 2018.

[21] J. M. Prabhudass, K. Palanikumar, E. Natarajan, and
K. Markandan, “Enhanced thermal stability, mechanical prop-
erties and structural integrity of MWCNT filled bamboo/
Kenaf hybrid polymer nanocomposites,” Materials, vol. 15,
no. 2, p. 506, 2022.

[22] K. K. Alaneme, O. M. Bodunrin, and A. A. Awe, “Microstruc-
ture, mechanical and fracture properties of groundnut shell
ash and silicon carbide dispersion strengthened aluminium
matrix composites,” Engineering Sciences, vol. 30, no. 1,
pp. 96–103, 2018.

[23] C. K. Dhinakarraj, J. Sivasankar, and N. Senthilkumar, “Inves-
tigations of micro-milling parameters in woven banana fibre
reinforced polymer composite filled with rice bran particles,”
International Journal of Vehicle Structures & Systems, vol. 12,
no. 2, pp. 150–156, 2020.

[24] M. Jawaid, Abdul Khalil, and Abu Bakar, “Mechanical perfor-
mance of oil palm empty fruit bunches/jute fibres reinforced
epoxy hybrid composites,” Materials Science and Engineering:
A, vol. 527, no. 29-30, pp. 7944–7949, 2010.

[25] N. Saba, A. Safwan, M. L. Sanyang et al., “Thermal and
dynamic mechanical properties of cellulose nanofibers rein-
forced epoxy composites,” International Journal of Biological
Macromolecules, vol. 102, pp. 822–828, 2017.

[26] R. Arjmandi, A. Hassan, K. Majeed, and Z. Zakaria, “Rice husk
filled polymer composites,” International Journal of Polymer
Science, vol. 2015, Article ID 501471, 32 pages, 2015.

[27] S. C. Chin, K. F. Tee, F. S. Tong, H. R. Ong, and J. Gimbun,
“Thermal andmechanical properties of bamboo fiber reinforced
composites,” Materials Today Communications, vol. 23, article
100876, 2020.

[28] Z. Khan, B. F. Yousif, and M. Islam, “Fracture behaviour of
bamboo fiber reinforced epoxy composites,” Composites Part
B: Engineering, vol. 116, pp. 186–199, 2017.

[29] T. Bai, D. Wang, J. Yan et al., “Wetting mechanism and inter-
facial bonding performance of bamboo fiber reinforced epoxy
resin composites,” Composites Science and Technology,
vol. 213, article 108951, 2021.

[30] S. Mosisa and T. Batu, “Investigation of mechanical properties
of bamboo/sisal fiber reinforced hybrid composite materials,”
Material Science & Engineering International Journal, vol. 5,
no. 2, pp. 24–31, 2021.

[31] O. Nabinejad, D. Sujan, M. E. Rahman, W. Y. H. Liew, and I. J.
Davies, “Hybrid composite using natural filler and multi-
walled carbon nanotubes (MWCNTs),” Applied Composite
Materials, vol. 25, no. 6, pp. 1323–1337, 2018.

[32] K. Mohan, T. Rajmohan, and R. Prasath, “Effect of MWCNT
on mechanical properties of glass-jute fiber reinforced nano
composites,” Advances in Materials and Manufacturing Engi-
neering, vol. 7, 2021.

[33] T. Rajmohan, K. Mohan, R. Prasath, and S. Vijayabhaskar,
“Tribological characterization of hybrid natural fiber
MWCNT filled polymer composites,” in Bio-Fiber Reinforced
Composite Materials, Composites Science and Technology, K.
Palanikumar, R. Thiagarajan, and B. Latha, Eds., pp. 339–
359, Springer, Singapore, 2022.

[34] Z. Hana and A. Fina, “Thermal conductivity of carbon nano-
tubes and their polymer nanocomposites: a review,” Progress
in Polymer Science, vol. 36, no. 7, pp. 914–944, 2011.

[35] B. K. Venkatesha, R. Saravanan, and A. Babu, “Effect of mois-
ture absorption on woven bamboo/glass fiber reinforced epoxy
hybrid composites,” Materials Today: Proceeding, vol. 45,
pp. 216–221, 2021.

[36] N. Senthilkumar, K. Kalaichelvan, and K. Elangovan,
“Mechanical behaviour of aluminum particulate epoxy com-
posite – experimental study and numerical simulation,” Inter-
national Journal of Mechanical and Materials Engineering,
vol. 7, no. 3, pp. 214–221, 2012.

[37] L. Osorio, E. Trujillo, A. W. Van Vuure, and I. Verpoest,
“Morphological aspects and mechanical properties of single
bamboo fibers and flexural characterization of bamboo/ epoxy
composites,” Journal of Reinforced Plastics and Composites,
vol. 30, no. 5, pp. 396–408, 2011.

[38] P. Lokesh, T. S. Kumari, R. Gopi, and G. B. Loganathan, “A
study on mechanical properties of bamboo fiber reinforced
polymer composite,” Materials Today: Proceedings, vol. 22,
pp. 897–903, 2020.

[39] S. R. D. Petroudy, “Physical and mechanical properties of nat-
ural fibers,” Advanced High Strength Natural Fibre Composites
in Construction, vol. 3, pp. 59–83, 2017.

[40] M. N. Norizan, M. N. F. Norrrahim, F. A. Sabaruddin et al.,
“Mechanical performance evaluation of bamboo fibre rein-
forced polymer composites and its applications: a review,”
Functional Composites and Structures, vol. 4, no. 1, article
015009, 2022.

9Journal of Nanomaterials


	Physical and Mechanical Characterization of Bamboo Fiber/Groundnut Shell/Copper Particle/MWCNT-Filled Epoxy Hybrid Polymer Nanocomposites
	1. Introduction
	2. Materials and Methods
	3. Result and Discussions
	4. Conclusion
	Data Availability
	Conflicts of Interest

