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In the current investigation, the mechanical properties of epoxy composites reinforced with banana pseudostem fibres, specifically
focusing on tensile and impact behaviour, are investigated. The manufacturing process employed the meticulous hand-lay-up
technique to fabricate six distinct samples. These samples included various combinations of short and woven banana fibres,
treated and untreated, as well as a hybrid configuration involving layers of woven and short fibres. A fixed weight ratio of 60%
fibres to 40% epoxy matrix was maintained for consistency. To ensure optimal material integrity, a careful application of resin
and hardener in a 10:1 weight ratio was layered, with each addition of fibre followed by thorough rolling to eliminate any
potential bubbles. The density and void fraction of the resulting composites were meticulously assessed to gauge the influence
of this layering approach. Additionally, an X-ray diffraction (XRD) analysis was conducted to ascertain the impact of the
chemical treatment on the cellulose content of the fibres. Our findings revealed that the tensile and impact properties were
notably superior in the woven fibre composites. In particular, the chemically treated woven banana fibre epoxy composite
displayed impressive values of 64.95 MPa for tensile strength and 24.37 KJ/m” for impact strength. To gain deeper insights into
the structure-property relationship, test specimens were analyzed using scanning electron micrographs. Lastly, comparative
analysis by mapping the tensile properties from our present work with those from existing studies was carried out.
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1. Introduction

In recent decades, composite materials have been extensively
consumed for various applications due to their essential
properties such as high strength, high stiffness, lightweight,
good corrosion resistance, and high dimensional stability
compared with conventional materials such as aluminium
and steel. With the increased demand for newer and poten-
tial materials, research communities across the globe are
looking for materials that satisfy customer needs at the min-
imum cost [1]. In addition, green economies, energy reduc-
tion, and biodegradability are the current issues that should
be addressed to reduce environmental pollution. The litera-
ture infers that the yearly production of natural fibres from
food crops is around 4 billion tons globally [2]. Subagyo
and Chafidz revealed that 72.5 billion tons of banana fruit
are harvested worldwide [3]. Further, it was also estimated
that 4 tons of biomass waste are produced from every 1
ton of harvested banana fruits [4]. In Ethiopia, the banana
farms cover 53,956.13 hectares, while 478,251.04 tons of
banana fruits are collected annually [5]. The banana pseu-
dostem can cause severe environmental pollution if not care-
fully managed. However, the appropriate use of this biomass
can provide significant economic advantages too [3]. The
fibres extracted from the banana pseudostem have good
mechanical strength, are biodegradable, and are compatible
with polymer resin in composite processing [6, 7].

The banana fibre is mainly composed of cellulose, hemi-
cellulose, and lignin. Cellulose constitutes the primary con-
tent in natural fibre with a repeated linear chain of f3-D-
glucopyranose [8]. Hemicellulose is a branched chain com-
pound formed from 5-ring and 6-ring carbon polysaccha-
rides with a lower degree of polymerisation compared with
that of cellulose, while lignin is a phenolic compound that
provides rigidity to the natural fibre [9]. The crystalline cel-
lulose regions are interconnected by a thread-like structure
called the cellulose microfibrillar [10]. The microfibrillar
angle concerning the fibre axis determines the mechanical
strength of the natural fibre. The banana fibre has a strong
affinity for moisture due to its hydrophilic nature [11]. The
different properties of the bananas are presented in Table 1.

The chemical treatment of the natural fibre increases
compatibility with polymer matrices by removing the
unwanted waste from the fibre surface as a coupling agent,
creating free radicals, or forming a new functional group
and consequently reducing amorphous contents in the
structure [13-15]. Chemical treatments are performed using
chemicals that include acid, alkali, and silane that respond
more effectively when their concentration and treatment
interval are optimized [16, 17]. The alkalisation of banana
fibre is the most common and cost-effective method that
increases the crystallinity of fibre by removing amorphous
constituents such as lignin and hemicellulose [18, 19]. Fur-
thermore, during mercerising, the replacement of the -OH
group by the -ONa* changes the hydrophilic nature of the
fibre into hydrophobic; thus, compatibility with polymeric
resin gets enhanced, and sensitivity to moisture reduces
[20, 21]. Several investigations show that treating bananas
with a 5% NaOH concentration increases the mechanical
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strength of composites [22]. Furthermore, the mechanical
properties of the composites are also affected by the fibre
architecture. The fibre for the processing of the composite
may exist in long, short, or woven forms. The woven fabrics
are produced by interlocking warp and weft yarns in a
repeated weaving pattern. The weaving structure provides
stability to the fibre through mechanical interlocking [23].
The woven natural fibres are used in the production of
bio-based lamented composite. The woven fabrics are com-
fortable for handling and positioning during composite pro-
cessing. The short fibre is an interesting fibre form in the
polymer composite due to its high creep resistance, out-of-
plane rigidity, and ease for automated production systems
[24]. Alavudeen et al. investigated the effect of woven (plain
and twill) and random-oriented banana/kenaf fibre on the
mechanical behaviour of epoxy matrix composite [25]. The
investigation reveals that plain-woven fibre composite has
improved mechanical strength as compared to randomly
oriented fibre composite. Haghighatnia et al. studied the
effect of fibre length, fibre loading, and alkalisation on the
mechanical behaviour of a hemp fibre-reinforced polyure-
thane composite. The study reveals that enhanced mechani-
cal properties were obtained with a composite sample with
40vol.% fibre loading and 15mm fibre length [26]. The
effects of Parthenium hysterophorus and Impomea pes-
caprae fibres stacking sequences reinforced with epoxy were
investigated by Raghunathan et al. [27]. The findings of the
tests show that composites comprising upper layers of Impo-
mea pes-caprae fibres and a core layer of Parthenium hyster-
ophorus fibres had improved mechanical properties and
lower water absorption. Santulli et al. investigated the effect
of jute fabric and wool felt stacking sequences on the
mechanical behaviour of epoxy matrix composite. The
investigation revealed the incorporation of jute/wool fibre
alternate layers to improve the load-bearing capacity of
composite laminate compared with pure wool felt epoxy
composite [28]. The effects of stacking sequence on the
mechanical and water absorption properties of areca-
pineapple fibre-based epoxy composites were investigated
by Raghunathan et al. [29]. Due to the high amorphous con-
tent of the fibres, the three layers of areca fibre-based epoxy
composites demonstrated improved impact (0.8]) and water
absorption (2.4%) capabilities.

The motivation of this study is to create awareness of the
effective utilisation of the fibre extracted from the banana
pseudostem, one of the abundant agricultural biomasses
and less utilised in Ethiopia. In addition, most of the inves-
tigations have been done on the banana fibre polymer com-
posite in either short or woven fibre independently but not
combining both components. In this investigation, the effect
of the fibre structure (woven and chopped) and their com-
bined effect on the mechanical, physical, and morphological
behaviours were carried out. Additionally, composites were
prepared in sandwich form with a short banana fibre-
reinforced epoxy core sandwiched between woven banana
fibres to evaluate their properties. The scanning electron
micrographs are used to understand the structure-property
correlations, while the tensile properties of the present work
are mapped to the existing literature for comparison.
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TaBLE 1: The physical, mechanical, and chemical properties of bananas [3, 12].

. . . 3 Microfibrillar angle Initial modulus Tensile strength ~ Cell L/D  Elongation
Width or diameter (um) Density (kg/m”) (degree) (GPa) (MPa) ratio (%)
10-450 1350 101 7.2-20.0 54-754 150 10.35
Constituents Cellulose Hemicellulose Lignin Pectin Ash Extractive
Contribution from 100% 60-65 6-19 5-10 3-5 1-3 3-6

2. Materials and Methods

2.1. Materials. The fresh banana fibre for this investigation is
directly extracted from the pseudostem found abundantly
around Arba Minch City, Ethiopia, as shown in
Figure 1(a). The extraction was done manually by putting
an individual layer of pseudostem on the inclined flat wood,
and the pulp was removed using a bamboo stick
(Figure 1(b)). The extracted fibre was dried in the sunlight
for two days, as shown in Figure 1(c). LAPOX L-12 epoxy
resin, K-6 hardener, and silicon-releasing agent were obtained
from World Fibreglass and Water Proofing Engineering,
Addis Ababa, Ethiopia. In addition, the distilled water and
sodium hydroxide flack were obtained from the Atomic Edu-
cational Materials Supplier, Addis Ababa, Ethiopia.

2.2. Fabric Preparation. The dried fibre is soaked in distilled
water, having a 5% NaOH solution for an hour (Figure 1(d)),
then washed with water several times to remove excess solu-
tion until a pH of 7 is reached (Figure 1(e)) [30, 31]. The
banana fibre is manually woven into the plain fabric using
a handloom with a 0/90° fibre adjustment. The woven pat-
tern consists of weft and warp yarns. The warp yarns are
placed at 0° while weft-filling yarns are set at 90° with respect
to the warp yarn. To make fabric, the following procedure
was followed.

2.2.1. Carding/Combing. The treated and untreated banana
fibres were combed by using a commercially available
human hair comb. This was done to remove short fibre
and get straight and parallel fibre (Figure 1).

2.2.2. Yarn Making. The textile yarn is a strand of fibre hav-
ing a considerable length and a relatively small cross-section,
with or without twisting. It is one of the critical factors that
determine fabric properties. The influence of the extent of
twist angle on the tensile strength of flax fibre composite
was studied by Goutianos et al. [32]. The study reveals that
the porousness of the strand declined by increasing the
extent of twist, and the strength was reduced in response
to fibre obliquity, hence upsetting the orientation compe-
tence. A high twist angle humbles the wettability of fibre
and poor fibre-matrix interface. To sustain adequate wetta-
bility and to reduce fibre obliquity in this study, a minimum
twist angle was used.

2.2.3. Weaving. The woven fabric was prepared by using a
customised handloom having evenly spaced pin to tighten
warp yarns, and a bifunctional heald and a read comb were
used to open the shed and drive weft yarns to position, as
depicted in Figure 1(f).

2.3. Composite Preparation. The composite for this investi-
gation was prepared using the hand lay-up method with a
fixed fibre-to-matrix weight ratio of 60:40 [33, 34]. The
mould size of 170 x 400 mm was made from mild steel,
and the surface was covered by polyethylene plaster to avoid
direct contact. Both chemically treated and untreated fibre
were chopped into 15mm length [26]. Before chopping the
fibre, it was combed to make it parallel and to avoid unnec-
essary disordered fibres. The silicon-releasing agent was
applied uniformly to the mould to facilitate easy disman-
tling. The resin is mixed with a hardener with a 10:1 weight
ratio. Stepwise, the resin and fibre layers were added until a
prespecified amount of materials were held in the mould,
and after placing a new fibre layer each time, it was rolled
to remove entrapped air bubbles. Finally, the mould was
covered by a plaster-sealed wooden board, and static pres-
sure was applied during curing to avoid void formation. A
total of six samples—untreated/treated short banana fibre
composite (UTSB/TSB), untreated/treated woven banana
fibre composite (UTWB/TWB)), and untreated/treated
woven-short-woven banana fibre composite (UTWSWB/
TWSWB)—were prepared. The flowchart depicting the
preparation of composites is presented in Figure 2. The
black arrow indicates the chemically treated short banana/
woven fibre composite fabrication process. In contrast, the
red arrow indicates the fabrication process for the treated
short banana/woven fibre composite. For the fabrication of
UTWSWB/TWSWB composite, the only difference is that
10wt.% woven fibre is added to the bottom layer of the
mould initially, then 20 wt.% of chopped fibre in the mid
layer, and the rest 10 wt.% of woven fibre on the top layer,
as shown in Figure 3.

2.4. Void Content Determination. The void in the composite
was determined as per ASTM D2734-09, having specimen
dimensions 25.4 x 25.4mm [35]. It is expressed as a ratio
of theoretical and actual density. The actual density of the
composite was determined by using Archimedes’s principle.
It states that the object is partially or fully immersed in the
fluid buoyed up by force equal to the weight of the displaced
fluid. The volume of each sample was obtained from the dis-
placed water level after immersion of the composite into the
water and before immersion. Void in composite structure
hinder mechanical properties and reduces product life span.
The actual density and the void ratio were determined using
the following equations:

Pa=————> (1)
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FIGURE 1: (a) Banana plant. (b) Fibre extraction. (c) Drying under sunlight. (d) Fibre treatment. (¢) Cleaning of fibres. (f) Weaving of fabric.
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FIGURE 2: Flowchart representation of different composite preparations.

(b)

FI1GURE 3: (a) Mould was clamped and left for curing. (b) Different types of composites prepared using the hand lay-up technique.
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(b)

FIGURE 4: Tensile test specimens (a) before and (b) after the test.

(a)

FIGURE 5: Impact specimens (a) before and (b) after the test.

Pt~ Pa
vT‘:—’ 2
Pt @)

where p,_ is the actual density, p, is the density of water, w,
is the weight in the air, w,, is the weight in the water, v, is the
void ratio, and p, is the theoretical density.

2.5. Tensile Test. Tensile tests were performed using the
Zwick universal test setup, which has a load cell of 30kN
capacity. The composite specimens were prepared as per
ASTM D638-14 with a dimension of 165 x 19 x 3.5mm, as
shown in Figure 4 [36]. During the test, the cross speed of
the machine was adjusted to 2mm/min. All 5 specimens
were tested from each composition, and the average values
were reported.

2.6. Impact Test. Impact tests were performed to know the
amount of energy absorbed by the composite specimen at
fracture. The notched samples were prepared with dimen-
sions of 55 x 10 x 3.5mm having a notch depth of 2.54 mm
conforming to ASTM D256-10, as shown in Figure 5 [37].
The test machine had a 30kg weight-mounted pendulum
with a hammer impact speed of 3.8 m/s.

2.7. X-Ray Diffraction Analysis (XRD), Scanning Electron
Microscopy (SEM). The test was performed to study the crys-

tallinity of the chemically treated and untreated banana fibre
epoxy composites. The test was conducted with an X-ray
tube with Cu-targeted a-radiation with a wavelength A =
1.5406 A at 40KV and 30 mA. The scanning condition of
the test was conscious scanning mode with an angular range
of 20 =5-550 and a scan speed of 2 deg./min. A scanning
electron microscope (JEOL JSM 6380 LA) examines the test
surfaces. The sputtering of specimens is performed with a
JEC-1600 autofine coater JEOL.

3. Result and Discussions
3.1. Physical Characterization

3.1.1. Density and Void Fraction. The void is an inherited
behaviour of the reinforced composite, so it is challenging
to have a composite free of voids. However, it needs to be
in a limited range because a slight increase in void fraction
significantly affects the mechanical behaviour of the rein-
forced composite. Two specimens were taken from each
sample, and their void fraction was calculated by comparing
the theoretical and measured density composites. Then, the
average values were presented in Table 2.

The UTSB composite reveals the maximum void frac-
tion, implying it to be the most porous compared with the
rest of the specimens. This may happen due to uneven fibre
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TaBLE 2: The density and void content analysis.

Composition Tbeoretical \ Experimental \ fr;]c(?i?)n
density (kg/mm’) density (kg/mm”) (%)

UTSB 1.25 1.224+0.03 3.08 +£0.08
TSB 1.25 1.226 £ 0.03 2.92+0.07
UTWB 1.25 1.226 £0.03 2.84 +£0.07
TWB 1.25 1.228 £0.03 2.68 +0.07
UTWSWB 1.25 1.226 +£0.03 2.88£0.07
TWSWB 1.25 1.227 +0.03 2.76 £0.07

distribution during composite processing, poor adhesion
between fibre and resin, and lower crystallinity of fibres.
The porosity may significantly contribute to lowering the
mechanical strength of the UTSB composite. The void con-
tent of TSB was 2.92%, compared with UTSB, which has
3.08% porosity. This implies alkalisation of the fibre reduces
the porosity level in the composite structure. The application
of treatment to fibres enhances their compatibility and adhe-
sion with the epoxy matrix. When the fibres establish a
strong connection with the matrix, the tendency for air or
voids to become entrapped between the fibres and the
matrix during the composite fabrication process is notably
diminished. Furthermore, TWB had a minimum void frac-
tion compared with the UTWB specimens. The weave archi-
tecture allows easy handling and positioning of fibre during
composite processing; thus, the void related to the agglomer-
ation of fibre was minimised. The weave structure and sur-
face modification of fibre enhanced fibre-matrix bonding;
consequently, the TWB composite reveals the minimum
porosity. The composites manufactured from the woven face
and chopped fibres (UTWSWB and TWSWB) depict a lower
void fraction than their chopped fibre counterparts (UTSB
and TSB) and a higher void fraction than their woven fibre
composite counterparts (UTWB and TWB). This implies
that the incorporation of short fibre in sandwich form hin-
ders the soundness of woven fibre composite.

Generally, the amount of void in the composite structure
gets affected by the fibre architecture, the chemical treatment
of fibre, and the layering pattern. The mechanical strength of
the composite decreased with an increased void fraction.
The voids act as crack initiation points and may cause cata-
strophic failure of the composite.

3.1.2. XRD Analysis. The XRD diffraction plot of NaOH-
treated and untreated banana fibre epoxy composites is pre-
sented in Figure 6. The graph had two intense and broad
peaks at two positions, 20 =18 and 20 =220, revealing
evident crystallinity in banana fibre. The intense peak at
~22° is related to the crystalline portion of cellulose, while
the peak at ~18" is related to amorphous cellulose [38, 39].
The chemically treated banana fibre composite had a higher
peak in the range of 20=13-27¢ compared with the
untreated fibre composite. This implies the removal of an
amorphous constituent from the banana fibre, such as lignin
and hemicellulose, as well as an amorphous portion of cellu-

3000

2000

Intensity

1000

0 20 40 60
20

—— Treated banana
—— Untreated banana

Ficure 6: XRD plot of the treated and untreated banana fibre
composites.

lose. However, no additional peak is seen in the reset part of
20, revealing that epoxy is amorphous. Furthermore, the
amorphous peaks were observed at 12.02° with an intensity
of 1088 for both treated and untreated banana fibres, and
the crystalline peaks were observed at 21.66° for both with
an intensity of 2706 for treated fibres and 2636 for untreated
fibres. Based on the Segal equation, the crystallinity index
calculated was CI(UTB)=58.7 and CI(TB)=59.8. Thus,
the amount of cellulose available for bonding was more,
and the aim of the work to enhance interface bonding was
achieved by increasing the number of bonding sites.

I, -1
—Cr__—am 5 100. (3)
ICr

Cl=

3.2. Mechanical Characterization

3.2.1. Impact Test. Impact tests indicate the amount of
energy absorbed by the material before failure. The impact
behaviour of composite material is mainly affected by
fibre-matrix adhesion, interlaminar bonding, and fibre
architecture. The minimum average impact strength of
15KJ/m* was obtained by the untreated short fibre epoxy
composite, mainly due to the poor interfacial adhesion
between the hydrophobic polymer resin and hydrophilic
banana fibre (Figure 7(a)). The impact strength of the
treated short banana fibre epoxy composite was noted to
be 18.75KJ/m? while 0.67] energy was absorbed
(Figure 7(b)). TSB absorbs 26.4% more energy than the
untreated short fibre composite (UTSB). The improved
capability of energy absorption by the TSB composite
resulted from the enhanced interfacial bond between rein-
forcement and matrix. The impact strength of the UTWB
composite was 20.62 KJ/m” and absorbed 0.73] energy; this
was 37.7% and 26.4% more energy than the UTSB and
TSB composite, respectively. This implies that fibre struc-
tures affect the impact strength of the fibre-reinforced poly-
mer composite. The TWB composite perceived a maximum
impact strength of 24.37KJ/m”> and absorbed 0.87] of
energy. The TWB composite absorbed 19.2% more energy
than the UTWB composite. This implies that fibre treatment
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FIGURE 7: Impact response of composites in terms of (a) energy absorbed and (b) impact strength.

enhances the composite’s impact strength by improving
interfacial addition between fibre and matrix. The impact
strength of the UTWSW composite was 21.56 KJ/m” and
absorbed 0.67] of energy. Compared with the UTSB and
UTWB composites, it absorbed 26.4% more and 8.9% less
energy, respectively.

When we analyzed the effect of fibre structure on the
impact strength of banana fibre epoxy composite, short fibre
composite had a lower impact strength than woven fibre
composite, regardless of the effect of the chemical treatment.
The impact strength of the short fibre composite mainly
depended on the fibre-matrix interface adhesion. Due to
the random orientation of fibres, there is a low probability
of aligned fibres along the specimen in the longitudinal
direction to resist the applied impact load in the transverse
direction. Beg and Pickering revealed that the energy intake
capacity of the discontinuous fibre polymer composite is
impeded because many fibre ends act as stress concentration
points [40].

Paul et al. pointed out that the fibre pullout and fibre-
matrix debonding were the primary energy dissipation
mechanisms that contributed to the impact strength of the
short banana fibre polymer composite [41]. The case of the
untreated short banana fibre epoxy composite (UTSW)
had high fibre pullout and fibre-matrix debonding. Thereby,
it absorbs less amount of energy compared with treated
short fibre composite that has less fibre pullout (TSB). This
is due to the fact that effective fibre-matrix adhesion pre-
vents crack initiation and propagation prior to breakage.
Therefore, interfacial bonding provides significantly more
energy than energy obtained via fibre-matrix debonding
and pullout [42].

The maximum impact strength was perceived by the
chemically treated woven banana fibre composite (TWB).
The weave structure enhances the impact strength of the
banana fibre epoxy composite. The integrity and interlace
of the warp and weft filament provide structural strength
to the woven fabric. The structural stability of the fabric
induces additional strength to the composite. In addition
to this, the alignment of warp yarns along the specimen’s
longitudinal direction increases the number of individual
fibres that bear impact load applied in a transverse direction
[43]. Interfacial bonding strength, interlayer delamination,
and fibre pullout may contribute to the impact strength of

the woven fibre-laminated composite. The composite fabri-
cated from woven face and short fibre mid layer had higher
impact strength than short fibre composite, irrespective of
the chemical treatment. This implies that the partial replace-
ment of short fibre by woven fibre improves the impact
strength of the short banana fibre polymer composite.

The TWB composite absorbed 0.87] of energy; this had
good agreement with the work reported by Dress et al.
[44]. They reported that 0/90° woven sisal fibre treated with
a 5% NaOH epoxy composite absorbed 0.91] having an
equal fibre load. Minor improvement for sisal fibre compos-
ite may happen due to the higher crystallinity of sisal fibre
than banana fibre. Alavudeen et al. reported that the impact
strength of plain woven banana fibre treated with 10%
NaOH epoxy resin with 40 wt.% fibre loading was ~18 KJ/
m?. Still, the higher impact strength was perceived by the
TWB epoxy composite [25]. Generally, fibre structure plays
a significant role in the impact behaviour of banana fibre
polymer composite followed by surface modification of fibre.

Both UTWSWB and TWSWB exhibit lower impact
strength and energy absorption than the UTSW, TSW,
UTWB, and TWB composites, which is mostly due to the
random orientation of chopped banana fibres, which hinders
the absorption of an abrupt applied load. Furthermore, woven
fibres are subjected to sudden loads, as are the UTWB/TWB
composites; however, unlike the plain core of the UTWB/
TWB composites, the UTWSWB/TWSWB composites have
a short banana fibre core, which absorbs less energy due to
random orientation and may cause cracks within the fibres,
resulting in fibre breakage and subsequent specimen failure.
As a result, the mechanical properties of the UTWSWB and
TWSWB composites decreased significantly.

3.2.2. Tensile Test. The representative stress-strain curves of
different banana fibre-reinforced epoxy composites are pre-
sented in Figure 8. The stress-strain profiles of all the com-
posites show typical brittle behaviour before failure.
However, all the composites undergo a large amount of
strain before failure. UTSB and TSB exhibited lower
strengths to failure as compared with woven composites
and a combination of woven and chopped composites.

The chopped banana fibres cannot transfer stress effec-
tively after the failure of the matrix due to the random
orientation of the fibres and improper bonding between
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FiGure 8: The representative stress-strain profiles of different
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FIGURE 9: Tensile strength of different banana fibre epoxy composites.

constituents. Although treatment of the fibres assists in
improving the strength slightly, considering the overall
effect, the ability to withstand the stress is reduced.

On the other hand, the woven composites perform rela-
tively better than the chopped composites due to better
interfacial bonding between constituents. The woven fibres
also assist in effectively transferring the stress due to their
orientation in line with the tensile loading. The treated
woven composites reveal good properties compared with
those of the untreated ones due to the good bonding of con-
stituents, mainly attributed to the treatment of fibres. The
chopped and woven banana composites show intermediate
properties compared to the woven and chopped composites.
The combination of the chopped and woven fibres results in
lowering the properties of the composites as compared to the
woven ones due to ineffective stress transfer between constit-
uents. The random orientation of the chopped fibres
severely hinders the ability of the woven fibres to effectively
transfer the stresses. Furthermore, the equal composition of
the chopped and woven fibres (20 wt.%) decreases the effect
of the woven fibre’s ability to effectively resist the tensile
loading and thereby reduces the properties of composites.

The tensile strength of different banana fibre epoxy com-
posites is presented in Figure 9. The maximum tensile
strength of 62.87 MPa was obtained with the chemically
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FiGURE 10: Tensile modulus of different banana fibre epoxy
composites.

treated woven banana fibre epoxy composite (TWB). The
untreated woven banana fibre epoxy composite (UTWB)
had a maximum tensile strength of 48.68 MPa; when com-
pared with the treated woven banana fibre epoxy composite,
the untreated woven fibre composite showed a 29.14%
decline in tensile strength.

The treated woven fibre composite improves tensile
strength because NaOH treatment enhances the interfacial
bond between the epoxy resin and banana fibre by degrading
the waxy layer and amorphous content such as lignin and
hemicellulose [45]. The alkalisation of banana fibre provides
rougher fibre that offers many anchor points to aid the bond
formation with polymer resin [46]. The minimum tensile
strength of 32.63 MPa was obtained with untreated short
banana fibre. This showed a 98.46% decline in the tensile
strength compared with the treated woven composite and
49.18% compared with that of the untreated woven fibre
composite. The average tensile strength for the TWB com-
posite was 40.07 MPa, and when compared with the TWB
composite, 56.90% decreases in tensile strength were
observed. The composite prepared by putting short fibre in
the middle and woven fibre skin showed insignificant varia-
tion from the tensile strength of its short fibre composite
counterpart.

The fibre architecture is the significant factor that affects
the tensile strength of the banana fibre epoxy composite. The
minimum tensile strength exhibited with chopped fibre
epoxy composite may happen due to ineffective stress trans-
fer within the composite along the load direction. This
investigation is in good agreement with the result revealed
in the published work [25]. The study has shown that ran-
domly oriented banana fibre epoxy composite had lower
tensile strength than woven fibre with equal fibre loading
(40 wt.%). The integrity and interlace of filament in weave
architecture provide structural strength to fabric [47]. The
fabric strength coupled with fibre-matrix adhesion allows
uniform transfer stress within the composite structure;
hence, woven fibre composite bears a high tensile load irre-
spective of the chemical treatment. In addition to this, the
comfort ability of the fabric to handle and position in the
production process permits even the distribution of resin
and minimises void formation. Generally, the fibre structure
is a significant factor that affects the tensile strength of the
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banana fibre epoxy composite. TWB fibre epoxy composite
withstands the maximum tensile load. This may happen
due to the alignment of warp yarns in the direction of exter-
nal load, the interlock of warp and weft yarns in a weave
structure [48], and improved fibre-matrix bonding due to
chemical treatment [49].

The tensile modulus of all the composites is presented in
Figure 10. The slope of the initial linear section of the stress-
strain response is used to calculate the tensile modulus. In
line with tensile strength trends, the UTWB and TWB com-
posites reveal a higher modulus than the UTSB, TSB,
UTWSWB, and TWSWB composites, respectively. UTSB
and TSB depict a tensile modulus of 69.18 and 68.3 MPa,
respectively, while UTWB, TWB, UTWSWB, and TWSWB
show a tensile modulus of 109.49, 123.65, 75.68, and
102.75 MPa, respectively. The UTSB and TSB composites
have a lower tensile modulus than all other compositions,
owing to the fact that chopped banana fibres are ineffective
in assisting with load transfer and hence have a lower mod-
ulus. The UTWB and TWB composites, on the other hand,
exhibit increased tensile modulus due to effective load trans-
fer from the woven fibres to the matrix that is free of

chopped banana fibres. In line with the strength trends,
UTWSWB and TWSWB show tensile modulus intermediate
to short banana fibre composites (UTSB and TSB) and
woven banana fibre composites (UTWB and TWB), which
is mostly ascribed to the combined effect of chopped banana
fibres and woven fibres. The elongation at break measured
from the stress-strain curves is noted to be 10.08, 11.22,
11.76, 12.58, 12.98, and 10% for UTSB, TSB, UTWB,
TWB, UTWSWB, and TWSWB, respectively. The elonga-
tion at break for all the composites is nearly equal to that
of the TWB and UTWSWB composites, revealing higher
values than other compositions.

3.3. Scanning Electron Micrographic Analysis. The scanning
electron micrographs of the tensile-tested specimens for dif-
ferent banana fibre-reinforced epoxy composites are pre-
sented in Figure 11. Figure 11(a) shows the chopped
banana fibre composites, wherein the chopped banana fibres
can be seen in the micrographs. These chopped fibres pro-
vide adequate strength to the matrix during loading due to
their random orientation. Figure 11(b) depicts the woven
banana fibre composites, wherein the woven fibre above
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the matrix can be seen. The woven banana fibres, unlike
chopped fibres, provide strength due to their weaving pat-
tern that provides more resistance to loading mainly attrib-
uted to the excellent bonding between constituents and
good interfibre strengths. Figure 11(c) shows the composites
prepared by utilising chopped and woven fibres. It can be
observed that the chopped fibres and woven fibres are
appropriately mixed with the matrix. The combined effect
of chopped and woven fibres is very advantageous in
enhancing the overall properties of composites.

3.4. Property Map. The tensile strength of banana fibre-
reinforced epoxy composite from the present work was
compared with the available literature with a fixed fibre-to-
matrix weight ratio of 40:60 as the optimum composition.
Figure 12 depicts the comparison of tensile strength with
their density to indicate the efficacy of composites studied
in the present work. The mapping of the properties acts as
a guide for the research community and industrial personnel
to compare the properties of composites with different rein-
forcements. The composites made from sugar palm fibre,
glass fibre, kenaf fibre, pineapple leaf fibre, Sansevieria cylin-
drica, and oil palm fruit bunch fibres reinforced in different
thermoplastic and thermosetting matrices are compared.
Compared with all the composites, the density of the banana
fibre-reinforced epoxy composites is observed to be higher
than that of several thermoplastics reinforced with kenaf
and sisal, while it is more or less equal to or lower in com-
parison with several composites compared in this work.
However, the tensile strength of the composites in the pres-
ent work is higher than most of the composites owing to the
excellent compatibility of the constituents and the highly
resistant banana fibres. Thereby, signifying the use of banana
fibres in the most widely utilised matrix resin. The property
mapping of different composites thereby infers that banana
fibre-reinforced epoxy composites from the present study
aptly provide good tensile properties with low density and
can be utilised in several envisaged applications. Furthermore,
the abundantly available banana cultivation in Ethiopia can be
effectively used to meet specific composite demands.

4. Conclusions

This study examines the properties of woven/short banana
fibre epoxy composites, extracted from underutilized banana
pseudostems, as a sustainable alternative to synthetic fibres.
The hand lay-up method was employed, maintaining a
60:40 weight ratio of fibre to matrix. Parameters included
fibre architecture, chemical treatment, and layering pattern.
The key findings indicate that mercerized banana fibre com-
posites displayed superior mechanical properties and a lower
void fraction compared to their untreated counterparts.
Chemically treated woven banana epoxy composites exhib-
ited the highest tensile strength (64.95MPa) and impact
strength (24.37 KJ/m?). Scanning electron micrographs fur-
ther confirmed the excellent load resistance of woven com-
posites due to strong bonding and effective stress transfer.
Property mapping of composites also affirms the suitability
of banana composites for envisaged applications.



12

Data Availability

All the data used for the study is available in the manuscript.

Conflicts of Interest

The authors declare no competing interests.

Authors’ Contributions

Gezahgn Gebremaryam, Kiran Shahapurkar, and Venkatesh
Chenrayan worked on the conceptualization. Gezahgn Geb-
remaryam, Fadi Althoey, and Haitham M. Hadidi were
responsible for the methodology. Vineet Tirth, Ali Algah-
tani, Tawfiq Al-Mughanam, Abdulaziz H. Alghtani, and
Manzoore Elahi M. Soudagar supervised the study. Gezahgn
Gebremaryam and Kiran Shahapurkar contributed to writ-
ing the original draft. Kiran Shahapurkar, Venkatesh Chen-
rayan, Vineet Tirth, and Manzoore Elahi M. Soudagar
carried out the investigation. Ali Algahtani, Tawfiq Al-
Mughanam, Hassan Alqahtani, and H. C. Ananda Murthy
provided substantial contributions to the review and editing.

Acknowledgments

The authors thank the Department of Mechanical Engineer-
ing, ASTU, Ethiopia, for providing the facilities and support
to conduct this research. The authors extend their apprecia-
tion to the Deanship of Scientific Research at King Khalid
University, Abha 61421, Asir, Kingdom of Saudi Arabia,
for funding this work through the Large Groups Project
under grant number RGP.2/498/44. The authors acknowl-
edge the Deanship of Scientific Research, Vice Presidency
for Graduate Studies and Scientific Research at King Faisal
University, Saudi Arabia, for financial support under the
annual funding track (GRANT4243).

References

[1] T.D. Moshood, G. Nawanir, F. Mahmud, F. Mohamad, M. H.
Ahmad, and A. AbdulGhani, “Sustainability of biodegradable
plastics: new problem or solution to solve the global plastic
pollution?,” Current Research in Green and Sustainable Chem-
istry, vol. 5, article 100273, 2022.

[2] K. Li, S. Fu, H. Zhan, Y. Zhan, and L. Lucia, “Analysis of the
chemical composition and morphological structure of banana
pseudo-stem,” BioResources, vol. 5, no. 2, pp. 576-585, 2010.

[3] A. Subagyo and A. Chafidz, “Banana pseudo-stem fiber: prep-
aration, characteristics, and applications,” Banana Nutrition-
Function and Processing Kinetics, pp. 1-19, 2018.

[4] N. Abdullah, F. Sulaiman, M. A. Miskam, and R. M. Taib,
“Characterization of banana (Musa spp.) pseudo-stem and
fruit-bunch-stem as a potential renewable energy resource,”
International Journal of Energy and Power Engineering,
vol. 8, no. 8, pp. 815-819, 2014.

[5] Z. Ambisa, B. Tesfa, T. Olani, and D. Abdeta, “Review on the
production and marketing of banana in Ethiopia,” World Jour-
nal of Agriculture and Soil Science, vol. 2, no. 1, pp. 1-9, 2019.

[6] M. Hassan and Z. A. Rasid, “Thermal degradation and
mechanical behavior of banana pseudo-stem reinforced com-

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

International Journal of Polymer Science

posites,” International Journal of Recent Technology and Engi-
neering, vol. 8, no. 4, pp. 5899-5902, 2019.

S. M. Sapuan, A. Leenie, M. Harimi, and Y. K. Beng, “Mechan-
ical properties of woven banana fibre reinforced epoxy com-
posites,” Materials & Design, vol. 27, no. 8, pp. 689-693, 2006.
J. Biagiotti, D. Puglia, and J. M. Kenny, “A review on natural
fibre-based composites-part 1,” Journal of Natural Fibers,
vol. 1, no. 2, pp. 37-68, 2004.

A. Bismarck, S. Mishra, and T. Lampke, “Plant fibers as rein-
forcement for green composites,” in Natural Fibers, Biopoly-
mers, and Biocomposites, pp. 52-128, CRC Press, 2005.

D. W. Van Krevelen and K. Te Nijenhuis, Properties of Poly-
mers: Their Correlation with Chemical Structure; Their Numer-
ical Estimation and Prediction from Additive Group
Contributions, Elsevier, 2009.

P. Gandn, J. Cruz, S. Garbizu, A. Arbelaiz, and I. Mondragon,
“Stem and bunch banana fibers from cultivation wastes: effect
of treatments on physico-chemical behavior,” Journal of
Applied Polymer Science, vol. 94, no. 4, pp. 1489-1495, 2004.

S. Yadav, G. Gupta, and R. Bhatnagar, “A review on composi-
tion and properties of bagasse fibers,” International Journal Of
Scientific & Engineering Research, vol. 6, no. 5, pp. 143-147,
2015.

A. Verma, A. Parashar, N. Jain, V. K. Singh, S. M. Rangappa,
and S. Siengchin, “Surface modification techniques for the
preparation of different novel biofibers for composites,” in Bio-
fibers and Biopolymers for Biocomposites, pp. 1-34, Springer,
2020.

D. P. Ferreira, ]. Cruz, and R. Fangueiro, “Surface modification
of natural fibers in polymer composites,” in Green Composites
for Automotive Applications, pp. 3-41, Elsevier, 2019.

V. Raghunathan, V. Ayyappan, J. D. J. Dhilip, D. Sundarrajan,
S. M. Rangappa, and S. Siengchin, “Influence of alkali-treated
and raw Zanthoxylum acanthopodium fibers on the mechani-
cal, water resistance, and morphological behavior of polymeric
composites for lightweight applications,” Biomass Conversion
and Biorefinery, 2023.

R. Vijay, S. Manoharan, S. Arjun, A. Vinod, and D. L. Singar-
avelu, “Characterization of silane-treated and untreated natu-
ral fibers from stem of Leucas aspera,” Journal of Natural
Fibers, vol. 18, no. 12, pp. 1957-1973, 2021.

A.Vinod, T. G. Yashas Gowda, R. Vijay et al., “Novel Muntin-
gia calabura bark fiber reinforced green-epoxy composite: a
sustainable and green material for cleaner production,” Jour-
nal of Cleaner Production, vol. 294, article 126337, 2021.

W. H. Madhushani, R. Priyadarshana, S. Ranawana, K. G. C.
Senarathna, and P. E. Kaliyadasa, “Determining the crystallin-
ity index of cellulose in chemically and mechanically extracted
banana fiber for the synthesis of nanocellulose,” Journal of
Natural Fibers, vol. 19, no. 14, pp. 7973-7981, 2022.

K. J. Vishnu Vardhini, R. Murugan, and R. Surjit, “Effect of
alkali and enzymatic treatments of banana fibre on properties
of banana/polypropylene composites,” Journal of Industrial
Textiles, vol. 47, no. 7, pp. 1849-1864, 2018.

R. Narendar and K. P. Dasan, “Effect of chemical treatment on
the mechanical and water absorption properties of coir pith/
nylon/epoxy sandwich composites,” International Journal of
Polymer Analysis and Characterization, vol. 18, no. 5,
pp. 369-376, 2013.

S. Dhanalakshmi, P. Ramadevi, and B. Basavaraju, “A study of
the effect of chemical treatments on areca fiber reinforced



International Journal of Polymer Science

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

polypropylene composite properties,” Science and Engineering
of Composite Materials, vol. 24, no. 4, pp. 501-520, 2017.

M. Aravindh, S. Sathish, R. Ranga Raj et al., “A review on the
effect of various chemical treatments on the mechanical prop-
erties of renewable fiber-reinforced composites,” Advances in
Materials Science and Engineering, vol. 2022, Article ID
2009691, 24 pages, 2022.

K. M. Hasan, P. G. Horvath, and T. Alpdr, “Potential fabric-
reinforced composites: a comprehensive review,” Journal of
Materials Science, vol. 56, no. 26, pp. 14381-14415, 2021.

V. Monfared, “Problems in short-fiber composites and analy-
sis of chopped fiber-reinforced materials,” in New Materials
in Civil Engineering, pp. 919-1043, Elsevier, 2020.

A. Alavudeen, N. Rajini, S. Karthikeyan, M. Thiruchitrambalam,
and N. Venkateshwaren, “Mechanical properties of banana/
kenaf fiber-reinforced hybrid polyester composites: effect of
woven fabric and random orientation,” Materials & Design
(1980-2015), vol. 66, pp. 246-257, 2015.

T. Haghighatnia, A. Abbasian, and J. Morshedian, “Hemp fiber
reinforced thermoplastic polyurethane composite: an investi-
gation in mechanical properties,” Industrial Crops and Prod-
ucts, vol. 108, pp- 853-863, 2017.

V. Raghunathan, K. Palani, P. Shinu, J. D. J. Dhilip,
G. Yoganjaneyulu, and S. Ganesh, “Influence of Parthenium
hysterophorus and Impomea pes-caprae fibers stacking
sequence on the performance characteristics of epoxy compos-
ites,” Journal of Natural Fibers, vol. 19, no. 12, pp. 4456-4466,
2022.

C. Santulli, F. Sarasini, J. Tirillo et al., “Mechanical behaviour
of jute cloth/wool felts hybrid laminates,” Materials ¢» Design,
vol. 50, pp. 309-321, 2013.

V. Raghunathan, J. D. J. Dhilip, M. Ramesh et al., “The effects
of stacking sequence on the mechanical and water absorption
properties of areca-pineapple fiber-based epoxy composites,”
Journal of Natural Fibers, vol. 19, no. 14, pp. 9681-9692, 2022.

T. A. Nguyen and T. H. Nguyen, “Banana fiber-reinforced
epoxy composites: mechanical properties and fire retardancy,”
International Journal of Chemical Engineering, vol. 2021, Arti-
cle ID 1973644, 9 pages, 2021.

T. A. Nguyen, Q. T. Nguyen, X. C. Nguyen, and V. H. Nguyen,
“Study on fire resistance ability and mechanical properties of
composites based on Epikote 240 epoxy resin and thermoelec-
tric fly ash: an ecofriendly additive,” Journal of Chemistry,
vol. 2019, Article ID 2635231, 8 pages, 2019.

S. Goutianos, T. Peijs, B. Nystrom, and M. Skrifvars, “Develop-
ment of flax fibre based textile reinforcements for composite
applications,” Applied Composite Materials, vol. 13, no. 4,
pp. 199-215, 2006.

J. J. Kenned, K. Sankaranarayanasamy, J. S. Binoj, and S. K.
Chelliah, “Thermo-mechanical and morphological characteri-
zation of needle punched non-woven banana fiber reinforced
polymer composites,” Composites Science and Technology,
vol. 185, p. 107890, 2020.

M. N. Norizan, K. Abdan, M. S. Salit, and R. Mohamed, “The
effect of alkaline treatment on the mechanical properties of
treated sugar palm yarn fibre reinforced unsaturated polyester
composites reinforced with different fibre loadings of sugar
palm fibre,” Sains Malaysiana, vol. 47, no. 4, pp. 699-705, 2018.
U. S. Gupta and S. Tiwari, “Study on the development of
banana fibre reinforced polymer composites for industrial
and tribological applications: a review,” IOP Publishing, 2020.

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44]

[45]

(46]

(47]

(48]

[49]

(50]

(51]

13

S. Kalia, B. S. Kaith, and 1. Kaur, Cellulose Fibers: Bio-and
Nano-Polymer Composites: Green Chemistry and Technology,
Springer Science & Business Media, 2011.

S. Koppula, A. K. Kaviti, and K. K. Namala, “Experimental
investigation of fibre reinforced composite materials under
impact load,” IOP Publishing, 2018.

P. Gopinathan, K. S. Subramanian, G. Paliyath, and
J. Subramanian, “Genotypic variations in characteristics of
nano-fibrillated cellulose derived from banana pseudostem,”
BioResources, vol. 12, no. 4, pp. 6984-7001, 2017.

D. Das, M. Mukherjee, A. K. Pal, and A. K. Ghosh, “Extraction
of xylem fibers from Musa sapientum and characterization,”
Fibers and Polymers, vol. 18, no. 11, pp. 2225-2234, 2017.

M. D. H. Beg and K. L. Pickering, “Mechanical performance of
Kraft fibre reinforced polypropylene composites: influence of
fibre length, fibre beating and hygrothermal ageing,” Compos-
ites Part A: Applied Science and Manufacturing, vol. 39, no. 11,
pp. 1748-1755, 2008.

S. A. Paul, K. Joseph, G. Mathew, L. A. Pothen, and S. Thomas,
“Preparation of polypropylene fiber/banana fiber composites
by novel commingling method,” Polymer Composites, vol. 31,
no. 5, pp. 816-824, 2010.

S. Sethi and B. C. Ray, “Environmental effects on fibre rein-
forced polymeric composites: evolving reasons and remarks
on interfacial strength and stability,” Advances in Colloid and
Interface Science, vol. 217, pp. 43-67, 2015.

M. Z. Rahman, K. Jayaraman, and B. R. Mace, “Impact energy
absorption of flax fiber-reinforced polypropylene composites,”
Polymer Composites, vol. 39, no. 11, pp. 4165-4175, 2018.

G. A. Dress, M. H. Woldemariam, and D. T. Redda, “Influence
of fiber orientation on impact resistance behavior of woven
sisal fiber reinforced polyester composite,” Advances in Mate-
rials Science and Engineering, vol. 2021, Article ID 6669600, 11
pages, 2021.

O. Faruk, A. K. Bledzki, H.-P. Fink, and M. Sain, “Biocompo-
sites reinforced with natural fibers: 2000-2010,” Progress in
Polymer Science, vol. 37, no. 11, pp. 1552-1596, 2012.

J. C. Mejia Osorio, R. Rodriguez Baracaldo, and J. J. Olaya
Florez, “The influence of alkali treatment on banana fibre's
mechanical properties,” Ingenieria e investigacion, vol. 32,
no. 1, pp. 83-87, 2012.

H. A. Aisyah, M. T. Paridah, S. M. Sapuan et al., “A compre-
hensive review on advanced sustainable woven natural fibre
polymer composites,” Polymers, vol. 13, no. 3, p. 471, 2021.
Z. Othman, M. P. Saiman, M. F. A. Hamid, and M. N. Talibin,
“The application of 2D woven kenaf reinforced unsaturated
polyester composite in automotive interiors,” IOP Publishing,
2018.

Wijianto, R. M. D. Ibnu, and H. Adityarini, “Effect of NaOH
concentration treatment on tensile strength, flexure strength
and elasticity modulus of banana fiber reinforced polyester
resin,” Materials Science Forum, vol. 961, 2019.

M. K. Marichelvam, P. Manimaran, A. Verma et al., “A novel
palm sheath and sugarcane bagasse fiber based hybrid compos-
ites for automotive applications: an experimental approach,”
Polymer Composites, vol. 42, no. 1, pp. 512-521, 2021.

A. Afzaluddin, M. Jawaid, M. S. Salit, and M. R. Ishak, “Phys-
ical and mechanical properties of sugar palm/glass fiber rein-
forced thermoplastic polyurethane hybrid composites,”
Journal of Materials Research and Technology, vol. 8, no. 1,
pp. 950-959, 2019.



14

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

[62]

(63]

(64]

[65]

K. L. Pickering, G. W. Beckermann, S. N. Alam, and N. J. Fore-
man, “Optimising industrial hemp fibre for composites,” Com-
posites Part A: Applied Science and Manufacturing, vol. 38,
no. 2, pp. 461-468, 2007.

J. Mirbagheri, M. Tajvidi, J. C. Hermanson, and I. Ghasemi,
“Tensile properties of wood flour/kenaf fiber polypropylene
hybrid composites,” Journal of Applied Polymer Science,
vol. 105, no. 5, pp. 3054-3059, 2007.

B. K. Kandola, S. I. Mistik, W. Pornwannachai, and S. C.
Anand, “Natural fibre-reinforced thermoplastic composites
from woven-nonwoven textile preforms: mechanical and fire
performance study,” Composites Part B: Engineering,
vol. 153, pp. 456-464, 2018.

L. S. Aji, E. S. Zainudin, K. Abdan, S. M. Sapuan, and M. D.
Khairul, “Mechanical properties and water absorption behav-
ior of hybridized kenaf/pineapple leaf fibre-reinforced high-
density polyethylene composite,” Journal of Composite Mate-
rials, vol. 47, no. 8, pp. 979-990, 2013.

S. Vijayakumar and K. Palanikumar, “Evaluation on mechan-
ical properties of randomly oriented caryota fiber reinforced
polymer composites,” Journal of Materials Research and Tech-
nology, vol. 9, no. 4, pp. 7915-7925, 2020.

B. Subramaniam, I. P. T. Rajakumar, P. Raj et al., “Investiga-
tion of mechanical properties of Sansevieria cylindrica fiber/
polyester composites,” Advances in Materials Science and
Engineering, vol. 2022, Article ID 2180614, 6 pages, 2022.

M. S. Zakaria, L. Musa, R. M. Nordin, and K. A. A. Halim,
“Sugarcane bagasse reinforced polyester composites: effects
of fiber surface treatment and fiber loading on the tensile and
flexural properties,” IOP Conference Series: Materials Science
and Engineering, vol. 957, no. 1, article 012032, 2020.

A.D. Gudayu, L. Steuernagel, D. Meiners, and A. M. Woubou,
“Sisal fiber reinforced polyethylene terephthalate composites;
fabrication, characterization and possible application,” Poly-
mers and Polymer Composites, vol. 30, 2022.

A. K. M. Moshiul Alam, M. D. H. Beg, M. F. Mina, A. A.
Mamun, and A. K. Bledzki, “Degradation and stability of green
composites fabricated from oil palm empty fruit bunch fiber
and polylactic acid: effect of fiber length,” Journal of Composite
Materials, vol. 49, no. 25, pp. 3103-3114, 2015.

A. Porras, A. Maranon, and I. A. Ashcroft, “Thermo-mechan-
ical characterization of Manicaria saccifera natural fabric rein-
forced poly-lactic acid composite lamina,” Composites Part A:
Applied Science and Manufacturing, vol. 81, pp. 105-110,
2016.

M. Sain, P. Suhara, S. Law, and A. Bouilloux, “Interface mod-
ification and mechanical properties of natural fiber-
polyolefin composite products,” Journal of Reinforced Plastics
and Composites, vol. 24, no. 2, pp. 121-130, 2005.

N. Graupner and J. Miissig, “A comparison of the mechanical
characteristics of kenaf and lyocell fibre reinforced poly (lactic
acid)(PLA) and poly (3-hydroxybutyrate)(PHB) composites,”
Composites Part A: Applied Science and Manufacturing,
vol. 42, no. 12, pp. 2010-2019, 2011.

M. M. Ibrahim, A. Dufresne, W. K. El-Zawawy, and F. A.
Agblevor, “Banana fibers and microfibrils as lignocellulosic
reinforcements in polymer composites,” Carbohydrate Poly-
mers, vol. 81, no. 4, pp. 811-819, 2010.

S. Kumari, B. Rai, and G. Kumar, “A study on effect of ATH on
euphorbia coagulum modified polyester banana fiber compos-
ite,” AIP Publishing LLC, 2018.

(66]

[67]

International Journal of Polymer Science

A. K. Bledzki, A. A. Mamun, and O. Faruk, “Abaca fibre rein-
forced PP composites and comparison with jute and flax fibre
PP composites,” Express Polymer Letters, vol. 1, no. 11,
pp. 755-762, 2007.

K. N. Indira, J. Parameswaranpillai, and S. Thomas, “Mechan-
ical properties and failure topography of banana fiber PF
macrocomposites fabricated by RTM and CM techniques,”
International Scholarly Research Notices, vol. 2013, Article ID
936048, 8 pages, 2013.



	Influence of Layering Pattern, Fibre Architecture, and Alkalization on Physical, Mechanical, and Morphological Behaviour of Banana Fibre Epoxy Composites
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Fabric Preparation
	2.2.1. Carding/Combing
	2.2.2. Yarn Making
	2.2.3. Weaving

	2.3. Composite Preparation
	2.4. Void Content Determination
	2.5. Tensile Test
	2.6. Impact Test
	2.7. X-Ray Diffraction Analysis (XRD), Scanning Electron Microscopy (SEM)

	3. Result and Discussions
	3.1. Physical Characterization
	3.1.1. Density and Void Fraction
	3.1.2. XRD Analysis

	3.2. Mechanical Characterization
	3.2.1. Impact Test
	3.2.2. Tensile Test

	3.3. Scanning Electron Micrographic Analysis
	3.4. Property Map

	4. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



