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ABSTRACT KEYWORDS

The current study examines the effect of NaOH treatment on the hardness, Banana fiber; sandwich
inter-laminar shear strength (ILSS) and water absorption behavior of epoxy composites; water
composites reinforced with banana pseudostem fibers. Using the hand-lay-up absorption; ILSS, hardness
method, six distinct samples are created that are composed of layers of woven 8

and short banana fibers in both a plain and hybrid form. Plain- treated woven FIELT4 e )2 T bRl
composites reveal the highest hardness and ILLS properties followed by the W A il

hybrid and short fiber composites. The random orientation of the fiber struc-

ture in short fiber composites results in the largest moisture absorption; this

behavior is further supported by elucidating the kinetic parameters and diffu-

sion coefficient parameters. SEM analysis confirms the improved surface of the

NaOH-treated composite material.
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Introduction

In light of ever-increasing regulations and societal demands for material recyclability and environ-
mental sustainability, manufacturers and research institutions are embracing a paradigm shift toward
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the development of composites sourced from renewable origins (L. Wang, Toppinen, and Juslin 2014).
Plant fibers [PFs], encompassing flax, ramie, jute, hemp, banana, and sisal, have emerged as compel-
ling prospects due to their inherent biodegradability, renewability, and cost-effectiveness (Azanaw and
Ketema 2022). Furthermore, PFs exhibit commendable specific modulus and strength while concur-
rently maintaining a superior strength-to-weight ratio compared to glass fibers (Hu et al. 2023). This
unique attribute facilitates the fabrication of lighter components, thereby fostering reduced emissions
and heightened fuel efficiency in transport applications (Shambhu et al. 2023). Consequently, the eco-
advantages and weight reductions render PF composites competitive counterparts to synthetic fiber-
reinforced materials. Additionally, natural fibers present certain limitations, including suboptimal
wettability, elevated moisture absorption, and limited interface adhesion with specific polymeric
matrices (Martel, Salgado, and Silva 2022).

The hydrophilic nature of natural fibers can indeed influence their mechanical properties, necessi-
tating consideration in their application (Kusmono, Hestiawan, and Jamasri 2020). Few works carried
out on studying about water absorption have stated that increased coir fiber content results in
increased water absorption because it contains more hydroxyl groups, according to investigations
on the water absorption of coir/polypropylene composites submerged in distilled and saline water.
Proper encapsulation of fibers can reduce water absorption. Composites with 30 wt.% fibers exhibit
higher water absorption than 10 wt.% and 20 wt.% counterparts, likely due to increased cellulose
content. Saline water immersion shows lower water absorption than distilled water (Khuntia and
Biswas 2020). A 20-day experiment, all non-woven bamboo fiber reinforced composites exhibited
Fickian-like moisture transmission behavior. Notably, the sodium bicarbonate (NCTB) composite had
a lower saturation point compared to others, while the Silane treated (SiTB) composite showed
a higher saturation point. Moisture transmission improved during the initial 12 days and then
remained constant for all composites (Chalapathi, Venkata, and Song 2022). At 23°C and 60°C,
water absorption tests were performed on bamboo composite samples in accordance with ASTM
D5229M-14 standard. The three-month study revealed maximum water absorption of 0.5% relative to
the dry sample mass, indicating the composites’ high resistance to water ingress even in extreme
conditions. A quasi-equilibrium state was achieved for both temperatures after 170 h of immersion.
Samples at 60°C exhibited slightly higher water absorption, attributed to temperature-induced influ-
ences on moisture diffusion within the composites (Alireza, Smith, and Hebel 2020).

Additionally, few studies have examined other crucial characteristics of hybrid reinforcement
and natural fiber reinforced polymers (NFRP), such as hardness and inter-laminar shear strength
(ILSS), in the literature. These qualities are typically investigated in composites containing syn-
thetic fibers. However, in hybrid composites, the presence of an extra phase directly affects these
properties, having a noticeable impact on the interface and between the layers of the various fiber
types (Almeida et al. 2013; Alves, Prado, and de Paiva 2021). In this context, this work evaluates
the hardness, inter-laminar shear strength, and water absorption properties of novel banana fiber
composites derived from Ethiopia, comprising layers of woven and short banana fibers in a hybrid
form, as well as different combinations of treated and untreated banana fibers fabricated with
a hand-lay-up approach.

Materials and methods
Materials

For this study, fresh banana fiber is obtained directly from the pseudo stem, which is abundant in the
region of Arbamich, Ethiopia. The extraction process involves manual labor, where an individual layer
of pseudo stem is carefully placed on an inclined flat wooden surface, and the pulp is meticulously
removed using a bamboo stick. Subsequently, the extracted fiber undergoes a two-day drying period in
natural sunlight. For the experimental materials, The World Fiberglass and Waterproofing
Engineering facility in Addis Ababa, Ethiopia, provided the LAPOX L-12 epoxy resin, K-6 hardener,
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and silicon releasing agent. The Atomic Educational Materials Supplier, which is also based in Addis
Ababa, Ethiopia, provided the distilled water and sodium hydroxide flakes.

Composite fabrication

In this investigation, the composite material was crafted with utmost precision using the hand lay-up
technique, maintaining a consistent fiber-to-matrix weight ratio of 40:60. A well-crafted mold made of
mild steel, measuring 170 x 400 mm, was employed and coated with a protective layer of polyethylene
plaster to ensure a barrier between the materials. The fibers, both chemically treated and untreated,
were carefully chopped into 15 mm lengths. Before the chopping process, the fibers underwent
meticulous combing to align them in a parallel fashion, ensuring a uniform and well-ordered
arrangement. To ensure ease of separation, a silicon releasing agent was uniformly applied to the
mold surface. The resin was then diligently mixed with the hardener in a precise 10:1 weight ratio. The
composite fabrication involved a systematic layering process, where alternating layers of resin and
fibers were added step by step until the desired quantity of materials filled the mold. After placing each
layer of fiber, thorough rolling was carried out to remove any trapped air bubbles, ensuring an
impeccable end product. To prevent any void formation during the curing process, the mold was
sealed with a plaster-coated wooden board, and static pressure was applied. A total of six distinct
samples were prepared as shown in Figure 1 for different composite types, including untreated/treated
short banana fiber composites (UTSB/TSB), untreated/treated woven banana fiber composites
(UTWB/TWB), and untreated/treated woven-short-woven banana fiber composites (UTWSWB/
TWSWB).

Density

Based on ASTM D2734-09 and a specimen measuring 25.4 x 25.4 mm, the void in the composite was
identified. The theoretical to real density ratio is used to express it. Archimedes’ principle was applied
to ascertain the composite’s true density. It describes an object that is submerged entirely or partially
in the fluid and is buoyant up to a height equal to the weight of the displaced fluid. Both prior to and
following the composite’s immersion in water, the volume of each sample was measured using the

Figure 1. Different types of composites prepared using the hand lay-up technique.
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displaced water level. Product life is shortened and mechanical qualities are hindered by voids in
composite structures.

Wa
P )
t—pa

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

Vickers hardness test

The hardness test involves measuring of indentation dimension lifted on the sample after application
of constant loaded indenter for specific time. The hardness of the specimens was measured by Vickers
hardness testing machine (HVS-50) with test force of 10 kgf and 10 sec of dwelling time. The average
diagonal length of two indentations was calculated on the flat surface by indenting it two times at
different positions. A surface-projected diagonal length of each sample impression was measured right
after unloading with an upright optical device. Load during hardness test is kept at 10 kg (99.1N).

Inter laminar shear strength (ILSS)

To determine the maximum inter laminar shear strength (ILSS) of composite specimens, short beam
shear tests are performed in accordance with ASTM D2344 standard. A 4:1 span-to-thickness ratio and
a 1 mm/min crosshead speed were used in the tests. The ILSS value was calculated from below equation

3xPm
4xbxd

ILSS = 3)

Water absorption

Water absorption test is performed to estimate the composite behavior in wet environment. The test was
performed as per ASTM D570 with specimen dimension 76 x 25.4 x 3.5 mm by immersing the specimens
in water for 8 days as shown in Figure 2. The specimen weights were noted before immersing in the water
and the specimen weights were measured for every 24 h for a period of 8 days. The digital balance with
accuracy of 0.0001 g was used to measure the weight. The percentage of water gain is calculated using
Equation 3.

@

Figure 2. (a) Specimens for water absorption test and (b) specimens immersed under test.
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Wt — Wi

W% = * 100 (4)

Wi

where, w,%is the percentage of water gain, w;is the initial weight and w is the weight of the sample
after soaked in the water.

Scanning electron microscopy (SEM) and X-ray diffraction

The test surfaces are examined using a JEOL JSM 6380 LA scanning electron microscope. Specimens
are sputtered using a JFC-1600 auto finer coater JEOL. The crystallinity of the chemically treated and
untreated banana fiber epoxy composites was investigated using the XRD test. The test was conducted
in conscious scanning mode, with a 20 = 5-55° angular range and a 2 deg./min scan speed.

Results and discussion
X-ray diffraction

The low intensity peaks at 18° indicate the amorphous constituents such as hemicellulose content,
poor order, and disorientation of crystalline lattices at the fiber surface due to the presence of waxy and
impurities in untreated banana fiber (Gopinathan et al. 2017). The higher peaks observed at 22°
defines the regular chemical structure and ordered arrangement of their segments. The enhancement
in the peak after treatment infers the increase in crystallinity percentage which can be calculated using
Segal equation (Das et al. 2017). The crystallinity percentage increased from 58% to 59% after
treatment from the below Segal equation.
Ier — 1

CI =Y " x100 (5)
ICr

Density and void content estimation

Since voids are a reinforced composite’s inherited behavior, creating a composite that is void-free is
difficult. It must, however, be within a narrow range because even a small increase in vacancy
percentage has a substantial impact on the reinforced composite’s mechanical behavior. The theore-
tical density of all the composites is noted to be 1.25 kg/m® while the experimental density of UTSB,
TSB, UTWSWB, TWSWB, UTWB and TWB are noted to be 1.224, 1.226, 1.226, 1.228, 1.226, and
1.227, respectively. Furthermore, the void content estimations of all the composites lie within a range
of 2.8-3.1% indicating a good quality composite. With the largest void fraction, the UTSB composite
specimen looks to be the most porous when compared to the other specimens. This can be caused by
a variety of factors, including reduced fiber crystallinity, poor fiber-resin adhesion, and uneven fiber
distribution during composite processing. TSB has a void content of 2.92%, while UTSB has a porosity
of 3.1%. As a result, the alkalization of the fiber lowers the porosity level in the composite structure. In
addition, when compared to the UTWB specimens, TWB showed a lower void fraction. Because of the
weave architecture’s ease of handling and placement of fiber during composite processing, the amount
of void caused by fiber aggregation was reduced. The TWB composite exhibits the least amount of
porosity because the fiber’s surface modification and weave structure enhance the fiber’s bonding with
the matrix. The composite composed of chopped fibers and woven face has a void percentage that is
lower than that of its chopped fiber counterpart but higher than that of its woven fiber counterpart.
The density values of the Banana/Epoxy composite in the present work (ranging from 1.224 to 1.228)
are consistent with those of natural composites like Areca/Epoxy, Flax/Epoxy, and Cyrtostachys
renda/Kenaf (Table 1). Synthetic composites generally exhibit slightly higher density values, suggest-
ing that the present work aligns more closely with the characteristics of natural composites (Balogun
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Table 1. Comparison of density with different composites.

Composite Wt.% Density Reference
Areca/Epoxy 20 1.612 (Praveena et al. 2022)
30 1.499
40 1.401
50 1.301
Flax/Epoxy 0 1.11 (Ismail et al. 2022)
30 1.17
40 1.21
50 1.23
Woven/Non-woven flax - 1.29 (Shamsuyeva, Winkelmann, and Endres 2019)
Flax/carbon - 1.34
Flax/Glass - 1.45
Cyrtostachys renda/Kenaf 50/0 1.22 (Loganathan et al. 2021)
35/15 1.26
25/25 1.27
15/35 1.27
0/50 1.28
Jute/Glass 0/100 1.435 (Raghavendra, Shakuntala Ojha, and Pal 2014)
100/0 1.183
50/50 1.2
UTSB/Epoxy 60/40 1.224 Present work
TSB/Epoxy 1.226
UTWSWB/Epoxy 1.226
TWSWB/Epoxy 1.228
UTWB/Epoxy 1.226
TWB/Epoxy 1.227

et al. 2022; Ismail et al. 2022; Loganathan et al. 2021; Praveena et al. 2022; Raghavendra, Shakuntala
Ojha, and Pal 2014; Shamsuyeva, Winkelmann, and Endres 2019).

Hardness of composites

The Vickers hardness test results of the composites exhibit pronounced variations contingent on their
treatment and composition. The untreated short banana composite demonstrated a lower hardness
value of 32.5 as shown in Figure 3, whereas the sodium hydroxide-treated counterpart exhibited
a noteworthy enhancement to 39.9, indicative of improved interfacial adhesion between fibers and
matrix. The treatment of banana fibers with sodium hydroxide induces notable alterations in their
chemical composition and surface characteristics. This treatment involves the elimination of non-

3000
—— Treated
Banana
—— Untreated
Q 2000 Banana
2
D
|
1000
0
0 20 40 60

20

Figure 3. XRD graph of untreated and treated banana fiber epoxy composites (Gebremaryam et al. 2023).
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cellulosic components and impurities, yielding a more pristine and uniform fiber structure.
Consequently, the treated fibers exhibit enhanced affinity to the matrix material, culminating in
heightened load-bearing capacity and hardness. Short banana fibers, as their name implies, possess
reduced length compared to woven fibers. Similarly, the untreated woven banana composite mani-
fested higher hardness of 47.35, attributed to the superior reinforcement of longer fibers and their
organized arrangement within the matrix.

Following sodium hydroxide treatment, the woven banana composite exhibited a remarkable surge
in hardness to 70.75, owing to the establishment of a cleaner and more uniform fiber structure. Woven
composites, with their well-organized fiber layout, demonstrate elevated overall strength and hard-
ness. The hybrid composite, comprising a blend of untreated woven and short banana fibers, displayed
a hardness of 41.5, suggesting synergistic effects resulting from this unique combination of fibers.
Upon sodium hydroxide treatment, the hybrid composite further elevated its hardness to 62.8,
underscoring the treatment’s salutary influence on fiber-matrix adhesion. The woven short woven
banana hybrid composite is an amalgamation of woven and short fibers, showcasing synergistic effects
by harnessing the advantages of both fiber types. This unique combination results in variable hardness
values compared to composites with single-fiber reinforcements. Notably, the composite composed of
a woven face and a short fiber mid-layer exhibited enhanced hardness compared to its short fiber
counterpart, yet it displayed lower hardness than the woven fiber composite with an equivalent fiber
loading. This suggests that the partial replacement of short fiber with woven fabric enhances the
composite’s ability to resist localized plastic deformation. This in good agreement with they reported
the maximum hardness 70 HV perceived by jute-coconut fiber hybrid epoxy composite with 85% jute
fiber contribution (Singh et al. 2021). A key factor in defining the properties of composites is the
strength of the connection at the fiber-matrix interface between the fibers and the matrix. A robust
interface ensures efficient stress transfer, leading to heightened hardness. Treatments like sodium
hydroxide treatment can bolster fiber-matrix adhesion, thus augmenting hardness and overall com-
posite performance (Fangueiro and Rana 2016). In summation, the Vickers hardness outcomes
underscore the paramount impact of treatment and composite composition on the mechanical
properties, with sodium hydroxide treatment affording substantial gains in adhesion and hardness.
This suggests that the chemical treatment has significantly improved the hardness of the banana fiber
polyester composite. The Vickers hardness values of the Banana/Epoxy composite (ranging from 32.23
to 70.75) are comparable to those of synthetic composites, as seen in the CFRP/epoxy, TWSWB/
Epoxy, and TWB/Epoxy composites (Table 2). The results indicate that the treated woven and hybrid

Table 2. Comparison of vickers hardness with different composites.

Composite Wt.% Vickers hardness Reference
Orange peel/formaldehyde 41 23,6 (Tasdemir et al. 2019)
31 241
21 25.2
171 25.9
Titanium hydride/polystyrene 0/100 19.87 (Cherkashina et al.)
20/80 24.42
40/60 29.26
60/40 36.17
CFRP/epoxy - 100.28 (Ghani, Fuad, and Mahmud 2018)
GFRP/epoxy - 74.67
Hybrid A - 76.28
Hybrid B - 80.27
Hybrid C - 62.91
Hybrid D - 79.12
Hybrid E - 76.92
Hybrid F - 76.29
Hybrid G - 75.61
UTSB/Epoxy 60/40 32.23 Present work
TSB/Epoxy 40.22
UTWSWB/Epoxy 41.54
TWSWB/Epoxy 62.81
UTWB/Epoxy 47.49

TWB/Epoxy 70.75
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composites show a hardness response similar to synthetic composites, implying a potential for the use
of natural composites in specific applications. Additionally, the treated composites have shown similar
hardness value to few works (Madgule et al. 2023) inferring the removal of hemicellulose and lignin
enhances the bonding and surface property of composites.

lIss

Delamination’s arise as a consequence of the diminished transverse and inter-laminar shear strength
exhibited by Fiber-Reinforced Composite (FRC) materials. Upon impact, these delamination’s tend to
propagate outward from the locus of contact with the impacting object. The low inter-laminar shear
strength found in polymer composites can be attributed to the use of untreated fibers, resulting in poor
bonding and weak adhesion with the polymer matrix. As shown in Figure 4, TWB has shown a 400%
increase in value compared to the short fibers, indicating treatment of fiber enhances adhesion by
increasing surface acidic functional groups and expanding the surface area. This improved adhesion
leads to higher inter-laminar shear strength and overall mechanical performance of the composite
material. Our findings reveal a discernible reduction in the magnitude of short fibers (UTSB, TSB),
owing to a pronounced plasticizing influence exerted upon the matrix, leading to a concomitant
attenuation of the fiber-matrix interconnectivity (Bienia$ et al. 2020). The mechanical characteristics
of the hybrid composites (UTWSWB and TWSWB) are a direct outcome of the amalgamation of fiber
orientation and the type of reinforcement employed, with fiber orientation wielding the most
pronounced impact (Alves, Prado, and de Paiva 2021). Comparatively, ILSS values of banana/carbon
reinforced composites (Kore et al. 2021) have shown lower values compared to the present work,
whereas the carbon/epoxy composites have shown a higher value more than 200% (Sun, Lu, and Guo
2019) implying that synthetic fiber composites display better performance under ILSS loading condi-
tions. Additionally, the ILSS values of the Banana/Epoxy composite (ranging from 4 to 17) are lower
compared to the referenced works (Table 3), suggesting room for improvement in the inter-laminar
strength of the composites. Further research or modification of the composite formulation may be
needed to enhance the inter-laminar shear strength for better performance (Cheon and Kim 2021; Gu
et al. 2023; Lakshmaiya et al. 2022; Natrayan et al. 2022; Zareei, Geranmayeh, and Eslami-Farsani
2019).

Water absorption

Natural fibers demonstrate a pronounced propensity for moisture, leading to its absorption, accom-
panied by swelling and delamination of the composite material. The presence of hemicellulose plays

80 1

Hardness value (HV)
IS N
(=] (=]

[38]
(=}
L

0 -k T T T T
UTSB TSB UTWSWB TWSWB UTWB TWB
Composition

Figure 4. Vickers hardness test results of short, woven and hybrid composites.
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Table 3. Comparison of ILSS with different composites.

Composite Wt.% ILSS Reference
Carbon/Kevlar/Epoxy 52.77 58 (Gu et al. 2023)
55.16 54
51.03 49
Aluminium/Basalt/Jute/Aluminium — 50/50 (Zareei, Geranmayeh, and Eslami-Farsani 2019)
A 17
B 10
C 14
D 13.7
Carbon/MWCNTs/Polyamide 0 (CNTs) 35 (Cheon and Kim 2021)
1 48
2 40
3 40
4 24
Flax/Oil Palm Nanofiller/Epoxy 0 38 (Lakshmaiya et al. 2022)
2 41
4 47
6 45
Flax/Polyester 20/80 31.83 (Natrayan et al. 2022)
20/77.5 3431
20/70 29.91
20/67.5 28.89
20/60 18.69
UTSB/Epoxy 60/40 4 Present work
TSB/Epoxy 6
UTWSWB/Epoxy 10
TWSWB/Epoxy 14
UTWB/Epoxy 14
TWB/Epoxy 17

a pivotal role in this absorption process, exerting a significant influence on the morphology and
properties of the composites, which, in turn, may be further susceptible to microbial attacks that are
triggered by the presence of moisture. The observed curves below exemplify Fickian behavior, wherein
water migrates from regions of highest concentration to those of lowest concentration within the
composite (Chunhong, Shengkai, and Zhanglong 2016). The infiltration of water into the composites
is facilitated through diverse mechanisms such as diffusion, micro-cracks, and capillary action
(Dhakal, Zhang, and Richardson 2007). As moisture permeates the fibers, it initiates the formation
of hydrogen bonds with the fibers, leading to a reduction in the interfacial adhesion between the fiber
and the matrix. Consequently, this instigates the swelling of fibers, inducing stress at the interface and
causing micro-cracks, thereby intensifying the transport of water through capillary action and micro-
cracks. Moreover, a higher rate of water addition can result in debonding due to leaching of water-
soluble substances (Azwa et al. 2013). The initial absorption curves as shown in Figure 5, exemplify
a linear Fickian behavior up to a certain threshold, beyond which the absorption rate reaches

Ju—
W
L

ILSS (MPa)
=
H

UTSB TSB UTWSWB TWSWB UTWB TWB
Composition

Figure 5. ILSS graph of composites.
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saturation (Hrabalova et al. 2010). The heightened absorption rate was ascribed to the innate
predilection of natural fibers toward water sorption. Once absorbed, water permeates the inter-
fibrillar spaces within the cellulosic structure and further infiltrates cracks and voids through capillary
action, leading to a gradual attenuation in the rate of absorption over time (Chunhong, Shengkai, and
Zhanglong 2016). The curves evince a diminished absorption rate in the treated composites compared
to their untreated counterparts. NaOH treatment has effectively curtailed the presence of amorphous
constituents, particularly hemicellulose and lignin, both renowned for their proclivity toward water
uptake. Consequently, the treated composites display a diminished absorption rate. Furthermore, the
treatment substantially enhances interface wicking, owing to augmented wettability and adhesion,
thus efficaciously thwarting water ingress (Kusmono, Hestiawan, and Jamasri 2020). The curves
manifest an initial diminishment in water absorption rate for short fibers, compared with heightened
water absorption exhibited by woven and hybrid composites. This discernible contrast can be ascribed
to the interconnected architecture of fibers in woven and hybrid composites, which confers greater
ease to water permeation through these fibrils. Moreover, the curves evince a progressive escalation in
the water absorption rate for short fibers due to the presence of voids, serving as conduits for water
flow facilitated by capillary action (Baghaei et al. 2014). The saturated curves divulge that woven
composites evince a reduced rate of absorption when compared to the hybrid and short fibers. This
variance can be attributed to the heightened prevalence of voids within woven composites, thus
engendering more expedient water movement (Kanaginahal et al. 2023). The behavior of water
absorption in the present work is noted to be similar to works referenced in (Karthik et al. 2023;
Oun et al. 2022), showing a Fickian behavior. The increasing trend toward a static absorption of water
indicates that, after a certain point, the molecules reach stability. This information is essential for
understanding the water resistance and durability of the composite material.

Kinetic of water absorption
The diffusion behavior by composite material can be analyzed mathematically from shape of absorp-
tion curve (Chunhong, Shengkai, and Zhanglong 2016).

My
Ms_kt (6)

Where M, is water gain at any time t, M; is water gain at saturation point, k is the slope of 2
verse \t curve, n is constant. The value of coefficient n shows different diffusion behav1or
exhibited by material. Diffusion is considered Fickian when #n=0.5 and it follows Fick’s law.
Diffusion is considered abnormal when # > 1. The diffusion is non-Fickian when n is between
0.5 and 1. The polymer-water interaction is shown by the value k, while the diffusion mode is
indicated by the constant n (Sreekumar et al. 2008). In order to get the value of kinetic
parameter k and n from experimental data the above equation rearranged as follows.

log (M ) logk + nlog(t) (7)

The values of n, k and diffusion coefficient are depicted in Table 4. The UTWB, TWB, and
TWSWB composites exhibited a Fickan diffusion process, as indicated by their diffusion
exponent n being near to 0.5. UTWSWB exhibits a non-Fickan mechanism since its n value
falls between 0.5 and 1, whereas UTSB and TSB exhibit a case-II diffusion mechanism as their
n values approach 1.

When comparing the NaOH-treated banana fiber composite to the untreated composite with the
same fiber architecture, the value k was lower. This suggests that, in comparison to its untreated
counterpart, the treated banana fiber composite interacted well with water molecules. In general, the
woven fiber composite and short fiber core sandwiched by the woven fiber face have a lower value of k,
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Table 4. Kinetic parameters and diffusion coefficient values different banana fiber epoxy

composites.
Slope Intercept Diffusion coefficient

Composition (n) (k) (em?s7")

UTSB 1.105 1.246 3.95x1078
TSB 0.959 1.078 3.16x107®
UTWB 0.549 0.605 9.72x1078
TWB 0.486 0.534 8.94x107®
UTWSWB 0.676 0.764 9.09%1078
TWSWB 0.532 0.600 701x1078

indicating that the short banana fiber composite did not have as good of an interaction with water

molecules as the woven fiber outer layer and composite (W. Wang, Sain, and Cooper 2006).
Diffusion coefficient (D) is an important factor that tells us the amount of water molecules can pass

unit area per unit time. It obtained from initial slope of %ﬁ verse square root time curve (Chunhong,

Shengkai, and Zhanglong 2016).
MI - 4 Dxt
()

Where h is the thickness of specimen. From experimental data % was calculated and corresponding
graph was sketched below.

The value of D calculated from initial slope of 37 M. displayed in Table 4 is in good agreement
reported by other author where the value of D for natural fiber composite lies within range of
10® to 10~ cm®/s (Panthapulakkal and Sain 2007). As shown in Figure 6, untreated banana
fiber composite had higher diffusion coefficient compared with chemical treated fiber compo-
sites that have the same fiber architecture. This implies lesser amounts of water molecules can
pass unit area per unit time for treated fiber composite. Treated fiber composites also had good
interfacial bond with matrix and less amount - OH ions this may reduce affinity to moisture.
When compared to short fiber, the weaved fiber composite showed a higher diffusion coefficient
value, indicating that a large amount of water molecules initially egressed into the composite
structure. This happens due to the weave structure, where interlace of warp and weft yarns in
a 0/90° direction takes place. This may restrict the shrinkage of resin in two dimensions when
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Figure 6. Moisture absorption curves of composites.
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Figure 7. Water uptake of treated and untreated banana fiber composites.

curing (Li-Rong and Yee 2002a). The restraint of resin in two dimensions induces residual stress
and micro-voids on the surface of the composite structure (Xiaogang, Gillespie, and Bogetti
2000). Consequently, when woven fiber composites are immersed in water, the quick filling of
micro-voids on the surface contributes to the fast rate of absorption within the first short initial
period of time. Following the fullness of surface voids, woven fiber composite easily relieves
residual stress, hence reaching a saturated state at a fast rate compared with short fiber
composite counter parts (Li-Rong and Yee 2002b; Tang et al. 2005). However, in the case of
short banana fiber composites, due to the random orientation of the short fibers, the resin may
not be restrained in a specific direction during curing, hence the low probability of surface void
development and residual stress. But the difficulty of short fiber handling and distribution
during composite processing may cause increased internal void formation due to agglomeration,
hence the gradual holding of more water at saturation. The structure and hydrophilic qualities
of the untreated fiber may also have contributed to the maximum diffusion coefficient that the
composites have displayed. When submerged in water, raw fibers dissolve more readily than
treated fibers, which are shielded against breakdown. This is because raw fiber has a higher
water absorption capacity due to its hydrophilic lignin concentration. However, treated fibers
absorb water less readily due to the removal of lignin and hemicellulose during from the NaOH
treatment (Ronald Aseer et al. 2013). Nevertheless, the diffusion coefficient of a short fiber core
surrounded by an outside layer of woven banana fiber is similar to that of a woven composite;
this could indicate that the outer face of the composite influences the diffusion of water
molecules significantly (Figure 7). In summary, the present work exhibits characteristics similar
to natural composites in terms of density and Vickers hardness. However, there is a need for
improvement in inter-laminar shear strength. The water absorption behavior aligns with pre-
vious studies, providing valuable insights into the composite material’s stability and resistance to
moisture.

Scanning electron micrographs

The scanning electron micrographs of freeze fracture specimens post-water absorption tests are
presented in Figure 8. SEM images clearly show that the fibers are deteriorated by water absorption.
The composite structure of UTSB and TSB, respectively, is shown in Figure 8a,b. The images highlight
the voids that were developed due to uneven fiber and matrix adhesion. Extreme deterioration of the
fibers is evident from the micrographs, indicating that the fibers are completely ingress with water and
thereby revealing higher moisture absorption as compared with woven composites. The treated fibers
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Figure 8. SEM micrographs of (a) UTSB, (b) TSB, (c) UTWSWB and (d) TWSWB.
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have demonstrated superior adhesion, resulting in reduced fiber pullouts and consequently indicating
a lower rate of water absorption relative to untreated fibers. In the untreated fibers, matrix failure is
noticeable, stemming from voids, whereas the treated fibers exhibit crack propagation along the fiber-
matrix interface. This suggests that failure occurred subsequent to fiber breakage, wherein the load was
borne and transferred to the interphase. However, the interphase exhibited insufficient bonding to
sustain the load post-failure that led to crack formation. SEM micrographs of UTWSWB and TWSWB
are shown in Figure 8c,d, respectively. Comparing the UTWSWB and TWSWB composites to the
UTSB and TSB composites, it is evident that the former exhibit superior resistance to moisture
absorption since the fibers remains intact despite moisture absorption. The images depict a higher
frequency of fiber pullouts alongside reduced resin content on the surface, suggestive of inadequate
bonding. Conversely, treated fibers exhibit robust adhesion, characterized by diminished fiber pullouts
and breakages. In the UTWSWB samples, the greater presence of voids signifies inferior bonding
between the fiber and matrix, while the TWSWB samples display fewer voids and minimal crack
propagation, indicative of superior load-bearing capabilities.
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Conclusions

In the current study, three alternative methods of layering banana fibers — short fiber, woven fiber, and
mix of short and woven fiber — are used to create banana fiber composites. Effects of NaOH fiber
treatment is also performed on the three different banana fiber composites. Hardness, ILSS and water
absorption properties of composites is investigated. Results infer that the TWB composite exhibited
hardness of 70.75 HV owing to the establishment of a cleaner and more uniform fiber structure. The
UTWSWB hybrid composite, displayed a hardness of 41.5, suggesting synergistic effects resulting
from this unique combination of fibers while TWSWB composite reveals a hardness of 62.8 HV
mainly attributed to the treatment’s salutary influence on fiber-matrix adhesion. UTSB and TSB
composites reveal lowest hardness of 32.5 and 39.9 HV, respectively. ILSS results were in line with the
hardness ones wherein the UTSB and TSB reveal low inter-laminar shear strength due to poor
bonding and weak adhesion with the polymer matrix. TWB reveals higher ILSS compared with all
other composite types owing to the treatment of fibers and woven pattern enabling the structure to
offer more resistance to shear forces. Water absorption results indicate that short fiber composites are
more susceptible to water uptake as compared with woven or hybrid composites.

Highlights

Banana fibers derived from Ethiopia are utilized for fabricating novel composites
Composites are prepared by using short and woven banana fibers in plain and hybrid form
Effect of NaOH treatment is investigated on the developed composites

Treated woven composites reveal good hardness and inter-laminar shear strength

Short banana fiber composites possess higher affinity for moisture absorption
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