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A B S T R A C T

The ongoing research focuses on exploring the potential of Careya arborea (CA) fiber, banana fiber (BF), and 
epoxy composites as sustainable alternatives to petroleum-based products and synthetic fibers. The aim is to 
enhance the interfacial bonding and overall performance of these composites while reducing reliance on tradi-
tional materials. The study investigates the adhesion between CA fiber, BF (both chemically treated), and epoxy 
with polylactic acid (PLA) coating. Specifically, it examined how the PLA coating affects the mechanical prop-
erties, including tensile strength, flexural strength, impact resistance, and water absorption behavior, of the 
fabricated composites. Mechanical characterizations of the composite specimens are conducted following ASTM 
standards. The PLA-coated and NaOH-treated specimens significantly improved their tensile strength (20.56%) 
and flexural strength (16.7%), and significantly reduced their water absorption capacity (by 47.6%) compared to 
the untreated ones. These findings highlight the promise of using treated natural fibers and PLA coatings to 
create more sustainable and high-performance composite materials.

1. Introduction

The growing concern over the environmental impact of petroleum- 
based products and synthetic fibers has fuelled extensive research into 
alternative materials that are sustainable, eco-friendly, and capable of 
matching or even surpassing the performance of their conventional 
counterparts. Therefore, the quest for sustainable and environmentally 
friendly materials has driven extensive research into developing alter-
native substitutes for petroleum-based products and synthetic fibers. 
One of the promising avenues in this endeavour is the utilization of 

natural fibers in composite materials.
The historical roots of incorporating natural fibers as reinforcement 

in composite materials stretch back to ancient civilizations, which uti-
lized plant fibers for this purpose. Today, natural fiber composites have 
emerged as an environmentally friendly substitute for composites rein-
forced with glass or carbon fibers. By leveraging natural fibers as rein-
forcement, these materials not only address waste disposal issues but 
also play a role in minimizing environmental pollution [1,2]. Natural 
fibers, particularly in the context of sustainable materials, have gained 
prominence as a widely adopted technology with numerous 
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applications. These fibers offer several advantages over traditional glass 
fibers, making them competitive in contemporary industrial applica-
tions. Natural-fiber reinforced composites offer a multitude of benefits 
compared to their synthetic-fiber reinforced counterparts, including 
renewability, reduced abrasiveness to equipment, biodegradability, 
high specific strength, cost-effectiveness, non-corrosive properties, 
non-hazardous nature, and manufacturing versatility [3,4].In recent 
decades, there has been a growing societal awareness of environmental 
concerns. A notable example of this is the United Nations’ 2030 Agenda 
for Sustainable Development, which has garnered the support of more 
than 190 countries. Within this agenda, specific goals have been set to 
address environmental issues, including objectives related to recyclable 
plastics (goal 12) and the reduction of plastic bag usage (goal 14), 
particularly aimed at preserving the cleanliness of our oceans. To 
enhance sustainability in the composites industry, it is essential to 
conduct both foundational and transformative research, with the ulti-
mate goal of creating entirely eco-friendly or "green" composites [5,6]. 
Moreover, natural fibers are characterized by their user-friendly nature 
and absence of the toxicity commonly found in mineral reinforcements 
like glass fibers. Lignocellulosic fibers can be sourced from a variety of 
origins, including wood, annual plants, agroforestry waste, or as 
by-products from industrial processes such as textile or paper production 
[7,8].

In China, a significant portion of the country’s bamboo resources is 
dedicated to the construction of houses, furniture, composite boards, 
flooring, and various wood-based products [9,10]. The bamboo industry 
also plays a pivotal role in Bangladesh’s economic growth, particularly 
in terms of harvesting, production, and marketing activities [11]. 
Meanwhile, in Thailand, extensive oil palm plantations are found in 
regions like Krabi, Suratthani, Chumphon, and other districts, covering 
approximately 3250 square kilometers and yielding 700,000 to 800,000 
tonnes of raw palm oil annually. The production of palm oil has been 
steadily increasing due to its cost-effectiveness, driving the expansion of 
the industry. Additionally, the methods employed in oil palm production 
include the assessment of palm fruit bunch quality. Notably, about 12% 
of the oil palm bunch consists of waste oil palm residue, which finds 
applications in various fields, including fiber manufacturing and fuel 
production [12].

Germany and many other industrialized and developing nations 
across the world have embraced the use of natural fiber-reinforced 
polymer composites made from materials like flax, sisal, hemp, and 
kenaf in the automotive sector. These composites are employed in a 
wide array of applications, such as door panels, seat backs, dashboards, 
package trays, head restraints, and seatback linings [13].

Research by Research by Mautner et al. [14] and Prakoso et al. [15] 
also demonstrated that natural fibers can be effectively used in com-
posite materials, exhibiting remarkable mechanical properties, envi-
ronmental benefits, and broad industrial applications. However, the 
current research extends this groundwork by introducing novel treat-
ment methods to enhance the performance of these composites further. 
Anguita et al. [16] also reported significant improvements in the tensile 
strength and water resistance of natural fiber composites through the 
utilization of similar treatments. The current study focuses on the inte-
gration of Careya arborea (CA) fiber and banana fiber (BF) within epoxy 
composites, with the overarching goal of exploring alternative materials 
to replace traditional synthetic fibers and petrochemical products. These 
natural fibers are selected for their potential as eco-friendly, renewable 
resources that can serve as reinforcements in composite materials [17,
18].

This research investigates the interfacial bonding and overall per-
formance of composites made from chemically treated CA fiber and BF 
combined with epoxy resin. The study explores how polylactic acid 
(PLA) coating and NaOH treatment enhance the mechanical proper-
ties—tensile strength, flexural strength, impact resistance, and water 
absorption—of these composites. Four configurations are tested: un-
treated, PLA-coated, NaOH-treated, and both PLA-coated and NaOH- 

treated. Results, based on ASTM standard tests [19], show significant 
improvements in mechanical properties and reduced water absorption, 
highlighting the potential for developing sustainable, high-performance 
composite materials. These findings offer eco-friendly alternatives to 
traditional petrochemical products and synthetic fibers, with broad in-
dustrial applications.

2. Materials and methods

2.1. Materials

The current work uses epoxy composites made by hand layup process 
in combination with CA fiber extracted in our lab and BF fiber procured 
from Renus Jute Creations - Hyderabad, Telangana. India. The decidu-
ous Careya arborea tree can reach a height of 10–15 m and bears pale 
yellow blooms with a hint of scarlet. The CA fiber, which has a lower 
cost of fiber, was taken from the CA tree’s bark. BF production 1.8 
million tons for the fiber India. There are many different uses for BF in 
the construction, aerospace, marine, textile, and automotive industries 
[17] CA fibers and BF were chopped in accordance with the mold’s 
measurements. Alide Engineering Services supplies the matrix material 
in the form of epoxy resin (Araldite LY-556) and the matching hardener 
(Araldite HY-951). Density = 1.16 g/cm3, tensile strength = 85–95 MPa, 
tensile modulus = 35–38 GPa, and viscosity = 10000–12000 MPa s are 
the characteristics of matrix material epoxy. Vruksha Composites sup-
plied woven BF. Tensile strength = 120 MPa, tensile modulus = 69 MPa, 
density = 1.3 kg/cm3, and elongation = 1.7% are the characteristics of 
BF.

2.1.1. Alkaline treatment on fiber
In this work, 6% NaOH is applied to woven BF and CA fiber. At room 

temperature (RT), BF was immersed in the alkaline solution for 4 h. The 
BF was then taken out of the solution and washed several times with 
floating water before being submerged in the HCl solution to get rid of 
the NaOH adhesive. Fiber rinsed with water once more and dried in 
sunlight for 36 h and removed moisture from the fiber using oven set at 
60 ◦C. The reaction in fiber during alkali treatment based on 

(Fiber – OH + NaOH) → (Fiber –O–Na+ + H2O)                             (1)

2.1.2. PLA coating on fiber
PLA pellets were initially submerged in the chloroform solution for 6 

h. After that, the mixture was manually agitated and heated to 60 ◦C to 
ensure that the PLA was evenly distributed throughout the chloroform 
solution. Weaved BF were soaked in PLA solvent and allowed to soak for 
6 min before being removed. In the end, coated fibers were dried for 36 h 
at ambient temperature and for 3 h in a hot air oven at 60 ◦C. PLA’s 
mechanical and physical characteristics are displayed in Table 1.

2.1.3. Fabrication of composite laminates
The BF and CA fiber epoxy composite was created using a mild steel 

mold that measured 300 mm by 300 mm and had a 6 mm thickness. 
Because of its flexibility, the hand lay-up process is utilized to fabricate 

Table 1 
Physical & Mechanical attributes of PLA.

Properties PLA Values CA fiber BF

Tensile strength (MPa) 21–60 48.29 430
Density (g/cm3) 1.21–1.25 1140 kg/m3 0.95
Tensile modulus 27–16 – –
Melting temperature (◦C) 173–178 248 120
Glass Transition Temperature (◦C) 45–60 – –
Impact strength (J/m2) 13 27.89 –
Youngs modulus (GPa) 0.35–35 8–21.6 23
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hybrid composite laminates. BF layers are cut and marked in accordance 
with the measurements of the mold. The amount of resin is determined 
by taking the fabric’s GSM into consideration. With the aid of a vertical 
stirrer, the low temperature curing epoxy resin LY-556 and the hardener 
HY-951 are added to the epoxy resin at a weight ratio of 10:1 and 
completely mixed. The weight of CA fiber is kept constant at 40%. 
Table 2 displays the composite laminates with the names CA1+BA1, 
CA2+BA2, CA3+BA3, and CA4+BA4, which are composed of varying 
amounts of untreated, coated, treated, and treated & coated material. 
Ultimately, the laminates are sliced using a hack saw to create test 
specimens that meet ASTM requirements for testing and characteriza-
tion [19]. The investigation involved monitoring the water absorption 
percentage of all hybrid composites at specified time intervals: 10, 20, 
30, 40, 50, and 60 days. After fabrication of the composites there were 
few defected observations made that portions voids, resin rich zones, 
misalignments of fiber, and poor wettability of the fiber and matrix.

Fig. 1 illustrates the surface alteration of BF both before and after 
treatment.

2.2. Methods

2.2.1. Tensile test
The ASTM D-3039 standard [19] is followed while testing the tensile 

strength of prepared hybrid composite specimens. The specimens are 
rectangular in shape and measure 250 x 25 × 4 mm. Three distinct 
specimens are subjected to a tensile test: untreated, PLA coated, NaoH 
treated, and PLA coated and NaOH treated. The specimen was subjected 
to a load at RT during the test until it broke. The stress-strain curve that 
is created is used to calculate tensile strength.

2.2.2. Flexural test
Both the tensile and the flexural tests were carried out at RT using 

UTM (Biss, Nano plug and play Servo hydraulic machine, 100 Tonne) in 
accordance with ASTM D-790 [20]. The specimen, measuring 165 × 20 
× 3 mm was subjected to a flexural test at a crosshead speed of 1 
mm/min. Five specimens of each composite were tested, and the 
average values of tensile strength and tensile modulus, along with their 
standard deviations, were reported.

2.2.3. Impact test
The Izod impact test was conducted on the notched specimens in 

accordance with ASTM D256 using a digital impact testing machine 
(Presto Izod/Charpy Impact testing machine) [21]. For this test, speci-
mens with measurements of 65 × 13 × 3 mm and a 2.5 mm notch 
thickness were created. Five specimens of each composite composition 
were tested, and the average values of the impact strength and energy, 
along with their standard deviations, were reported.

2.2.4. Water absorption test
In this work, a water absorption test is used to evaluate the propor-

tion of water absorbed by the CA fiber/BF reinforced epoxy hybrid 
composite constructions. The water absorption test is conducted with 
salt-free RT water. The test specimens are prepared in accordance with 
ASTM D-570 [22] requirements for water absorption. The specimen 
used for the water absorption test has the following measurements: 30 ×
30 × 4 mm. The specimen’s initial weight is determined prior to the 

water absorption test.

3. Results and discussion

Scanning electron microscopy (SEM) is undoubtedly an excellent 
way to observe the surface of fibers and interfacial adhesion between 
fiber-matrix. Fig. 2 exhibited SEM images of untreated CA fiber/BF 
epoxy hybrid composites, which showed pits on break surface of a 
composite (CA1+BF1) could indicate areas where the material fractured 
or experienced some form of mechanical damage. Pits might result from 
the separation of fibers from the matrix causing localized stress con-
centrations. The untreated CA fiber/BF epoxy hybrid composites 
exhibited fiber break surface refers to the cross-section of the individual 
fibers within the composite material [1,23]. Examining this surface 
provided insights into the fiber’s mechanical properties and how it in-
teracts with the matrix. The presence of irregularities or features on the 
fiber break surface might indicate variations in fiber properties or po-
tential mechanical damage. The hybrid composites CA1+BF1 presented 
rupture surface refers to the area where the composite material has 
fractured or broken. This can include both the epoxy and the CA 
fiber/BF. Analyzing the rupture surface can help determine the mode of 
failure (e.g., fiber pull-out, matrix cracking, interfacial debonding) and 
provide insights into the overall hybrid composite’s mechanical 
behavior. Examining the bonding interface in SEM images of CA1+BF1 
revealed the low quality of the bond, the presence of voids, and the 
potential for fiber-matrix debonding. As shown in Fig. 2a, the bonding 
between untreated CA fiber/BF and the epoxy matrix is weak, and the 
fiber of the cross-section of the composites is pulled out. The poor 
adhesion between untreated CA fiber/BF (Fig. 2b and 2c) and epoxy 
matrix always leads to poor mechanical performance, Fig. 2d shows that 
there was no proper resin distribution through the fiber surface, this 
would impact on interfacial bonding of the composites, fibers would 
break due to impact loading and delamination may occurs.

Recently, polymer coating on natural fibers has been the most pro-
ficient way for enhancing the compatibility with the polymer matrix. 
The polymer coating on natural fibers makes them more hydrophobic, 
stiff, and strong [3,6]. Polymer coating offers a better interfacial 
bonding and acts as a protective layer which opposes moisture absorp-
tion [5,7]. Several scientists have made efforts to apply a polymer 
coating onto cellulosic fibers, aiming to enhance their hydrophobic 
properties. This, in turn, leads to an improvement in the bonding at the 
interface, consequently reducing the water absorption tendencies of 
cellulosic fiber-reinforced polymer composites (CFPCs) [9,20]. Fig. 3a, 
b, and 3c show the SEM micrographs of the fracture surfaces of 
PLA-coated CA fiber/BF epoxy hybrid composites subjected to a tensile 
load. In the case of PLA-coated CA fiber/BF epoxy hybrid composites, 
breakages of fiber and fiber-matrix debonding were noticeable owing to 
good fiber matrix compatibility, observed as in Fig. 3a and b. From 
Fig. 3b and 3c the breakages, and pores inside the fiber of polymer 
matrix was not observed in PLA-coated (CA2+BF2), and NaOH-treated 
+ PLA-coated CA fiber/BF epoxy hybrid composites (CA4+BF4), which 
shows less swelling of CA fiber/BF in these epoxy hybrid composites. 
Fractured surface of PLA-coated CA fiber/BF epoxy hybrid composites 
(CA2+BF2) indicates superior bonding between fiber and matrix as a 
response of the PLA coating (Fig. 3d) compared to untreated CA fiber/BF 
epoxy hybrid composites (CA1+BF1). The polymer coating of CA 
fiber/BF with PLA, has led to notable alterations in their surface char-
acteristics, particularly in terms of porosity inside the fibers, and the 
occurrence of breakages of fibers on smooth surfaces showed in Fig. 3.

These changes are attributed to the polymer coating and induced 
fiber-matrix chemical bonding by PLA coating. These alterations in 
surface characteristics of CA fiber/BF could result in visible changes to 
the fiber’s surface texture, potentially affecting its overall appearance 
and properties. Therefore, the uniform characteristics of surface was 
observed on the polymer coating of CA fiber/BF with PLA, suggests a 
more homogenous surface, but PLA-coated CA fiber/BF epoxy hybrid 

Table 2 
Nomenclature of composites.

Composites BF 
(wt)%

CA fiber 
(wt) %

Alkaline treatment 
(wt) %

PLA coating 
(wt) %

CA1+BF1 60% 40% – –
CA2+BF2 60% 40% – 4%
CA3+BF3 60% 40% 6% –
CA4+BF4 60% 40% 6% 4%
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composites (CA2+BF2), have more implications positives for applica-
tions such as hybrid composites.

Fig. 4 illustrates the SEM micrographs that correspond to the NaOH- 
treated hybrid composites of CA fiber/BF embedded in an epoxy matrix. 
The visual examination of the micrographs reveals significant im-
provements in the surface characteristics of the NaOH-treated CA fiber/ 
BF (referred to as CA3+BF3) as shown Fig. 4a. This enhancement can be 
attributed to the removal of lignin, hemicelluloses, and wax from the 
fibers’ surface through the alkalization process using NaOH. The result 
of this treatment is evident in the emergence of a rougher surface 
morphology in the fibers. This heightened roughness is a distinctive trait 
of the treated CA fiber/BF and signifies the successful elimination of 
hemicellulose and other extraneous surface impurities. Refer to Fig. 4c 
for a visual representation of these effects, as observed in the study by 
Madhu et al. [12]. Additionally, the removal of these surface contami-
nants from the fibers has a twofold positive impact. Firstly, it promotes 
an increase in both the mechanical interlocking between the fibers and 
the epoxy matrix and the ensuing bonding reaction. This mechanical 
interlocking and improved bonding are advantageous attributes for 
enhancing the adhesion between the fiber and matrix phases, as depic-
ted in Fig. 4d. This outcome is in line with the findings reported by 
Mwaikambo and Ansell [13]. Furthermore, the microscopic analysis, as 
demonstrated in Fig. 4d, indicates a noteworthy transformation in the 
interfacial interaction between the NaOH-treated CA fiber/BF and the 
epoxy matrix. The gap that once existed between these elements has 
been notably reduced, leading to a more intimate and cohesive 

connection between the fibers and the matrix. This reduction in the gap 
and the subsequent augmentation of interfacial adhesion signifies an 
overall improvement in the composite material’s structural integrity and 
mechanical properties [2,21,22]. The SEM micrographs displayed in 
Fig. 4 provide a comprehensive visual representation of the positive 
effects of NaOH treatment on the hybrid composites consisting of CA 
fiber/BF and an epoxy matrix. The alkalization process removes surface 
impurities, enhances surface roughness, promotes mechanical inter-
locking, and strengthens the bonding reaction between the fibers and 
the matrix. These improvements culminate in a more closely integrated 
interface, contributing to the overall enhancement of the composite 
material’s performance characteristics [24,25]. Fig. 2 indicating the 
small pits on the surface are associated with defects during fabrication, 
and the high mount of fiber volume fraction absorbed the maximum 
amount of matrix, hence the internal layers were not able to be wetted 
properly, this may lead to create the defects in the samples. Since it is 
advised to perform the chemical treatment before the preparation of 
composite, it would minimize the defects in the composite.

In a similar experimental context, researchers delved into the prop-
erties of epoxy hybrid composites made CA fiber/BF NaOH-treated +
PLA-coated (CA4+BF4). This investigation revealed intriguing charac-
teristics with versatile potential across various industries. The results 
demonstrated the ability to tailor these properties at different scales, as 
depicted in Fig. 5a. However, after the CA fiber/BF being NaOH-treated 
+ PLA-coated, a strong bond between the epoxy and the fibers was 
noticed and the no pits on breaking surface in the CA fiber/BF surface 

Fig. 1. Surface alteration of BF both before and after treatment.
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Fig. 2. SEM of untreated CA fiber/BF epoxy hybrid composites a) BF bonding with matrix, b) Surface of the BF after breaking, c) CA/BF braking pits, d) Breaking of 
CA/BF fiber bunches.

Fig. 3. SEM of PLA-coated CA fiber/BF epoxy hybrid composites a) CA fiber surface after debonding, b) Rupture of the fiber, c &d) Damages portion of BF and 
CA fiber.
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Fig. 4. SEM of NaOH-treated CA fiber/BF epoxy hybrid composites a) Pull out portions of the Banana/CA fiber peels, b)Matrix separated portion,c &d) Pores on the 
matrix with damaged fibers.

Fig. 5. SEM of NaOH-treated + PLA-coated CA fiber-BF epoxy hybrid composites, a) Clear matrix fiber bonding, b) Pores on fiber cross section, c) Uneven fiber 
breakage. d) Fiber rupture peels.
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were visible as shown Fig. 5a and b. This substantial improvement in 
bonding was attributed to the enhanced compatibility between the CA 
fiber/BF and the epoxy matrix. This compatibility led to the reduction of 
interfacial tensions, which in turn prevented the detachment of fibers 
from the matrix during mechanical loading. This phenomenon was well- 
documented by Sanjay et al. [27]. It’s worth noting that a noteworthy 
contrast emerged when comparing the mechanical properties of the 
individual CA fiber/BF in the NaOH-treated + PLA-coated scenario with 
those of CA1+BF1, CA2+BF2, and CA3+BF3. In instances where there 
was a stronger bonding between the CA fiber/BF and the matrix, as 
observed in treated-NaOH + coated-PLA, the mechanical characteristics 
of individual fibers may be compromised shown in Fig. 5d. This phe-
nomenon is highlighted in Fig. 5d, as documented by Hemath et al. [28]. 
The substantial enhancement in bonding between the CA fiber/BF and 
the matrix in the treated-NaOH + PLA-coated configuration was pri-
marily attributed to the increased surface roughness of the fibers 
compared to those in the CA1+BF1, CA2+BF2, and CA3+BF3 configu-
rations. This, in turn, facilitated a superior interaction between the CA 
fiber/BF and the epoxy matrix, leading to the remarkable mechanical 
properties observed. Then, the CA fiber/BF turns out to be broken at the 
cross section without being pulled out, as well as shows that the inter-
facial adhesion between CA fiber/BF and epoxy matrix has been greatly 
improved.

The modified CA fiber/BF by NaOH treatment + PLA coating 
(CA4+BF4) have more positive outcome of this novel approach was seen 
in form of increased resistance properties (strength, flexural, and stress 
Vs strain) for epoxy hybrid composites made from CA fiber/BF NaOH- 
treated + PLA-coated. The lowest resistance properties were offered by 
untreated and uncoated CA fiber/BF (CA1+BF1), which was lower than 
those of treated + coated CA fiber/BF hybrid composites (CA4+BF4), 
PLA-coated CA fiber/BF hybrid composites (CA2+BF2), NaOH-treated 
CA fiber/BF hybrid composites (CA3+BF3), respectively, as shown in 
Figs. 10 and 11.

Fig. 6 demonstrates energy dispersive X-ray spectroscopy (EDAX) 
analysis outcomes for hybrid composites consisting of epoxy and CA 

fiber/BF in various conditions: untreated, PLA-coated, treated with 
NaOH, and treated with both PLA and NaOH.

The analysis unveils the presence of diverse chemical elements 
within these composites, including C, O, Na, Si, S, Cl and Ca. The initial 
C weight percentage in untreated CA fiber/BF is 53.73%, which is 
comparatively lower than the corresponding percentages in PLA-coated, 
NaOH-treated, and PLA-coated + NaOH-treated CA fiber/BF, as indi-
cated in Fig. 6. Similarly, the O wt.% in untreated CA fiber/BF 
(CA1+BF1) is 46.02%, also less than that found in PLA-coated, NaOH- 
treated, and PLA-coated + NaOH-treated CA fiber/BF (CA2+BF2, 
CA3+BF3, and CA4+BF4). Then, was noted that the application of 
NaOH treatment significantly increases the Ca content to 1.58% and has 
a pronounced impact on the strain properties of the plant fibers, as 
previously reported [29]. Table 3 provides a comprehensive presenta-
tion of quantitative elemental data for the untreated CA fiber/BF 
(CA1+BF1), PLA-coated CA fiber/BF (CA2+BF2), NaOH-treated CA 
fiber/BF (CA3+BF3), and PLA-coated + NaOH-treated CA fiber/BF 
(CA4+BF4), presenting both weight and atomic percentages. The EDAX 
analysis method employed in this research is widely recognized for both 
qualitative and quantitative elemental analysis. This study delved into 
the chemical composition of the hybrid composites of epoxy and CA 
fiber/BF in various conditions: untreated, PLA-coated, treated with 
NaOH, and treated with both PLA and NaOH. These composites are 
primarily composed of cellulose, lignin, hemicelluloses, and waxes. 
Interestingly, the detailed chemical composition of these hybrid com-
posites, including CA1+BF1, CA2+BF2, CA3+BF3, and CA4+BF4, has 
not been previously documented by other researchers.

The fundamental chemical elements in these composites are C and O. 
Inorganic elements such as Si, S, Na, Cl, and Ca are also present on the 
surface of the CA fiber/BF, albeit in trace amounts, as visualized in 
Fig. 6. Table 3 reveals that a certain amount of Na is detectable on the CA 
fiber/BF following NaOH treatment, while Si is observed in the case of 
PLA coating, as detailed in Table 3. This could be attributed to the 
changes occurring on the surface of the CA fiber/BF due to chemical 
treatments and polymer coatings, resulting in distinct bond formations.

Fig. 6. EDAX of (A) untreated, (B) PLA-coated, (C) NaOH-treated, and (D) PLA-coated + NaOH-treated in CA fiber-BF epoxy hybrid composites.
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3.1. Tensile strength

Fig. 7 illustrates the tensile strength of untreated, PLA-coated, NaOH- 
treated, and NaOH-treated + PLA-coated CA fiber/BF epoxy hybrid 
composites. A notable increase in tensile strength was observed with 
both NaOH treatment and PLA coating of the fibers, indicating enhanced 
mechanical properties of the epoxy hybrid composite. The comparison 
of tensile strength between untreated and treated CA fiber/BF epoxy 
hybrid composites, depicted in Fig. 7, demonstrates consistently higher 
values for the treated composites. This improvement can be attributed to 
the successful surface modification, resulting in more effective rein-
forcement. As depicted in Fig. 7, the tensile strengths of the epoxy hybrid 
composite were measured at 59.79 MPa for the untreated sample, 63.83 
MPa for the PLA-coated sample, 67.26 MPa for the alkali-treated sample, 
and 70.42 MPa for the PLA-coated + alkali-treated CA fiber/BF com-
posite. Notably, the untreated CA fiber/BF composite (CA1+BF1) 
exhibited the lowest tensile strength, primarily due to inadequate 
adhesion between the fiber and the matrix [30,31]. The specimens of 
PLA-coated CA fiber/BF composite (CA2+BF2), alkali-treated CA 
fiber/BF composite (CA3+BF3), and alkali-treated + PLA-coated CA 
fiber/BF composite (CA4+BF4) have 6.8%, 12.5%, and 17.8% more 
tensile strength compared to CA1+BF1, respectively. The increase in 
tensile strength of CA-BF composites by alkali treatment was signifi-
cantly good and consistent with that obtained by Arthanarieswaran 
et al., [14]. Alkali treatment increases the surface roughness of CA 
fiber/BF by the removal of hemicelluloses, lignin, and wax resulting in 
improved interfacial adhesion between CA fiber/BF and matrix, as re-
ported by other researchers [12,28,32]. The increase in roughness of the 
surface after alkali treatment can be seen in Fig. 3, was noticeable that 
PLA-coated CA fiber/BF composite (CA2+BF2) was higher tensile 

strength than (CA1+BF1) but lower tensile strength than other treated 
composites (CA3+BF3, and CA4+BF4) due to average bonding between 
CA fiber/BF, and matrix as shown in Figs. 2 and 4. Among all CA 
fiber/BF epoxy hybrid composites, CA4+BF4 has the maximum values 
of tensile strength, which are 15.1% (10.63 MPa), 9.4% (6.59 MPa), and 
4.5% (3.16 MPa), respectively, higher than that of CA4+BF4. It occurs 
due to strong interfacial adhesion between CA fiber/BF and matrix as 
shown in Fig. 5. The strong adhesion in composite CA4+BF4 may be due 
to the combined effect of alkali treatment and PLA coating. Finally, was 
concluded that an increase in tensile strength follows the order: 
CA4+BF4 > CA3+BF3 > CA2+BF2 > CA1+BF1.

3.2. Flexural strength

In Fig. 8, the flexural strengths of untreated, PLA-coated, NaOH- 
treated, and NaOH-treated + PLA-coated CA fiber/BF epoxy hybrid 
composites are presented. A notable improvement in flexural strength 
was observed with NaOH treatment and PLA coating of CA fiber/BF, 
highlighting the enhancement in the epoxy hybrid composite’s me-
chanical properties. Specifically, the untreated CA fiber/BF reinforced 
epoxy hybrid composite specimen (CA1+BF1) demonstrated lower 
flexural strength, attributed to inadequate surface wetting and poor 
fiber-epoxy bonding. Conversely, all treated CA fiber/BF epoxy hybrid 
composites exhibited superior flexural strength compared to the un-
treated counterparts, underscoring the efficacy of surface modification. 
As depicted in Fig. 8, the flexural strengths of the epoxy hybrid com-
posite were measured at 79.2 MPa for the untreated sample, 83.6 MPa 
for the PLA-coated sample, 88.5 MPa for the alkali-treated sample, and 
89.8 MPa for the PLA-coated + alkali-treated CA fiber/BF composite. 
This reinforces the understanding that the untreated CA fiber/BF com-
posite (CA1+BF1) displayed the lowest flexural strength due to inade-
quate fiber-matrix adhesion [26].

The flexural strength of the PLA-coated CA-BF epoxy hybrid 

Table 3 
Quantitative elemental of unmodified and modified CA fiber/BF.

Elements CA1 + BF1 CA2 + BF2 CA3 + BF3 CA4 + BF4

%Weight %Atomic %Weight %Atomic %Weight %Atomic %Weight %Atomic

C 53.73 60.79 63.36 70.29 61.89 69.08 65.11 71.46
O 46.02 39.09 34.52 28.75 35.74 29.94 34.43 28.37
Na 0.00 0.00 0.22 0.13 0.66 0.39 0.00 0.00
Si 0.26 0.12 1.22 0.58 0.13 0.06 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.68 0.25 0.00 0.00 0.46 0.17
Ca 0.00 0.00 0.00 0.00 1.58 0.53 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Fig. 7. Tensile strength of untreated and treated CA fiber/BF epoxy 
hybrid composites.

Fig. 8. Flexural strength of untreated and treated CA fiber/BF epoxy 
hybrid composites.

H.J. Rao et al.                                                                                                                                                                                                                                   Journal of Materials Research and Technology 32 (2024) 4304–4315 

4311 



composite specimen (CA2+BF2) exhibited a 5.6% increase compared to 
the untreated hybrid composite specimen (CA1+BF1). Similarly, the 
flexural strength of the NaOH-treated CA fiber/BF epoxy hybrid com-
posite specimen (CA3+BF3) demonstrated an 11.7% increase compared 
to the untreated CA fiber/BF epoxy hybrid composite specimen 
(CA1+BF1). The highest strength of the flexural value was offered by 
NaOH-treated and PLA-coated CA fiber/BF epoxy hybrid composite 
specimen (CA4+BF4). The NaOH-treated and PLA-coated CA fiber/BF 
epoxy hybrid composite have a flexural strength of 89.8 MPa. The 
NaOH-treated and PLA-coated CA fiber/BF epoxy hybrid composite 
(CA4+BF4) has 13.4% more strength of the flexural than the untreated 
CA fiber/BF epoxy hybrid composite (CA1+BF1) due to enhancement in 
interfacial bonding between fiber and matrix. The specimens of PLA- 
coated CA fiber/BF composite (CA2+BF2), alkali-treated CA fiber/BF 
composite (CA3+BF3), and alkali-treated + PLA-coated CA fiber/BF 
composite (CA4+BF4) have 5.6%, 11.7%, and 13.4% more flexural 
strength compared to CA1+BF1, respectively. The increase in strength 
of the flexural of CA fiber/BF composites by alkali treatment was 
significantly good compared with that obtained by Puttegowda Madhu 
et al. [33] and Yadav & Gupta, [34]. Alkali treatment increases the 
surface roughness of CA-BF by the removal of hemicelluloses, lignin, and 
wax resulting in improved interfacial adhesion between CA-BF and 
matrix, as reported in other studies [27,35–38].

It was observed that the flexural strength of the PLA-coated CA fiber/ 
BF composite (CA2+BF2) surpassed that of (CA1+BF1) but remained 
lower than that of other treated epoxy hybrid composites (CA3+BF3 and 
CA4+BF4), attributed to the moderate bonding between CA fiber/BF 
and the matrix. Notably, among all CA fiber/BF epoxy hybrid compos-
ites, CA4+BF4 exhibited the highest flexural strength values, surpassing 
the others by 5.6% (10.6 MPa), 11.7% (6.2 MPa), and 13.4% (1.3 MPa), 
respectively. The notable increase in flexural strength in epoxy hybrid 
composite CA4+BF4 can be attributed to the robust interfacial adhesion 
between CA fiber/BF and the matrix. This strong adhesion and resulting 
high flexural strength were achieved through the combined effects of 
alkali treatment and PLA coating. Consequently, it was concluded that 
the order of increasing flexural strength is as follows: CA4+BF4 >
CA3+BF3 > CA2+BF2 > CA1+BF1.

3.3. Impact strength

Fig. 9 illustrates the impact strength of untreated CA fiber/BF epoxy 
hybrid composites (CA1+BF1) compared to treated counterparts with 
PLA-coated (CA2+BF2), NaOH treated (CA3+BF3), and NaOH treated 
+ PLA-coated (CA4+BF4), as depicted. An adverse effect of NaOH 
treatment and PLA coating on CA fiber/BF (CA4+BF4) was observed, 

resulting in a notable reduction in the impact strength of the epoxy 
hybrid composite, as indicated in Fig. 9. Interestingly, the impact test 
results exhibited a reverse trend compared to the tensile and flexural 
tests. It was evident that the impact strength decreased for CA fiber/BF 
epoxy hybrid composites, notably with NaOH treated + PLA-coated 
(CA4+BF4), despite having enhanced fiber-matrix adhesion [38]. This 
occurred because during the test of impact strength, energy absorption 
by CA fiber/BF epoxy hybrid composites, mainly depends upon CA 
fiber/BF pull-out process, whereas NaOH treated + PLA coated 
(CA4+BF4) provides a strong bonding between CA fiber/BF and matrix 
(epoxy) which minimizes fibers pull out and hence decreases in the 
impact strength [39,40]. It was observed that the impact strength of the 
treated CA fiber/BF -reinforced epoxy hybrid composite specimen 
(CA4+BF4) was lower, primarily due to excessive surface wetting and 
the establishment of strong fiber-epoxy bonding. Conversely, untreated 
CA fiber/BF epoxy hybrid composites exhibited superior impact strength 
compared to the treated counterparts (CA2+BF2, CA3+BF3, and 
CA4+BF4), highlighting the effectiveness of surface modification 
techniques.

As exhibited in Fig. 9, the impact strength of the epoxy hybrid 
composite was 5.1 J PLA-coated + alkali-treated, 5.7 J alkali-treated, 
6.3 J PLA-coated, and 6.8 J untreated CA fiber/BF. The untreated CA 
fiber/BF composite (CA1+BF1) has the highest impact strength because 
of poor fiber-matrix adhesion, also superior CA fiber/BF pull out and 
hence increase in the impact strength [13,19,26]. The percentage 
decrease in impact strength of the PLA-coated CA fiber/BF epoxy hybrid 
composite specimen (CA2+BF2) was 7.4% less impact strength than the 

Fig. 9. Impact Energy of untreated and treated CA fiber/BF epoxy 
hybrid composites.

Fig. 10. Stress-strain of untreated and treated CA fiber/BF epoxy 
hybrid composites.

Fig. 11. Water absorption of untreated and treated CA fiber/BF epoxy 
hybrid composites.
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untreated hybrid composite specimen (CA1+BF1). The percentage 
decrease in impact strength of the NaOH-treated CA fiber/BF epoxy 
hybrid composite specimen (CA3+BF3) was 16.2% less impact strength 
than untreated CA fiber/BF epoxy hybrid composite specimen 
(CA1+BF1). The lowest impact strength value was offered by NaOH--
treated + PLA-coated CA fiber/BF epoxy hybrid composite specimen 
(CA4+BF4). The NaOH-treated + PLA-coated CA-BF epoxy hybrid 
composite has an impact strength of 5.1 J. The NaOH-treated + PLA--
coated CA fiber/BF epoxy hybrid composite (CA4+BF4) has 25% less 
impact strength than the untreated CA fiber/BF epoxy hybrid composite 
(CA1+BF1) due to enhancement in interfacial bonding between CA-BF 
and matrix. The specimens of PLA-coated CA-BF composite 
(CA2+BF2), alkali-treated CA-BF composite (CA3+BF3), and alkali--
treated + PLA-coated CA-BF composite (CA4+BF4) have 7.4%, 16.2%, 
and 25% less impact strength compared to CA1+BF1, respectively. Al-
kali treatment increases the surface roughness of CA fiber/BF by the 
removal of hemicelluloses, lignin, and wax promoting in improved 
interfacial adhesion between CA fiber/BF and epoxy, also PLA-coated 
CA fiber/BF epoxy hybrid composite (CA2+BF2) was lower impact 
strength than (CA1+BF1) but higher impact strength than other treated 
epoxy hybrid composites (CA3+BF3, and CA4+BF4) due to average 
bonding between CA fiber/BF, and epoxy. Then, all CA fiber/BF epoxy 
hybrid composites, CA4+BF4 has the minimum values of impact 
strength, which untreated have more 33.3% (1.7 J), PLA-coated have 
more 23.5% (1.2 J), and NaOH-treated have more 11.8% (0.6 J) 
compared to CA4+BF4, respectively. It occurs due to strong interfacial 
adhesion between CA fiber/BF and epoxy matrix. The strong adhesion, 
and inferior impact strength in epoxy hybrid composite CA4+BF4 was 
due to the combined effect of alkali treatment and PLA coating, as well 
as was concluded that a decrease in impact strength follows the order: 
CA1+BF1 > CA2+BF2 > CA3+BF3 > CA4+BF4.

3.4. Stress vs strain

Fig. 10 presents the typical tensile stress–strain (σ–ε) curves for both 
untreated and treated CA-BF epoxy hybrid composites (CA1+BF1, 
CA2+BF2, CA3+BF3, and CA4+BF4). The tensile strength of untreated 
CA-BF epoxy hybrid composites was observed to be lower compared to 
that of modified counterparts. This trend was consistent for the tensile 
modulus and percentage of elongation at break as well. In the case of 
untreated and uncoated CA-BF epoxy hybrid composites (CA1+BF1), as 
well as PLA-coated, NaOH-treated, and NaOH-treated + PLA-coated CA- 
BF epoxy hybrid composites (CA2+BF2, CA3+BF3, and CA4+BF4, 
respectively), the stress–strain response exhibited linear proportionality 
until failure. However, all epoxy hybrid composites reinforced with CA 
fiber/BF (CA1+BF1, CA2+BF2, CA3+BF3, and CA4+BF4) displayed a 
simplified shape in their stress–strain curves. For the CA2+BF2, and 
CA3+BF3 epoxy hybrid composites showed an intermediate modulus in 
the initial stage of loading, which was taken as the tensile modulus, ε, 
after which the load reached a maximum point taken as the tensile 
strength, σ, and corresponding initial failure strain, ε. Subsequently, 
when the CA-BF epoxy hybrid composites (CA2+BF2, and CA3+BF3) 
began to fail, the high-ductility fibrous reinforcement (CA fiber/BF) held 
the load without instantaneous failure. The uncoated CA-BF epoxy 
hybrid composites (CA1+BF1) have enhancement in tensile strength, 
and elongation compared to that of PLA-coated, NaOH-treated, and 
NaOH-treated + PLA-coated CA-BF epoxy hybrid composites, CA2+BF2, 
CA3+BF3, and CA4+BF4 respectively. The NaOH-treated CA-BF epoxy 
hybrid composites (CA3+BF3) compared to CA1+BF1, and CA2+BF2 
have the behavior of rigid material in stress–strain shape due to 
enhanced surface roughness was caused removal of non-cellulosic con-
stituents. The enhancement in the tensile properties of the CA-BF epoxy 
hybrid composites by NaOH-treatment align with the observed im-
provements in strength properties resulting from chemical treatment 
[41–43].

The surface modification through NaOH-treatment and PLA-coating 

of CA fiber/BF exhibited a beneficial impact, leading to enhanced tensile 
properties in its epoxy hybrid composites [44]. This was credited to 
NaOH-treatment that produces an efficient stress transfer by enhance-
ment in the surface roughness followed by enhancement in interfacial 
bonding between CA-BF -epoxy [45]. To confirm the change in surface 
roughness after NaOH-treatment and PLA-coating, SEM analysis of 
CA-BF epoxy hybrid composites rupture was also performed and 
observed an improvement in surface roughness for NaOH-treated +
PLA-coated CA-BF compared to untreated (CA1+BF1), as shown in 
Figs. 2 and 5. The values of the highest tensile strength were offered by 
NaOH-treated and PLA-coated CA fiber/BF epoxy hybrid composites 
(CA4+BF4), credited to the combined effect of chemical treatment and 
polymer coating. The epoxy hybrid composites CA4+BF4, has better 
behavior in stress–strain curve as compared to those of epoxy hybrid 
composites CA1+BF1, CA2+BF2 and CA3+BF3 respectively [46]. Also, 
the epoxy hybrid composites (CA4+BF4), exhibited a behavior rigid, 
and linear curve in stress–strain obeying Hooke’s law compared to 
CA1+BF1, CA2+BF2 and CA3+BF3 respectively. Moreover, elongation 
(ductility) was decreased for epoxy hybrid composites (CA4+BF4), 
compared to those of CA1+BF1, CA2+BF2 and CA3+BF3 respectively. 
Polymer coating of CA fiber/BF helps to improve the hydrophobic 
behavior of CA fiber/BF and optimal enhancement in surface roughness 
thereby a strong interfacial bonding with epoxy matrix [47]. The 
enhanced surface roughness by treatment and coating is shown in Fig. 5. 
From Fig. 10 was perceived that all the epoxy hybrid composites 
(CA1+BF1, CA2+BF2, CA3+BF3 and CA4+BF4) presented nonductile 
behavior, but CA4+BF4 showed lowest nonductile behavior compared 
to others. This occurred due to curvature of the strain in NaOH-treated 
+ PLA-coated epoxy hybrid composites indicates that the CA1+BF1, 
CA2+BF2, and CA3+BF3 have a significantly lower rigidity when 
compared to the CA4+BF4 [48]. Finally, the fracture point of the 
CA4+BF4 occurred at the fracture strength, σ, and corresponding failure 
strain, ε superior to CA1+BF1, CA2+BF2, and CA3+BF3. Because 
CA4+BF4 has better behavior in stress–strain due to surface character-
istics caused by NaOH-treatment + PLA-coating in CA fiber/BF 
compared to CA1+BF1, CA2+BF2, and CA3+BF3. The strong adhesion, 
and superior performance of the stress–strain curve observed in epoxy 
hybrid composite CA4+BF4 were attributed to the synergistic effect of 
NaOH-treatment and PLA coating. It was concluded that the stress–-
strain behavior followed the order: CA4+BF4 > CA3+BF3 > CA2+BF2 
> CA1+BF1. Notably, epoxy hybrid composite CA4+BF4 exemplifies a 
material capable of preventing instantaneous failure [49–52].

3.5. Water absorption vs days

The water absorption capacity of the hybrid composite consisting of 
epoxy and CA fiber/BF different conditions, namely untreated 
(CA1+BF1), PLA-coated (CA2+BF2), treated with NaOH (CA3+BF3), 
and treated with both PLA and NaOH (CA4+BF4), is primarily influ-
enced by the interaction at the fiber-matrix interface. Analysis of Fig. 11
reveals that the initial water absorption rate is higher up to 40 days, after 
which a saturation state is reached. For CA1+BF1 and CA2+BF2, water 
absorption is higher, while for CA3+BF3 and CA4+BF4, this occurs 
within 30 days. The elevated water absorption of the untreated CA fiber/ 
BF composite (CA1+BF1) is attributed to the hydrophilic nature of the 
CA fiber/BF and their high cellulose content [15,53]. Conversely, the 
lowest water absorption is observed in the composite with NaOH-treated 
and PLA-coated CA fiber/BF (CA4+BF4) [45].

The elimination of lignin and hemicelluloses through chemical 
treatment promotes strong bonding between the fiber and epoxy matrix. 
The PLA coating serves as an effective protective barrier against water 
absorption [45,54]. The positive impact of NaOH-treatment and 
PLA-coating on the water absorption behavior of CA-BF epoxy hybrids is 
evident. This enhancement is linked to improved interfacial bonding 
facilitated by NaOH-treatment, leading to increased surface roughness 
[55,56]. The composite CA4+BF4, benefiting from both 
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NaOH-treatment and PLA-coating, demonstrates the lowest water ab-
sorption rate. Remarkably, the order of water absorption performance is 
as follows: CA4+BF4 > CA3+BF3 > CA2+BF2 > CA1+BF1. This hier-
archy is attributed to the synergistic effects of NaOH-treatment and 
PLA-coating, highlighting the strong adhesion and exceptional water 
absorption behavior of CA4+BF4. In summary, this investigation un-
derscores the crucial role of the fiber-matrix interface in determining 
water absorption in epoxy hybrid composites with CA fiber/BF. The 
combination of NaOH-treatment and PLA-coating offers the most 
favorable water absorption characteristics, surpassing other composite 
variations. These insights provide valuable guidance for optimizing 
water resistance in such hybrid composites.

4. Summary and conclusions

The current work targeted and executed on the hybrid composite 
consisting of epoxy and Careya (CA) fiber/banana fiber (BF) combina-
tion for the first time for hybridization of the natural fiber with chemical 
treatment and polylactic acid (PLA) coating. The composite enhanced 
with PLA coating and analyzed results and findings are concluded here.

• The individual characteristics of CA fiber/BF affect the tensile 
strength of hybrid composite specimens. It is observed that Tensile 
strength and Flexural strength of PLA coated and NaOH treated CA 
fiber/BF reinforced hybrid composite specimen (CA4+BF4) are 
improved. The impact energy of the composite (CA1+BF1) increased 
with PLA coating and NaOH treatment compared with (CA2+BF2), 
(CA3+BF3), and (CA4+BF4).

• It is observed that impact strength, energy absorption by CA fiber/BF 
epoxy hybrid composites, mainly depends upon CA fiber/BF pull-out 
process, whereas NaOH treated + PLA coated (CA4+BF4) provides a 
strong bonding between CA fiber/BF and matrix (epoxy) which 
minimizes fibers pull out and hence decreases in the impact strength.

• Tensile strength and Flexural strength of the PLA coated and NaOH 
treated CA fiber/BF reinforced hybrid specimens (CA4+BF4) are 
improved compared with untreated hybrid composite structure 
(CA1+BF1).

• The tensile strength of untreated CA fiber/BF epoxy hybrid com-
posites is found to be lower than those of modified CA fiber/BF epoxy 
hybrid composites.

• The Impact energy and water absorption capacity of PLA coated and 
NaOH treated CA fiber/BF reinforced hybrid composite specimen 
(CA4+BF4) decreases compared with untreated hybrid composite 
specimen (CA1+BF1).

• The elimination of lignin and hemicelluloses through chemical 
treatment promotes strong bonding between the fiber and epoxy 
matrix and the PLA coating serves as an effective protective barrier 
against water absorption, also it shows positive impact of NaOH- 
treatment and PLA-coating on the water absorption behavior of CA 
fiber/BF epoxy hybrids is evident.
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