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Abstract

This study examines how NaOH treatment and alumina filler affect the
mechanical properties, water absorption, thermal degradation, and sliding
wear of epoxy composites reinforced with pineapple leaf fiber. NaOH treat-
ment greatly improved the composites’ tensile, flexural, and impact strengths
by strengthening the bond between the fiber and matrix. Furthermore, the
incorporation of alumina filler further elevated the mechanical properties. The
composite with 10% alumina showed peak values of 41.4 MPa in tensile
strength, 63.8 MPa in flexural strength, and 37.6 kJ/m? in impact strength.
Because hygroscopic parts were removed from the treated composites, they
absorbed much less water. The 15% alumina composite had the lowest
absorption at 18% after 192 h. Thermal degradation analysis showed that
NaOH treatment improved thermal stability, with the 15% alumina compos-
ite having the highest char residue (15.3%) at 700°C. Sliding wear tests
showed that alumina reinforcement significantly reduced specific wear rate
(SWR) and coefficient of friction (COF). The improved 15% alumina compos-
ite had an SWR of 0.2598 x 10" > mm®/Nm and a COF of 0.103 when sliding
at 120 cm/s, with a 45 N load and over 1500 m of distance. A scanning elec-
tron microscopy study found that untreated composites experienced severe
abrasive wear, while treated and reinforced composites exhibited mild adhe-
sive wear. The study shows that treating PALF composites with NaOH and
adding alumina enhance their mechanical, thermal, and tribological proper-

ties, making them suitable for high-performance industrial applications.

Highlights

« Alumina filler improved tensile (41.4 MPa) and flexural strength (63.8 MPa).

« NaOH-treated composites absorbed 18% less moisture, enhancing durability.

« Thermal stability improved, with 15.3% char residue at 700°C for 15% alumina.

+ Optimized composite achieved the lowest wear rate (0.2598 x 10> mm>/Nm).

« Artificial neural network and response surface methodology accurately pre-
dicted and optimized composite wear behavior.

Polymer Composites. 2025;1-19.
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1 | INTRODUCTION

Natural fibers are gaining attention as eco-friendly alterna-
tives to synthetic fibers in polymer composites due to their
benefits like biodegradability, availability, cost-effectiveness,
and lightweight properties.' These fibers, often made from
agricultural waste, reduce environmental harm and pro-
mote the use of renewable resources.*® Natural fiber-
reinforced composites provide eco-friendly materials for
modern industries, aligning with global sustainability goals
by transforming waste into valuable products.”” Natural
fiber composites are increasingly used in the automotive,
construction, and packaging industries because they are
sustainable, lightweight, and have beneficial mechanical
properties.'®'* Despite their advantages, natural fibers
possess inherent drawbacks that hinder their overall
performance.'*'* Weak bonding between hydrophilic
natural fibers and hydrophobic polymer matrices often
reduces mechanical strength due to poor compatibility."®
Furthermore, the poor heat stability and excessive mois-
ture absorption of natural fibers limit their use in demand-
ing conditions. Chemical treatments such as alkali
therapy, particularly with sodium hydroxide (NaOH), are
employed to tackle these challenges effectively.'®"” Studies
have examined natural and agricultural fibers, including
Ficus benghalensis, rice stubble, basalt, and jute, along
with ceramic fillers to improve the mechanical and tribo-
logical properties of polymer composites.'®*° Research
has demonstrated that hybrid composites exhibit improved
wear resistance, thermal stability, and structural integrity
under varying conditions.*' **

Alkali treatment increases fiber surface roughness and
enhances their bonding with the polymer matrix by
removing contaminants like lignin, hemicellulose, and
wax.>>*’ In addition to increasing composites’ mechanical
performance, this treatment lowers moisture absorption
and enhances dimensional stability.”®*° Furthermore, add-
ing ceramic fillers like alumina has demonstrated signifi-
cant promise for improving tribological, mechanical, and
thermal characteristics.”>*' Alumina is an excellent choice
for reinforcing polymer matrices due to its high hardness,
thermal stability, and wear resistance.**>* PALF was
selected as a reinforcing material because of its strong
mechanical properties, sustainability, and abundance as
agricultural waste.”>*® PALF has about 80% cellulose,
which improves fiber-matrix interactions and increases
tensile and flexural strength when chemically treated.

PALF has a higher specific strength, low density, and good
thermal stability than other natural fibers, making it suit-
able for lightweight composites. Additionally, PALF is
abundant, cost-effective, and biodegradable, making it an
eco-friendly alternative to synthetic fibers.*’° Chemical
treatment of PALF with NaOH enhances fiber-matrix
adhesion, lowers moisture absorption, and improves inter-
facial bonding, resulting in better composite mechanical
and tribological performance. PALF was chosen to create
a high-performance composite material for industrial use
that offers improved mechanical strength, wear resistance,
and durability.*>*" Alumina enhances the durability of
composites in high-stress and high-friction applications
due to its hardness and wear resistance, improving tribo-
logical performance.*” This study aims to systematically
investigate how NaOH treatment and alumina filler rein-
forcement influence the mechanical, thermal, water
absorption, and sliding wear properties of PALF-reinforced
epoxy composites. The study focuses on improving natural
fibers by optimizing their treatment and filler content, cre-
ating a high-performance and sustainable composite for
industrial uses such as equipment, buildings, and automo-
biles. This strategy not only enhances the utility of agricul-
tural waste but also encourages the development of eco-
friendly materials with better performance.

Recent studies have examined how adding PALF and
ceramic fillers to polymer composites can improve their
mechanical, thermal, and wear properties. According to
Saha et al.,* 2.5% of content increased impact strength
(88.63 J/m), whereas 7.5% PALF particles maximized ten-
sile strength (89.43 MPa) and fracture toughness
(4.54 MPa m'/?). Praveena et al.** found that adding 40%
PALF to polyester composites raised tensile strength to
66 MPa and Young's modulus to 2545 MPa, highlighting
the importance of fiber content for strengthening fiber-
matrix bonds. The significance of chemical treatments for
fiber compatibility was highlighted by Gnanasekaran
et al.'s™ findings that alkali-treated PALF, specifically
with 8% NaOH, increased tensile strength (116 MPa) and
decreased water absorption to 6%. Senthilkumar et al.*
confirmed this by showing that NaOH and KOH treat-
ments reduced fiber pull-out and increased the tensile
modulus to 1.78 GPa. 15% NaOH-treated fibers showed
better wear resistance, reducing specific wear rate (SWR)
and coefficient of friction (COF), as Rajeshkumar et al.*’
showed. Santhosh Nagaraja et al.*® and Sabarinathan
et al.*’ highlighted that using 6% fly ash (FA) and 20%
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recovered brown alumina (RBA) fillers significantly
improved mechanical properties and water resistance.

Despite these advancements, limited research has
focused on combining alumina fillers with PALF treated
with NaOH to optimize its mechanical, water absorption,
thermal, and tribological properties. The majority of current
research optimizes either fiber treatment or filler alone
without considering their combined benefits. This study
combines NaOH-treated PALF with various amounts of
alumina filler in epoxy composites to enhance all qualities
equally. The breakthrough is the simultaneous enhance-
ment of wear resistance by alumina reinforcement and
fiber-matrix adhesion through alkali treatment. The study
systematically evaluates the effects of treatment and filler
on mechanical, thermal, water absorption, and sliding wear
properties. This study addresses previous research gaps and
offers new insights into developing high-performance, sus-
tainable PALF-based composites for industrial use.

2 | MATERIALS AND METHODS

2.1 | Materials

PALF was sourced from agricultural regions and processed
using a fiber extraction system at Easwari Engineering Col-
lege in Chennai, India. The extracted fibers were treated
with a 5% NaOH solution (1 L of water) to effectively
remove contaminants such as lignin and hemicellulose,*®
following established protocols from previous studies.”
The chemical treatment enhanced the interfacial adhesion
between the fibers and the epoxy matrix. The processed
fibers were rinsed with distilled water to remove any alkali,
neutralized to a pH of 7, and air-dried for 48 h. After drying,
the fibers were trimmed to specified diameters to provide
consistent reinforcement in the composite. The study used
epoxy resin (LY556) and its hardener (HY951) for their
strong mechanical properties and compatibility with natural
fibers.>® Alumina particles were chosen as a filler due to
their exceptional hardness and thermal stability. These
high-quality materials were sourced from the M/s Fiber
Region in Chennai. The use of alumina particles was
intended to improve the mechanical, thermal, and tribologi-
cal characteristics of the composite.”* The materials were
selected to provide excellent composite performance while
ensuring cost-effectiveness and sustainability, following the
study's goals.

2.2 | Composite fabrication

Compression molding was used to ensure an even distri-
bution of fibers and alumina fillers in the epoxy matrix

{
PROFESSIONALS  COMPOSITES

(Figure S1). The required composite configurations were
created by mixing specific ratios of PALF, alumina fillers,
and epoxy resin, as detailed in Table 1. Five different
kinds of laminates were made: untreated, treated, and
composites loaded with alumina. The required amounts
of epoxy resin, hardener, treated and untreated PALF,
and alumina fillers were measured for the fabrication
process. To ensure an even distribution of fibers and
fillers within the matrix, the ingredients were thoroughly
blended. Subsequently, the mixture was poured into a
preheated mold measuring 300 x 300 x 3 mm’. A com-
pression molding machine provided a pressure of 20 bar
while the mold was heated to 150°C. For 20 min, this
temperature and pressure were kept constant to let the
epoxy resin cure properly. For optimal polymerization,
the cured composite plates were removed from the mold
and allowed to air-cure for an additional 24 h.>

The proportions of PALF and epoxy were adjusted to
accommodate alumina fillers while keeping the total
weight percentage of the composite at 100%. To provide a
balanced composition and constant mechanical character-
istics, the fiber content was decreased and the epoxy con-
tent was kept at 65% for laminates with 5%, 10%, and 15%
alumina. The filler content (5, 10, and 15 wt% alumina)
was selected based on the author's previous studies on
alumina-filled banana fiber composites, where these com-
positions significantly enhanced mechanical, thermal, and
tribological properties. Extensive trials with different fiber
and filler compositions were conducted, and optimization
studies confirmed that this range provides the best rein-
forcement while maintaining fiber integrity.>*>°

2.3 | Mechanical testing

Tensile, flexural, and impact tests were conducted to eval-
uate the mechanical properties of the composites
(Figure S2). A UNITEK universal testing machine was
used to perform tensile testing in compliance with ASTM
D638-10 guidelines.”” Tensile strength and elongation
were tested on 165 x 25 x 3 mm® specimens at a cross-
head speed of 5 mm/min. Flexural strength was measured
using an Instron Model 3382 machine according to ASTM
D790-07 standards. Flexural strength was measured by
applying a load to specimens sized 125 x 12.7 x 3 mm” at
a rate of 2.8 mm/min, with the maximum load documen-
ted. An impact resistance test was conducted using a
Tinius Olsen impact tester, adhering to the ASTM D256-06
standards. Specimens measuring 65 x 12.7 x 3 mm?® were
tested for impact resistance by striking them with a pendu-
lum and measuring the energy absorbed during fracture.
The tests provided in-depth insights into the tensile, flex-
ural, and impact properties of the composites.
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TABLE 1 Laminates proportion.
S.No Abbreviation Description
1 UPALF
2 TPALF
3 TPALF5
4 TPALF10
5 TPALF15
2.4 | Water absorption behavior

The water absorption behavior of the composites was
assessed by immersing the specimens in distilled water at
room temperature for periods of 24, 48, 72, 96, and 120 h.
The percentage weight gain was calculated using the
formula>*:

We—W,;
Percentage of weight increased = Mdiniidy (1)

where W; is the specimen’s beginning weight and Wy is
its final weight. The specimens were taken out of the
water after each immersion period, cleaned to get rid of
any remaining surface moisture, and weighed on a preci-
sion scale with a minimum count of 0.1 mg. The hydro-
philic behavior and resistance to moisture absorption of
the composites were shown by this investigation.

2.5 | Thermal degradation behavior

A thermogravimetric analyzer (EXSTAR TG/DTA 6300)
at Annamalai University's Department of Physics was
used to study thermal degradation. The experiments took
place in a nitrogen environment with a gas flow rate of
200 mL/min and a heating rate of 10°C/min, reaching a
maximum temperature of 700°C. The weight loss during
heating was monitored to assess the thermal stability and
degradation of the composites. The gathered information
helped identify char residue and breakdown tempera-
tures, providing key insights into the thermal perfor-
mance of the composites.

2.6 | Sliding wear behavior

The sliding wear behavior of alumina-filled PALF compos-
ites was tested using a pin-on-disc tribometer (CONMAT
BA/0001 model), following ASTM G99 guidelines
(Figure S3). To assess their tribological performance, com-
posite samples of 8 x 5 x 3 mm’ were put to the test

Untreated PALF+Epoxy
Treated PALF+Epoxy
Treated PALF+Epoxy+Al,O5
Treated PALF+Epoxy-+Al,O3
Treated PALF+Epoxy+Al,0;

Proportion (Wt%)

70% epoxy—+30% UPALF

70% epoxy+30% TPALF

65% epoxy+30% TPALF+5% Al,05
65% epoxy+25% TPALF+10% Al,O5
65% epoxy+20% TPALF+15% Al,O5

against an EN24 steel disc with a hardness of 62 HRC.*®
The wear tests were carried out in a variety of settings
using a three-level experimental design. The input factors
included sliding distance (500, 1000, and 1500 m), sliding
load (15, 30, and 45 N), sliding velocity (40, 80, and
120 cm/s), and alumina filler content (5%, 10%, and 15%),
corresponding to the TPALF5, TPALF10, and TPALF15
samples. Previous research has identified parameter levels
that, when experimentally validated, have a significant
impact on sliding wear resistance. Studies have also dem-
onstrated that these specific parameter levels yield optimal
tribological properties, ensuring improved wear perfor-
mance.”®® An optimal design from Design-Expert soft-
ware was used to thoroughly cover the parameter space in
25 tests. The tests evaluated the wear resistance and fric-
tion of the composites by measuring the COF and SWR.*
The experimental design offered a methodical way to com-
prehend the composites’ tribological behavior. The effect
of operating conditions and alumina filler content on wear
resistance and friction was assessed by adjusting key
parameters. This detailed experiment identified optimal
conditions to reduce SWR and COF, offering valuable
insights for potential technical and industrial applications
of the composites.

2.6.1 | Prediction and optimization modeling
This study examined the mechanical, thermal, and wear
properties of alumina-filled PALF-reinforced epoxy com-
posites using artificial neural networks (ANNs) and
response surface methodology (RSM) for prediction
and optimization. The authors found that RSM and ANN
offered the most accurate predictions for fiber-reinforced
composites after testing simulated annealing and genetic
algorithms.®" RSM effectively captures parameter interac-
tions and optimizes responses with fewer trials, whereas
the ANN, fine-tuned through GridSearchCV, showcased
outstanding predictive accuracy. The ANN model was
developed in Python, where its architecture was optimized
by adjusting hyperparameters such as batch size, epochs,
and hidden layer neuron count through grid search.®*%
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FIGURE 1
microscopy image of (A) UPALF and
(B) 5% NaOH TPALF.

Scanning electron

The model accurately predicted results during training,
allowing us to explore the effects of parameters without
needing more experiments based on the experimental data
we collected. To reduce SWR and COF, input parameters
were optimized through RSM in Design-Expert software,
using a systematic three-level experimental design.®*®
RSM generated a quadratic model, effectively capturing
individual effects and interactions between parameters,
allowing for statistical analysis and optimization.®® The
optimal RSM model involved 25 experimental runs to find
the best combinations of sliding velocity, load, distance,
and alumina content that minimize SWR and COF for
improved performance. Combining RSM's statistical opti-
mization with ANN's predictive abilities and Python-based
hyperparameter tuning offers a well-rounded approach
combining computational and experimental techniques.
This approach systematically improved the composite's
performance, producing reliable and robust results.

3 | RESULTS AND DISCUSSION

3.1 | Scanning electron microscopy
characterization of untreated and 5%
NaOH-TPALF

Scanning electron microscopy (SEM) micrographs clearly
distinguish between the surface morphology of pineapple
leaf fibers treated with 5% NaOH (TPALF) and untreated
fibers (UPALF). Figure 1A shows that the untreated fiber
has a rough, uneven surface covered with lignin, wax,
and other non-cellulosic contaminants. In composite
applications, these materials produce a physical barrier
that prevents efficient bonding with the polymer matrix.
Furthermore, the surface is covered in voids and debris,
which hinders composite constructions' capacity to trans-
fer weight effectively. The fiber's natural composition,
featuring high levels of hemicellulose, lignin, and wax,
results in surface imperfections and impurities. Following
NaOH treatment, the TPALF SEM image (Figure 1B)

shows a striking change in surface morphology. Alkali
treatment effectively removes hemicellulose and lignin,
resulting in a smoother and cleaner surface.®’

A greater specific surface area is produced by the cellu-
lose microfibrils being more exposed and aligned. This
improved surface state in composites encourages better
interfacial bonding with the epoxy matrix. The absence of
surface debris enhances the fiber's wettability, leading to
better matrix impregnation in composite construction. The
enhancement of the composites’ mechanical, thermal, and
tribological performance is directly attributed to these
morphological modifications. Following a 5% NaOH treat-
ment, the chemical composition analysis shows (Table 2)
notable alterations in PALF. Untreated PALF's high cellu-
lose (63.24%) level is accompanied by significant amounts
of hemicellulose (14.67%), lignin (11.54%), and wax
(0.74%), leading to brittleness and weak matrix adherence.

These constituents, particularly hemicellulose and lig-
nin, are responsible for the fiber's brittleness and weak
interfacial adhesion with the polymer matrix. Following
treatment, the concentration of cellulose increases to
80.33%, while lignin and hemicellulose levels decrease
to 6.30% and 5.72%, respectively. The removal of these non-
cellulosic components improves the dimensional stability
and mechanical properties of the fiber. Furthermore, the
wax and moisture content decrease, which improves
compatibility, dimensional stability, and water resistance.
The fiber density increases from 1546 to 1587 kg/m> when
low-density components are eliminated. These chemical
modifications enhance the fiber's capacity to serve as a rein-
forcing material in composites. The FTIR analysis of
UPALF and 5% NaOH TPALF reveals significant structural
changes, as shown in Figure S4. In untreated PALF, a
strong O—H peak around 3400 cm ™' and a C—H peak near
2900 cm ! indicate the presence of hydroxyl and aliphatic
groups from cellulose, hemicellulose, lignin, and wax. The
peaks at 1730 cm ™' and 1500-1600 cm ™' show the C=0
stretching of hemicellulose and aromatic lignin, indicat-
ing a notable amount of non-cellulosic content. The
removal of the 1730 cm ™' peak and reduced intensity in
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TABLE 2 Chemical properties of UPALF and TPALF.
Cellulose Hemicellulose Lignin Moisture Ash content Density
Fiber type content (Wt%) content (Wt%) content (Wt%) Wax (Wt%) content (Wt%) (Wt%) (kg/m?>)
UPALF 324 +1.2 14.67 £ 0.8 11.54 + 0.6 0.74 + 0.05 6.52 + 0.3 3.26 +0.2 1546 + 10
5% NaOH-TPALF 80.33 +1.1 5.72 + 0.5 6.30 + 0.4 0.33 + 0.03 3.62+0.2 3.67 +£0.2 1587 + 12
the 1500-1600 cm™ ' range after NaOH treatment indi- 90 :
I UPALF Flexural Strength (MPa) ; Impact Strength(kJ/m?)

cates successful extraction of hemicellulose and lignin.
Augmented O—H stretching at 3400 cm ™' and distinct
C—0—C peaks between 1030 and 1050 cm™' signify
heightened cellulose exposure. These modifications pro-
duce cleaner, denser cellulose fibers that are more
hydrophilic, mechanically strong, and compatible with
matrices, making TPALF better suited for composite
applications.

3.2 | Field emission scanning electron
microscopy characterization of alumina
powder

The field emission scanning electron microscopy
(FESEM) images and particle size distribution analysis
provide detailed insights into the shape and size charac-
teristics of the alumina powder. The FESEM micrograph
(Figure S5a) reveals that the alumina particles are mostly
spherical with smooth surfaces, demonstrating shape
homogeneity. The spherical shape improves flowability
and packing density, rendering the powder appropriate
for use in composite manufacturing and coatings. The
lack of substantial aggregation in the photograph indi-
cates the excellent dispersibility of the alumina powder
within matrices. The particle size distribution histogram
(Figure S5b) shows that most particles range from 10 to
30 pm, with an average size of about 20 pm. The homoge-
neous particle size distribution ensures constant mechan-
ical reinforcement and thermal characteristics when
utilized as a filler in composite materials. The spherical
shape and uniform size of the alumina powder improve
its dispersion in epoxy or polymer matrices, enhancing
the performance of the composites.

3.3 | Mechanical properties of PALF
composites

The mechanical properties of the composite, such as
tensile strength, flexural strength, and impact strength,
significantly improved after NaOH treatment of PALF,
with further enhancement from alumina fillers. The
UPALF has the lowest values for tensile strength

27 TPALF

8 R TPALF5 i !

70 TPALF10| !

s ] - TPALF15 ! |

| |

g, P |
s % ! | 7
s« gl .
] B | /
101 % ! | /
0 % : | ! %/

FIGURE 2 Mechanical test result.

(12.4 MPa), flexural strength (26.8 MPa), and impact
strength (13.5kJ/m?®) among all materials. The low
values are due to surface impurities like lignin and wax,
which hinder proper bonding with the epoxy matrix.
TPALF shows marked improvements in tensile strength
(23.6 MPa), flexural strength (35.4 MPa), and impact
strength (26.6 kJ/m?) because the removal of hemicellu-
lose and lignin exposes cellulose microfibrils, enhancing
fiber-matrix adhesion (Figure 2).

The addition of alumina fillers significantly
enhances the mechanical properties. The TPALF5 com-
posite has a tensile strength of 31.6 MPa, a flexural
strength of 47.2 MPa, and an impact strength of
30.2 kJ/m?, indicating that alumina particles improve
load transmission and rigidity. TPALF10 offers the
highest tensile strength (41.4 MPa) and flexural
strength (63.8 MPa) due to its 10% alumina content,
which improves stiffness and ensures better stress dis-
tribution. In TPALF15, tensile strength drops to
36.2 MPa and flexural strength to 58.7 MPa, likely due
to particle agglomeration at high filler content, which
causes stress concentrations and reduces load transfer
efficiency. The impact strength consistently rises across
all composites, with TPALF15 exhibiting the maximum
value of 46.8 kJ/m?. This enhancement is ascribed to
the capacity of alumina particles to absorb energy and
augment toughness. NaOH treatment and adding 10%
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FIGURE 3 Scanning electron
microscopy analysis of mechanical test
fractured specimens. (A,B) Tensile test,
(C,D) flexural test, and (E,F) impact test.

TPALF e

alumina fillers significantly enhance the mechanical
properties of PALF-epoxy composites, improving ten-
sile and flexural strength.

3.3.1 | SEM examination of fractured
mechanical test specimens

The SEM analysis of cracked surfaces from tensile tests on
UPALF and TPALF10 shows differences in the fiber-
matrix interface and failure mechanisms, highlighting the
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impact of NaOH treatment and alumina filler addition.
Figure 3A shows poor interfacial bonding due to signifi-
cant gaps and voids around the fibers. Polished fiber sur-
faces show weak adhesion and fiber pullout, likely due to
contaminants like wax and lignin that prevent effective
stress transfer. TPALF10 (Figure 3B) shows better interfa-
cial bonding and matrix adhesion, with minimal fiber
pullout and noticeable fiber breakage. The 10% alumina
concentration improves mechanical interlocking and load
transfer without causing agglomeration. The data show
that UPALF has weak bonding, while TPALF10 exhibits
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strong adhesion and better mechanical performance due
to NaOH treatment and alumina reinforcement.

The stress-strain curve (Figure S6) from the tensile
test shows the mechanical properties of the composites
under tensile forces. UPALF has low tensile strength and
strain, showing its brittleness and poor fiber-matrix adhe-
sion due to surface contaminants like lignin and wax.
The TPALF shows improved tensile strength and strain
thanks to NaOH treatment, which removes surface con-
taminants and enhances fiber-matrix adhesion. Compos-
ites reinforced with alumina fillers (TPALF5, TPALF10,
and TPALF15) show improved tensile strength. TPALF10
strikes the best balance between strength and strain due
to better stress transfer and reduced filler clumping.
TPALF15 has elevated tensile strength but demonstrates
somewhat decreased strain, presumably attributable to
enhanced stiffness resulting from greater filler content.

Figure 3C,D illustrates the SEM examination of the
cracked surfaces from the flexural test. The damaged sur-
face of UPALF (Figure 3C) shows noticeable fiber pullout
and weak adhesion between the fiber and matrix, indi-
cated by large voids and smooth fiber surfaces. Inadequate
bonding arises when surface contaminants like lignin,
wax, and hemicellulose hinder efficient stress transmission
during flexural loading. Insufficient adherence results in
reduced flexural strength because the fibers fail to ade-
quately reinforce the matrix. The fracture surface of
TPALF10 (Figure 3D) exhibits optimal interfacial bonding,
characterized by low fiber pullout and significant fiber
breakage. The fibers are uniformly dispersed and securely
anchored in the matrix, signifying robust mechanical
interlocking and efficient stress transmission. The use of
10% alumina filler improves stiffness and load distribution,
resulting in enhanced flexural performance. The matrix
seems to have infiltrated the fiber structure extensively,
hence enhancing the composite's strength.

The SEM examination of the fractured surfaces from
the impact test for TPALF and TPALF15 elucidates the
fiber-matrix interaction and failure processes under
dynamic loading conditions, demonstrating the impacts
of NaOH treatment and alumina filler incorporation. The
broken surface of TPALF (Figure 3E) exhibits consider-
able fiber pullout and matrix cracking, signifying
enhanced, still suboptimal fiber-matrix adhesion. The
elimination of surface contaminants via NaOH treatment
improves bonding, as seen by fewer voids in comparison
to untreated fibers. Nevertheless, several voids surround-
ing the fibers indicate insufficient stress transfer during
impact loading, resulting in limited energy absorption.
The cracked surface of TPALF15 (Figure 3F) exhibits
exceptional interfacial adhesion and energy absorption
capabilities. The fibers are effectively embedded in the
matrix with minimal pullout, and there is significant
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FIGURE 4 Water absorption behavior of fabricated samples.

plastic deformation around the fibers, indicating good
stress transfer and improved impact strength. The 15%
alumina filler significantly augments the composite's
capacity to absorb impact energy by offering further rein-
forcement. Nevertheless, little aggregation of filler parti-
cles may lead to localized stress concentrations, shown as
tiny cracks in the matrix. The SEM examination shows
that TPALF has moderate bonding, but TPALF15, treated
with NaOH and with more alumina filler, exhibits better
fiber-matrix interaction and energy dissipation, resulting
in improved impact strength and toughness.

3.4 | Water absorption behavior

The water absorption characteristics displayed by the pro-
duced samples (Figure 4) reveal a unique pattern influenced
by the treatment of the fibers and the concentration of alu-
mina filler. UPALF has the highest water absorption per-
centage due to its hemicellulose and lignin content, which
are very hydrophilic and retain moisture. TPALF has signif-
icantly lower water absorption than UPALF because NaOH
treatment removes hemicellulose and lignin, exposing
hydrophobic cellulose and reducing moisture retention. The
use of alumina fillers further reduces water absorption, with
TPALF15 demonstrating the lowest percentage of water
absorption. Alumina particles create a barrier effect, signifi-
cantly reducing water intrusion into the composite.

All samples show stable water absorption over time,
with composites with more alumina content displaying
better moisture resistance. These findings indicate
that the composites’ water resistance is significantly
enhanced by NaOH treatment and alumina reinforce-
ment. Consequently, they are more suitable for use in
humid environments.
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3.5 | Thermal degradation properties of
PALF composites

The thermal degradation of the composites was studied
using thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG), illustrated in Figure 5. The
results indicate a multi-stage decomposition process,
reflecting the effects of fiber treatment and alumina rein-
forcement on thermal stability.

Initial Stage (50-150°C): Moisture and volatile compo-
nent evaporation: At this stage, weight loss mainly occurs
due to moisture evaporation and the release of volatile
compounds. The TGA curve in Figure 5A shows that
UPALF has the most weight loss because it has a higher

Temperature (°C)

hydrophilic content, including hemicellulose and lignin.
TPALF and alumina-reinforced composites (TPALF5,
TPALF10, and TPALF15) experience less weight loss,
indicating that NaOH treatment decreases moisture
retention, and the hydrophobic alumina fillers reduce
water absorption. The DTG curve (Figure 5B) confirms
this behavior, where the initial peak (~100°C) exhibits a
weight change of 0.7-0.75%/°C. The peak is particularly
prominent in UPALF, demonstrating a greater loss of
moisture. In contrast, TPALF and alumina-filled compos-
ites exhibit lower weight changes, indicating better ther-
mal resistance to moisture loss.

Second stage (150-300°C): Hemicellulose decomposi-
tion and lignin degradation: This stage corresponds to the
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decomposition of hemicellulose and partial lignin break-
down. The TGA curve shows that UPALF undergoes sig-
nificant weight loss, attributed to its higher hemicellulose
content. However, TPALF and alumina-filled composites
exhibit reduced weight loss due to hemicellulose removal
via NaOH treatment and the thermal barrier effect of alu-
mina fillers, which restrict heat penetration and delay
decomposition. In the DTG plot, a sharp weight loss
increase occurs around 250-300°C, with UPALF decom-
posing faster than the treated and alumina-reinforced
composites.

Sharp peak stage (300-500°C): Cellulose and major
lignin decomposition: This phase involves the main
degradation of cellulose and the breakdown of leftover
lignin, marked by a significant peak in the DTG plot
(~390-428°C, Figure 5B). The TGA curve indicates that
all composites undergo rapid weight loss, but TPALF10
and TPALF15 show greater thermal stability. This is due
to alumina fillers, which act as heat barriers and
improve thermal resistance. The DTG peak decomposi-
tion values reveal a clear trend in thermal stability
among the composites. UPALF exhibits the highest
decomposition rate, with an 8.8% weight change at
390°C, indicating its lower thermal resistance. TPALF
has a delayed decomposition at 412°C, showing an 8.0%
weight change due to the thermal stability enhancement
from NaOH treatment. Adding more alumina leads to
higher temperatures, as shown by TPALF5 (7.8% at 415°C),
TPALF10 (7.6% at 423 C), and TPALF15 (7.3% at 428°C).
Higher alumina content enhances thermal resistance, act-
ing as a heat barrier that slows degradation and reduces
decomposition rates. This makes TPALF15 the most ther-
mally stable composite in the study.

Final stage (500-800°C): Residual lignin and char
decomposition: At this stage, the gradual degradation of
residual lignin and char occurs. The TGA curve shows
that TPALF10 and TPALF15 retain more weight, indi-
cating higher char residue formation. This suggests
that alumina additives contribute to enhanced thermal
stability, as they remain thermally stable at elevated
temperatures. The DTG plot supports this observation,
where the third peak (~600°C) represents the slow
degradation of remaining lignin and char. TPALF10 and
TPALF15 exhibit lower weight loss rates, further confirm-
ing their thermal resistance enhancement. TGA and DTG
analyses show that treated fibers and alumina-reinforced
composites are much more thermally stable than untreated
samples. TPALF10 and TPALF15 have better thermal resis-
tance due to alumina fillers that minimize heat transfer and
enhance char retention. Additionally, NaOH treatment
enhances thermal stability by removing hemicellulose and
lignin, which are more susceptible to thermal degradation.
The findings suggest that TPALF10 and TPALF15 are ideal

for high-temperature use due to their better thermal resis-
tance and lower decomposition rates.

3.6 | Sliding wear performance of PALF
composites

A sliding wear test was conducted to analyze how alu-
mina reinforcement affects the tribological behavior of
TPALF5, TPALF10, and TPALF15 composites. Incorpo-
rating ANN prediction and RSM optimization, this analy-
sis implemented both predictive and experimental
modeling methodologies. To understand wear behavior
and optimize operating parameters, we evaluated sliding
wear performance under different conditions, such as
sliding velocity, load, distance, and alumina content.
Table S1 illustrates the results of the experiment.

Using experimental testing along with ANN predictive
modeling provides a strong approach for analyzing and
improving the tribological performance of composites.
ANN was used to predict SWR and COF, while RSM
optimization found the best input parameters to reduce
wear and improve performance. This methodology
enhances the understanding of the sliding wear behavior
of alumina-reinforced composites, highlighting their suit-
ability for wear-resistant applications. The detailed step-
by-step procedure for the ANN-based Sliding Wear Test
Prediction is provided in Appendix S1. The optimal num-
ber of neurons and transfer functions for the ANN analysis
was determined through hyperparameter optimization
with GridSearchCV. After testing various neuron values,
the optimal range of 2-8 neurons was chosen as it resulted
in the lowest mean squared error (MSE) and the highest
R? accuracy in training and validation. The architecture of
ANN is illustrated in Figure S7. This systematic methodol-
ogy led to the development of an optimized ANN model,
delivering exceptional predictive accuracy.

3.6.1 | ANN model performance

The optimized ANN models are evaluated on the valida-
tion set, generating COF predictions with the.predict()
method on the validation data (X_val). The model's per-
formance is evaluated using MSE, which calculates the
average squared difference between predicted and actual
values, and R?, which shows how much variance in the tar-
get variable is explained by the model. In the first evalua-
tion, the COF model had a MAE of 0.3479 and R? of 0.9634.
In the second evaluation, it improved with an MAE of
0.0145 and an R? of 0.9725. These results demonstrate
the model's high accuracy, with a near-perfect R* score
of 0.9725, indicating excellent predictive performance.
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Density Plot for Actual vs Predicted SWR

[ Actual Values
Predicted Values

8

2 4 6
Specific Wear Rate (SWR)

-0.6

-0.4

D 2O @ A> R ALY P> DALY DD AND D
PP T RTAT (E,F R AP D P AP S

0.16
—— Training Loss
35 —— Validation Loss 0.14
3.0 0.12
25 20101
") T
v &
o @©0.0
20 a
15 0.06
1.04 0.04
0.5 0.02
0.0
0 200 400 600 800 1000
Epochs
(C) Heatmap of Actual vs Predicted SWR
N
2
o
<
o~
&
<
i
[t}
N
~
o
=38
=
-3
< =
EE
L
e
m
S
©
G
-
=
~
N
"
N
2
m
PP it 1
Predicted SWR
FIGURE 6

values. (C) Heatmap of actual versus predicted values.

The low MAE and MSE values show that the ANN
model accurately predicts COF under different tribologi-
cal conditions, demonstrating its effectiveness in under-
standing the data relationships. The effectiveness of the
ANN model in predicting SWR is assessed using several
methods: training and validation loss curves, a density
plot comparing actual and predicted SWR values, and
a heatmap showing the correlation between them
(Figure 6). As the number of epochs increases, the train-
ing and validation loss curves in Figure 6A steadily
decrease and converge around 1000 epochs. The model
reduces training errors without overfitting, as the vali-
dation loss is similar to the training loss. The ANN's
ability to generalize effectively to unobserved data is
illustrated by the seamless convergence.

Specific wear rate (SWR) model performance. (A) Training and validation curve. (B) density plot for actual versus predicted

A density diagram comparing the distribution of actual
and predicted SWR values is depicted in Figure 6B. The
model's high prediction accuracy is shown by the close
alignment of the predicted and actual values. The align-
ment indicates that the model effectively captures the
underlying relationship between the target variable and
the input features. A heatmap of actual versus predicted
SWR values is illustrated in Figure 6C. The strong diago-
nal pattern suggests a close match between the true
values and the predictions. The high correlation and
minimal error in predictions are indicated by the con-
centration of red along the diagonal. The results show
that the ANN model is reliable and effective in predict-
ing SWR, demonstrated by its consistent performance
on various evaluation metrics.
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FIGURE 7 Coefficient of friction (COF) model performance. (A) Training and validation curve. (B) Density plot for actual versus

predicted values. (C) Heatmap of actual versus predicted values.

The training and validation loss curves in Figure 7A
steadily decrease with more epochs and level off around
1000 epochs. The validation and training loss curves are
closely aligned, indicating that the model effectively reduces
prediction error and avoids overfitting. This clearly illus-
trates that the ANN model has successfully adapted to previ-
ously unseen data. Figure 7B shows a density diagram
indicating that the predicted COF values closely match the
actual values. The model's high predictive accuracy is shown
by the alignment of actual and predicted distributions, dem-
onstrating the relationship between input features and the
target variable. A heatmap of actual versus predicted COF
values is depicted in Figure 7C. The model’s precision is
highlighted by the strong diagonal alignment, showing a
great match between actual and predicted COF values.

There is a strong correlation between actual and predicted
outputs, shown by the red areas along the diagonal, indicat-
ing low prediction error. The ANN model performs well in
predicting COF, as shown by a strong heatmap correlation,
closely aligned actual and predicted distributions, and low
loss values. This guarantees the model's robustness and
dependability in accurately predicting tribological behavior
under a variety of operating conditions.

3.6.2 | Cross-validation of ANN

The learning curves presented in Figure 8 illustrate the
model performance for predicting SWR and COF using
Machine Learning. The MSE is plotted against the
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FIGURE 8 Cross-validation for (A) specific wear rate (SWR)

and (B) coefficient of friction (COF) models.

number of training examples, with separate curves for
training score (red) and cross-validation score (green).
The shaded regions indicate variability in error across dif-
ferent folds in cross-validation.

In Figure 8A, the SWR model initially exhibits a high
MSE for both training and cross-validation scores when
trained with fewer data points. As more training exam-
ples are added, the error reduces, and both curves
converge, indicating improved model generalization. The
narrow gap between the two curves at the right end
suggests that the model has learned effectively from the
data, minimizing overfitting and achieving stable predic-
tions. Similarly, in Figure 8B, the COF model follows a
comparable trend. The training score starts lower than
the cross-validation score, signifying that the model ini-
tially performs better on the training data than on unseen
data. However, as the training size increases, both curves
approach a lower MSE, indicating enhanced predictive
accuracy. The slight difference in scores at smaller train-
ing sizes suggests minor overfitting, which diminishes
with more training examples. Overall, both models
demonstrate good learning behavior, as the reduction in
MSE with increasing training data highlights improved
generalization. The convergence of training and validation
curves confirms that the models are neither underfitting

912 INSPIRING Polymer 13
:: PLASTICS — ] E i
PROFESSIONALS  COMPOSITES W I

nor overfitting, making them reliable for predicting SWR
and COF in tribological analysis.

3.6.3 | Optimization by response surface
methodology

Response surface methodology was used with Design
Expert v13 to optimize the sliding wear behavior of epoxy
composites reinforced with PALF and alumina filler. The
tribological performance was evaluated by finding a
design that considered sliding velocity, normal load, slid-
ing distance, and alumina infill percentage. The response
variables, SWR and COF, perfectly matched a quadratic
model, showing an excellent fit. The quadratic model
effectively represented the relationship between input
parameters and responses, enabling accurate predictions
and optimization. This method offers valuable insights
for improving the frictional performance and wear resis-
tance of the composites.

Analysis of variance

The analysis of variance (ANOVA) table (Table S2) for the
SWR model shows the significance of input parameters
and their contributions to the response. The quadratic
model is robust, shown by an F-value of 169 and a p value
of less than 0.0001 for the overall model of SWR. The infill
percentage (D) is the most significant factor affecting
SWR, explaining 93% of its variability, based on a large
sum of squares and a very significant p value (<0.0001).
Load (B) is statistically significant but has a minimal con-
tribution, whereas sliding velocity (4) and sliding distance
(C) are significant, contributing 4% and 2%, respectively.
Sliding distance and infill percentage have non-linear
effects that require careful optimization, shown by the sig-
nificant interaction terms A*D and the quadratic terms C>
and D?. The model's ability to predict SWR is demon-
strated by a R? high of 0.9729, an adjusted R? of 0.9671,
and a sufficient precision of 41.7623.

The ANOVA table confirms the validity of the qua-
dratic model for the COF model, showing an F value of
956.7 and a p value under 0.0001. The infill percentage (D)
remains the most significant factor, accounting for 88% of
the variation in COF. Both sliding velocity (A) and sliding
distance (C) have demonstrated statistically significant
contributions of 9% and 2%, respectively. Although statisti-
cally significant, load (B) makes a negligible contribution.
The interaction term BD and the quadratic terms A% B,
and C? highlight the complex relationships between the
parameters. The model's predictive accuracy and robust-
ness are illustrated by its high R*> (0.9951), amended R*
(0.9941), and sufficient precision (106.675). The findings of
this study suggest that the filler percentage is a critical
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factor in both SWR and COF models. Moreover, while
sliding velocity and distance do exert a significant influ-
ence, their impact is comparatively less. Consequently, the
necessity for precision optimization to improve the tribo-
logical performance of the composites is demonstrated.

Contour plots for tribological behavior of PALF
composites
Figure 9 presents contour interaction plots illustrating
the combined effects of input parameters sliding velocity
(A), load (B), sliding distance (C), and filler percentage
(D) on SWR and COF. The desirability plots indicate the
optimal parameter conditions for minimizing wear and
friction. Figure 9A depicts the interaction between A and
B. As load increases, COF shows an upward trend, while
moderate sliding velocities help optimize tribological per-
formance. At high sliding velocities, increased frictional
heat causes a slight rise in SWR, but alumina reinforce-
ment mitigates wear. Figure 9B illustrates the effect of
A and C. SWR increases slightly with higher sliding dis-
tances due to greater material removal, while COF
remains stable at lower sliding velocities but rises at
higher velocities. In Figure 9C, the interaction between
A and D is shown. Higher filler content significantly
reduces both SWR and COF, demonstrating improved
wear resistance and lubrication. However, excessive slid-
ing velocity results in a moderate increase in SWR due to
thermal softening effects. Figure 9D examines the influ-
ence of B and C. At higher loads and sliding distances,
SWR increases due to greater surface contact stress and
material loss, while COF exhibits a nonlinear trend, with
intermediate values occurring at moderate load levels.
Figure 9E highlights the interaction between B and D,
showing that higher filler content leads to lower SWR
and COF. The lowest friction and wear values are
observed at an optimal load range, reinforcing the effec-
tiveness of alumina particles in reducing surface degrada-
tion. Finally, Figure 9F explores the relationship between
C and D. Increasing sliding distance results in a gradual
increase in SWR and COF, but higher filler content
counteracts this effect, leading to improved tribological
performance. Overall, these contour plots emphasize the
importance of optimizing sliding velocity, load, and filler
percentage to achieve superior wear resistance. The desir-
ability graphs indicate that the best results are obtained
at moderate sliding velocities, optimal loads, and higher
filler percentages, confirming the crucial role of alumina
reinforcement in PALF composites.

Optimization of input parameters

This desirability diagram (Figure S8) illustrates the opti-
mization of input parameters to reduce the SWR and
COF. The chosen parameters effectively minimize both

{
PROFESSIONALS  COMPOSITES

SWR and COF, as shown by the optimal solution's desir-
ability value of 1.000. The gliding velocity is optimized to
40.04 cm/s, guaranteeing controlled frictional heating and
attrition. The sliding load is optimized at 35.55 N to achieve
adequate contact stress while minimizing material removal.
The sliding distance has been established at 558.13 m to
mitigate attrition during extended testing. The optimal filler
percentage is 15 wt%, highlighting how alumina signifi-
cantly improves abrasion resistance and reduces the COF.
The SWR is decreased to 0.2598 x 10~> mm>/Nm, and the
COF is lowered to 0.103, indicating outstanding tribologi-
cal performance. This optimization highlights the impor-
tance of filler content and sliding parameters in enhancing
wear resistance and reducing friction in the composite.

3.6.4 | Validation of ANN and RSM with
experimental value

The sliding wear test results are compared to the pre-
dicted values of SWR and COF from the ANN and RSM
models in Table S3. In most test cases, the ANN model
shows a lower percentage error than the RSM for SWR,
averaging 0.94%. This demonstrates an improvement in
prediction accuracy. The RSM model has a higher aver-
age percentage error of —1.0905%, with some errors
exceeding 20%, particularly under high sliding load and
velocity conditions. This underscores the model's limita-
tions in capturing nonlinear interactions. Both the ANN
model and the RSM model demonstrate remarkable predic-
tive accuracy for COF. The ANN model has an average
error of 1.08%, while the RSM model has a lower average
error of 0.54%. ANN can handle complex relationships
between input parameters, allowing it to perform better in
certain situations, like with large sliding distances.>*® The
table shows that the ANN model is more accurate for SWR
and matches the RSM for COF, with both models providing
reliable predictions. This underscores the robustness and
appropriateness of ANNs for capturing the intricate and
nonlinear tribological behavior of composites.

3.6.5 | SEM examination of worn surfaces

Composites with 5%, 10%, and 15% alumina filler show
different wear patterns under extreme conditions
(120 cm/s speed, 45 N load, and 1500 m distance) in SEM
analysis of their worn surfaces. The 5% alumina sample
(Figure 10A) shows a worn surface with deep fissures,
pits, and significant surface degradation, indicating con-
siderable material loss. The lack of adequate infill content
does not provide enough support, leading to significant
wear and damage under high sliding loads and speeds.
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Poor wear resistance is the consequence of the absence of
filler-induced fortification.®

The 10% alumina sample shows (Figure 10B) less wear
than the 5% sample, featuring shallower grooves and smaller
pits. The increased alumina content enhances the compos-
ite's hardness and wear resistance, mitigating the abrasive
wear mechanism.”® Localized delamination and microcracks
indicate a shift to adhesive wear because of better interfacial
bonding. The 15% alumina sample (Figure 10C) exhibits the
least surface damage, with minimal grooves and a smoother
worn surface.”" Increased filler content delivers exceptional
reinforcement, allowing the material to withstand extreme
conditions without losing integrity. The alumina particles
act as a barrier, reducing direct matrix-fiber interaction
and distributing the load more uniformly. This results in
enhanced wear resistance, with the wear mechanism dom-
inated by mild adhesive wear and particle-induced load
transfer. The analysis shows that alumina reinforcement is
essential for enhancing the wear resistance of composites,
with 15% alumina providing the best performance under
tough conditions.

4 | CONCLUSIONS

This study evaluated the effect of NaOH treatment
and alumina reinforcement on the mechanical, water
absorption, thermal, and sliding wear properties of
PALF-reinforced epoxy composites. NaOH treatment
significantly improved fiber-matrix adhesion, enhancing
tensile, flexural, and impact strength, while alumina
fillers further strengthened the composites, with 10 wt%

FIGURE 10 Worn surface scanning
electron microscopy analysis at
maximum wear condition (A) TPALFS5,
(B) TPALF10, and (C) TPALFI5.

alumina providing the best balance of strength and
toughness.

Water absorption tests confirmed reduced moisture
uptake due to hemicellulose removal, with 15 wt% alu-
mina composites exhibiting the lowest water absorption,
ensuring durability in humid conditions. Thermal stabil-
ity was enhanced, with higher char residue and decom-
position temperatures observed in 15wt% alumina
composites, making them suitable for high-temperature
applications. Sliding wear performance improved, with
15 wt% alumina composites achieving the lowest SWR
and COF due to their hard, wear-resistant nature. SEM
analysis confirmed a transition from severe abrasive wear
in untreated composites to mild adhesive wear in
alumina-reinforced composites.

The findings demonstrate that NaOH-treated, alumina-
filled PALF composites offer enhanced mechanical
strength, water resistance, thermal stability, and tribological
performance, making them ideal for applications in the
automotive, aerospace, and structural industries. The study
highlights their potential as sustainable, high-performance
bio-based composites for industrial use.
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