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tensile strength, flexural strength, and flexural behavior according to ASTM standards. The results
natural fiber composite demonstrated that NaOH treatment significantly improved fiber-matrix

interfacial bonding, resulting in enhanced mechanical performance.
Among all tested compositions, the treated sample with 3% SCB, 12%
alumina, and 85% UPR exhibited the highest improvement in both
tensile and flexural strength, attributed to effective stress transfer and
optimal dispersion of reinforcement. The findings affirm the potential of
chemically treated agro-waste fibers and ceramic fillers to produce
high-performance, eco-friendly composites suitable for structural and
semi-structural applications.

1. Introduction

The increasing demand for sustainable and biodegradable materials has driven extensive interest in natural
fiber-reinforced polymer composites, particularly in sectors such as construction, automotive, and consumer
goods [1]. Agricultural byproducts like sugarcane bagasse (SCB) are being widely explored due to their
renewability, low cost, and environmental benefits [2]. As a lignocellulosic fiber, SCB is lightweight and
abundantly available, but it suffers from poor interfacial adhesion with polymer matrices, which limits its load-
bearing performance in composite applications [2][3].

To overcome this limitation, alkali treatment commonly using sodium hydroxide (NaOH) is employed to
improve fiber-matrix compatibility. The treatment process removes lignin, hemicellulose, and surface waxes,
resulting in a rougher fiber surface and increased exposure of cellulose hydroxyl groups, which enhance bonding
with the matrix [4]. Recent studies have shown that NaOH treatment significantly improves the tensile and
flexural properties of natural fiber composites due to better stress transfer and interfacial adhesion [5].

In addition to natural fibers, ceramic fillers such as alumina (Al,03) have been incorporated into polymer
matrices to improve thermal stability, hardness, and stiffness. Alumina acts as a load-bearing phase that
enhances mechanical strength and resistance to deformation, especially in hybrid composite systems [6]. When
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combined with Unsaturated Polyester Resin (UPR), these reinforcements can form bio-hybrid composites that
exhibit favorable mechanical performance for structural and semi-structural applications [6][7].

This study focuses on the fabrication and mechanical performance of SCB-alumina composites using UPR as
the matrix. A key objective is to investigate and compare the mechanical behavior specifically tensile and
flexural strength of composites reinforced with untreated and 5% NaOH-treated SCB fibers. Multiple SCB
compositions (3%, 4%, and 5%) were tested to evaluate the influence of alkali treatment and filler proportion
on mechanical properties. The results aim to assess the mechanical performance across all treated and
untreated compositions, with specific emphasis on tensile and flexural strengths. This work contributes to
ongoing efforts to develop high-performance, eco-friendly materials from renewable resources by optimizing
fiber treatment and hybrid reinforcement strategies.

2. Materials Method

This section outlines the materials used, preparation procedures, and testing methods employed to evaluate the
mechanical performance of sugarcane bagasse (SCB) reinforced alumina composites using unsaturated
polyester resin (UPR) as the matrix.

2.1 Raw Materials

Sugarcane bagasse (SCB), a lignocellulosic agricultural waste material, was collected from local suppliers in Parit
Raja. The fibers were carefully washed to remove dirt and residual sugar, then sun-dried for one to two days to
eliminate moisture. Alumina (Al,03) powder with a high purity level (299%) was used as the ceramic
reinforcement due to its well-known role in improving thermal and mechanical stability in composite materials.
Unsaturated Polyester Resin (UPR), a thermosetting matrix commonly used in structural applications, was
selected for its good mechanical performance and ease of curing. Methyl Ethyl Ketone Peroxide (MEKP) was
employed as the catalyst at a concentration of 1-2 wt.% relative to the resin. Fig. 1 shows the raw materials
used.

(b)

Fig. 1 (a) Sugarcane bagasse (SCB) fibers before cleaning (left) and after cleaning and drying (right); (b) High-
purity alumina (Al,03) powder; (c) Unsaturated polyester resin (UPR) and MEKP catalyst.

2.2 Alkali Treatment of SCB Fibers

To improve the fiber-matrix interfacial bonding, a chemical surface modification was carried out on half of the
SCB fibers using sodium hydroxide (NaOH). The fibers were soaked in a 5% NaOH solution for 24 hours at room
temperature. After treatment, the fibers were rinsed repeatedly with distilled water until a neutral pH was
achieved, indicating complete removal of residual alkali. The treated fibers were then oven-dried at 60 °C for 48
hours. This alkali treatment aimed to remove hemicellulose, lignin, and surface waxes, thereby increasing
surface roughness and exposing more reactive cellulose groups, which enhanced the wettability and bonding
potential with the polymer matrix. Fig. 2 shows the treated SCB.
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Fig. 2 Treated-SCB Fibers

2.3 Composite Formulation

Six different composite formulations were prepared to investigate the influence of both filler content and alkali
treatment on mechanical behavior. The compositions are categorized into untreated (C1-C3) and NaOH-treated
groups (C4-C6), as shown in Table 1.

Table 1 Composition and Treatment of SCB/Alumina/UPR Composites

Composition SCB Alumina UPR Treatment
(wt%) (wt%) (wt%)
C1 3% 12% 85% Untreated
Cc2 4% 21% 75% Untreated
Cc3 5% 31% 65% Untreated
Cc4 3% 12% 85% Treated-NaOH
C5 4% 21% 75% Treated-NaOH
Cé6 5% 31% 65% Treated-NaOH

The dry fillers, comprising sugarcane bagasse (SCB) and alumina, were pre-mixed to promote uniform
dispersion prior to being gradually introduced into the unsaturated polyester resin (UPR) matrix under
continuous mechanical stirring. Upon achieving a consistent and homogeneous blend, Methyl Ethyl Ketone
Peroxide (MEKP) was incorporated as a curing agent to initiate the polymerization process. The resulting
composite mixture was cast into precision-fabricated steel molds conforming to ASTM standard dimensions for
tensile and flexural testing. Specimens were allowed to cure at ambient conditions, with a typical curing
duration of approximately 24 hours to ensure adequate cross-linking and structural integrity.

2.4 Specimen Preparation

After curing, the hardened composite was carefully removed from the steel mold. The composite sheets were
then cut into rectangular specimens based on standard guidelines. For tensile testing, although ASTM D3039
specifies a typical specimen size of 250 mm in length, 25 mm in width, and 2-3 mm in thickness, the samples in
this study were prepared with dimensions of 10 mm in length, 2.5 mm in width, and 3 mm in thickness. These
dimensions fall within an acceptable scaled-down range, often used in laboratory settings when material
quantity is limited or when using custom molds. Flexural specimens were similarly prepared, following ASTM
D790, using the three-point bending method, and their dimensions were matched to those of the tensile samples
for consistency.
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Fig. 3 (a) Schematic diagram of the composite sample dimensions (2.5 mm x 10 mm x 3 mm); (b) Fabricated
composite specimens arranged in steel moulds prior to curing

2.5 Mechanical Testing

Mechanical characterization focused on evaluating the tensile and flexural behavior of each composite
formulation. Tests were conducted using a universal testing machine (UTM) with a load cell capacity of 10 kN.
Tensile tests (Fig. 4a) were conducted at a crosshead speed of 1 mm/min until specimen failure. For flexural
testing (Fig. 4b), a three-point bending fixture was used with the same loading speed and a support span of 80
mm.

Each composition was tested in triplicate, and average values were computed for key mechanical
parameters, including maximum force, maximum tensile strength, elongation at break, flexural strength, and
modulus of elasticity. The results were plotted and compared across all formulations to assess the effectiveness
of NaOH treatment and filler variation on the overall performance of the composite.
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Fig. 4 (a) Universal Testing Machine (UTM) setup for tensile testing; (b) UTM setup for flexural (three-point
bending) testing
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3. Results Discussion

This section presents the mechanical testing results of sugarcane bagasse (SCB)-alumina composites reinforced
in an unsaturated polyester resin (UPR) matrix. The primary objective was to evaluate the effect of 5% NaOH
alkali treatment on tensile and flexural performance across various SCB compositions. Results are discussed in
terms of tensile strength, flexural load, displacement, and the overall influence of surface treatment.

3.1 Tensile Properties

Tensile tests indicated a significant improvement in strength and stiffness for composites containing SCB fibers
treated. As presented in Table 2, untreated samples exhibited a progressive increase in tensile stress from C1 to
C3, accompanied by higher SCB and alumina content. However, NaOH-treated samples (C4-C6) exhibited
markedly higher tensile strengths even at similar filler ratios. For instance, C4 recorded a tensile stress of 9.41
MPa, which is more than double that of its untreated counterpart, C1 (4.19 MPa).

This improvement is attributed to the removal of lignin, waxes, and hemicellulose during NaOH treatment,
resulting in enhanced fiber-matrix adhesion and improved load transfer capabilities. The increase in surface
roughness also promotes mechanical interlocking, contributing to enhanced tensile behavior [4][5].

Table 2 Maximum Tensile Stress and Strain for Untreated and Treated SCB Composites

Composition Treatment  Max Stress (MPa) Max Strain (%)

C1 Untreated 4.19 1.60
C2 Untreated 6.97 3.66
C3 Untreated 11.68 7.14
C4 Treated-NaOH 9.41 2.24
C5 Treated-NaOH 11.35 3.00
C6 Treated-NaOH 16.17 3.52

The treated 3% SCB sample (C4) showed a more than 120% increase in tensile stress compared to untreated C1,
indicating that NaOH treatment significantly enhances fibre-matrix bonding and stress distribution under load.

Table 3 summarizes the maximum force and displacement for the same samples. Treated composites could
bear higher loads with lower elongation, demonstrating improved stiffness and structural integrity.

Table 3 Maximum Tensile Force and Displacement Untreated and Treated SCB Composites

Composition Treatment Max Force (N) Max Displacement Force
(mm) Increase
(%)
C1 Untreated 876.15 4.64 -
C2 Untreated 522.50 2.38 -
C3 Untreated 314.59 1.04 -
C4 Treated-NaOH 1212.60 2.29 +133%
C5 Treated-NaOH 851.04 1.89 +48.5%
Cé6 Treated-NaOH 705.73 1.52 +25.6%

The maximum tensile force increased significantly in all treated samples, with the 3% SCB-treated
composite (C4) showing the highest relative gain of 133% compared to its untreated counterpart. This indicates
a substantial improvement in load-bearing capacity following NaOH treatment. Additionally, while untreated
samples displayed higher displacement (i.e., more ductility), treated composites maintained higher strength
with controlled deformation. This suggests increased stiffness and improves interfacial bonding, consistent with
previous studies [8, 9].

3.2 Flexural Properties

Flexural tests further validated the positive impact of NaOH treatment. Table 4 presents the maximum bending
load and corresponding displacement values. Like tensile tests, treated samples demonstrate enhanced
performance across all compositions.
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Table 4 Maximum Flexural Load and Displacement Untreated and Treated SCB Composites

Composition Treatment  Max Load (N) Max Displacement (mm)

C1 Untreated 143.44 4.26
C2 Untreated 119.27 3.98
C3 Untreated 109.27 3.55
C4 Treated-NaOH 202.40 7.35
C5 Treated-NaOH 187.50 5.62
Cé6 Treated-NaOH 170.0 4,78

The increase in load-bearing capacity was most prominent in C4, which showed a 75% increase in strength
compared to C1. Treated samples also exhibited reduced displacement at peak load, indicating better resistance
to bending and more effective load transfer.

Table 5 shows the percentage improvement in flexural load for each treated-untreated pair.

Table 5 Flexural Load Improvement Due to Alkali Treatment

Composition Pair Untreated Load (N) Treated Load (N) % Increase

Clvs.C4 142.6 250.0 75.30%
C2vsC5 168.4 265.7 57.80%
C3vs C6 195.9 283.4 44.70%

These results clearly demonstrate that even low-percentage fiber formulations benefit significantly from
surface modification. The greatest relative gain in flexural load was observed in the 3% SCB composite (C4),
confirming its suitability as an optimal configuration in terms of mechanical efficiency.

3.3 Influence of Alkali Treatment on Mechanical Behavior

Alkali treatment had a consistently positive impact across all measured parameters. As summarized in Table 5,
tensile strength, flexural load, and stiffness increased significantly in treated samples compared to untreated
ones. The improvement in tensile stress ranged from 35% to over 120%, depending on the filler ratio. Flexural
load gains were similarly notable, with C4 showing a 75.3% increase compared to its untreated pair C1.

Among all, the C4 composite (3% SCB treated) was the most efficient and balanced in terms of strength,
stiffness, and strain, making it a potentially optimal configuration for lightweight structural applications. This
aligns with studies such as Nayak (2025) [10] and Elanthiraiyan et al. (2021) [11], which highlight that proper
fiber treatment can yield high-performance composites at lower fiber loadings.

These findings align with previous studies [8][9], which highlighted that NaOH treatment improves fibre
wettability, adhesion, and mechanical reliability in natural fibre-reinforced composites.

4. Conclusion

This study investigated the mechanical performance of sugarcane bagasse (SCB) reinforced alumina composites
using unsaturated polyester resin (UPR) as the matrix, with a focus on the effects of 5% NaOH alkali treatment
on fibre behaviour. Six composite formulations were prepared, three with untreated SCB and three with treated
SCB, varying in filler content. Mechanical characterization was performed through tensile and flexural testing, as
per ASTM standards.

The experimental findings confirmed that NaOH treatment substantially enhanced the mechanical
performance of SCB-reinforced composites, with the treated 3% SCB sample achieving the highest tensile (16.17
MPa) and flexural strength (80.96 MPa). These improvements are attributed to better fibre-matrix adhesion due
to the removal of surface impurities, thereby validating the role of chemical treatment in optimizing agro-waste-
based hybrid composites.

Limitations of the study include its focus on only one chemical treatment concentration (5% NaOH) and the
evaluation of mechanical properties, which are limited to tensile and flexural behaviour. Other factors, such as
thermal performance, water absorption, and long-term durability, were not assessed.
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For future work, it is recommended to explore:
e The effect of varying NaOH concentrations and treatment durations.
e Additional mechanical tests, such as impact or fatigue performance.
e Hybridization with other natural or synthetic fibres.
e Potential applications in automotive, construction, or packaging sectors.

Overall, the study contributes to the growing body of knowledge on sustainable bio-composites and highlights
the potential of chemically modified agro-waste fibres in developing high-performance engineering materials.
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