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Abstract
The demand for sustainable, high-performance materials has led to increased interest in bio-based composites. However, 
optimizing the mechanical properties of such materials for engineering applications remains a challenge. This study 
addresses this gap by developing and characterizing an epoxy-based biocomposite reinforced with sugarcane bagasse 
particles, focusing on the influence of cyclic thermal treatment on its properties. The bagasse particles were chemically 
treated with 1 M NaOH to remove impurities, improve interfacial bonding with the epoxy matrix, and enhance the over-
all composite performance. The treated particles j were pulverized to 470 µm and incorporated into the epoxy matrix 
(0–20 wt%) using the hand layup method. The composites were divided into untreated and thermally treated groups, 
with the latter subjected to cyclic thermal treatment (100 °C for 3 h over 7 days). Mechanical, wear, and water absorption 
properties were evaluated, while fractured surface morphologies were analyzed using SEM. Results revealed that cyclic 
thermal treatment significantly enhanced the composites’ performance, with the 15 wt% heat-treated composite show-
ing optimal properties: density of 1.102 g/cm3, flexural strength of 29.13 MPa, ultimate tensile strength of 103.50 MPa, 
impact strength of 3.49 kJ/m2, hardness of 64.70 HS, and wear indices of 0.034 mg. These findings demonstrate that 
alkali treatment and cyclic thermal treatment synergistically enhance the performance of bio-composites, making them 
suitable for diverse applications, including automotive, aerospace, and other engineering fields.
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1  Introduction

Composite materials are frequently employed in the fabrication of various constructions, including buildings, bridges, 
and structures such as boat hulls, swimming pool panels, race car bodies, shower stalls, bathtubs, storage tanks, and many 
more [1]. Among the well-known various types of composite utilized for various application polymer matrix composites 
(PMC) are the materials that are commonly employed due to their numerous benefits, such as their cost-effectiveness, 
lightweight nature, and capacity to be processed at low temperatures [2–4]. PMCs utilize two kinds of polymers as 
matrices: thermoplastics and thermosetting polymers. Thermoplastic materials are the predominant choice for bio-fiber 
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matrices, with polypropylene (PP), polyethylene, and polyvinyl chloride (PVC) being the most commonly used thermo-
plastics for this purpose. On the other hand epoxy, and polyester resins are examples of thermosetting matrices [5]. Due 
to its distinctive attributes, epoxy resin has become a widely utilized matrix in advanced composite materials on a global 
scale. These characteristics encompass its notably elevated durability, minimal reduction in size, enhanced resilience 
against moisture, improved mechanical properties, adaptable processing capabilities, and superior handling [6].

Polymer-based materials have recently surfaced as the preferred materials for a diverse array of applications. More 
advanced polymer-based materials are now regularly generated as a substitute for alternative materials, notably in 
domains where polymers were previously considered inappropriate [7]. The majority of the limitations associated with 
polymers are addressed during the manufacturing of composite materials, rendering them feasible. The adaptability 
to advantageous environmental effects is also being explored by scientists and scholars [8]. The development of bio-
derived composites constitutes a means by which polymers are being altered to fulfill human requirements and become 
appropriate for technical intentions. Biocomposites, which incorporate biomaterials can be biopolymer-based and/or 
possess natural reinforcements [9, 10]. In the current global environment, there is a prevailing inclination towards the 
utilization of biodegradable or "green" materials. This shift is primarily driven by the pressing concerns surrounding plas-
tics’ persistence, the limited availability of landfill space, the depletion of petroleum resources, the emissions generated 
through incineration, and the potential risks posed to living organisms. Consequently, there is an increasing recognition 
of the imperative need for environmental preservation and tolerance for zero wastes, thus, advocating for the adoption of 
"green" composite or biocomposite materials. These environmentally friendly materials possess the advantage of being 
derived from renewable resources [11–14]. The continuous expansion of humanity’s environmental consciousness has 
further catalyzed the exploration, advancement, and practical application of more sustainable materials. Consequently, 
this trend often leads to the emergence of bio-based products, which, owing to their origins in renewable sources, confer 
environmental benefits and contribute to long-term sustainability. The development of bio-composite has given rise 
to an alternative solution for fulfilling people’s everyday needs, be it furniture, housing, decking, flooring, lightweight 
automotive components, or sports equipment [7, 15]

Natural fillers offer advantageous attributes such as stiffness, resistance to impact, and pliability. Moreover, they are 
also sustainable and exist in copious amounts [16]. Natural filler-based bio-composites are increasingly utilized in vari-
ous industries such as automotive, electronics, construction, packaging, and more [17, 18]. However, the natural fillers, 
particularly fibers, exhibit significant heterogeneity with varying characteristics across different regions [19]. This vari-
ability in properties is influenced by factors like geographical location, vegetation, species, plant or animal parts/types, 
extraction method, and mode of application in the matrix. Consequently, the production of bio-composites has been an 
ongoing subject of research, with a growing demand for exploring the promising and unique attributes of sustainable 
natural fillers as bio-reinforcements in polymer bio-composites for diverse applications [20, 21].

Bagasse fiber or particles are a widely available natural filler that is frequently used. Bagasse is the residue of sugar-
cane stalks after they are crushed to extract juice. Sugarcane bagasse comprises a firm material made up of cellulose, 
which makes up roughly 40–50% of its composition, as well as hemicellulose, which accounts for 25–35%. The remaining 
constituents consist of lignin, wax, and various other substances [22, 23]. Several researchers have found that sugarcane 
bagasse-reinforced composites outperform composites reinforced with glass fiber in terms of specific mechanical quali-
ties like stiffness, flexibility, and modulus. Due to its abundance and low processing cost, it can be an ideal material for 
reinforcing bio-composites as it is renewable and less expensive. The age, source, and various surface treatment processes 
of the bagasse can affect the mechanical properties of the composite [22, 24]. Elmeniawy et al. [25] conducted a study 
on the mechanical properties and corrosion behavior of composites made from low-density polyethylene reinforced 
with sugarcane bagasse fibers. This research aimed to investigate whether cellulose and cellulignin fibers derived from 
sugarcane bagasse waste could be used to strengthen a thermoplastic polymer matrix. The fiber loading varied from 10 
to 30 wt%. To enhance the bonding between the fibers and the matrix, the fibers underwent a chemical modification 
through alkali treatment. The results showed that sugarcane bagasse fibers, similar to other natural fibers, improved the 
strength of polyethylene. The treated SCB fibers exhibited a significant increase in both tensile strength (13%) and tensile 
modulus (196%) compared to the neat LDPE. In another research conducted by Sivarao et al. [23] the impact of sugarcane 
bagasse fibers (10, 20, 30, 40%) on the mechanical properties of high density polyethylene was investigated. To prepare 
the bagasse fibers, they were treated with a 5% solution of sodium hydroxide and then combined with the HDPE matrix 
using the hot-pressing technique. The findings indicated a reduction in both the tensile strength and elasticity as the 
amount of bagasse fiber in HDPE increased.

The focus of this study is to develop composites from the mixture of epoxy that is reinforced with treated bagasse 
particles and subject part of the samples to cyclic thermal treatment. Cyclic thermal treatment for composites reinforced 
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with either natural or synthetic fillers has been reported to enhance the performance of the composites and reduce their 
moisture content [26, 27]. The application of heat treatment has been revealed to result in the breakdown of cell walls, 
which has a significant potential for bonding interaction with hydrophobic thermoplastic. This is due to the removal of the 
lignin that covers fiber surfaces. However, Nasser et al. [28] have pointed out that heat treatment at higher temperatures 
can alter the properties of the composite conversely. For instance, when heat treatment is conducted at temperatures of 
140 °C, 155 °C, and 170 °C, the chemical filler components of the composite can degrade, thereby affecting its mechani-
cal, physical, thermal, and mold resistance qualities. This observation was made in a study conducted by Lan et al.[29] 
which focused on the mechanical properties of the diglycidyl ether of bisphenol A epoxy resin (EP) reinforced with a 
20% fiber glass (GF) with a layered structure after undergoing high-temperature aging. The study revealed that as the 
aging tests were conducted in the temperature range of 85–145 °C in air, the tensile and flexural properties of the GF/
EP composite decreased. Hence this study focuses on developing composites from epoxy resin reinforced with chemi-
cally treated sugarcane bagasse particles, employing a novel approach that involves subjecting part of the samples to 
cyclic thermal treatment. While earlier research has investigated bagasse-reinforced composites, the influence of cyclic 
thermal treatment on their properties remains unexplored. To address this research gap, the study evaluates the impact 
of cyclic thermal treatment on the mechanical, thermal, and water absorption properties of bagasse-reinforced epoxy 
composites. The sugarcane bagasse particles are chemically treated with 1 M NaOH to improve interfacial bonding and 
eliminate impurities, followed by the fabrication of epoxy-based composites containing varying weight fractions of the 
treated particles. Selected composite samples are then subjected to cyclic thermal treatment, with the resulting changes 
in their properties thoroughly analyzed. This study’s originality lies in its innovative combination of chemical treatment 
and cyclic thermal treatment of bagasse particles. This dual-treatment approach, not previously reported, is expected 
to synergistically enhance the performance of the composites. By improving their mechanical, thermal, and water resist-
ance properties, this approach offers an eco-friendly solution for diverse engineering applications. In conclusion, this 
research contributes to the growing body of knowledge on sustainable materials by demonstrating the potential of 
treated bagasse-reinforced epoxy composites for applications in the automotive, construction, and aerospace industries.

2 � Materials and methods

2.1 � Materials

The materials utilized in this investigation encompass sodium hydroxide, bagasse fiber, Bisphenol A diglycidyl ether 
epoxy resin and diethylene triamine curative, commonly known as hardener. The bagasse fiber, procured from sugarcane 
plants were.

were acquired from the urban center of a farmland situated at the Federal University of Technology Akure Ondo State, 
Nigeria while the epoxy resin, hardener, and sodium hydroxide were procured from Pascal Scientific Limited, Akure, Ondo 
State, Nigeria. Every of the equipment used in this research are listed in subsequent section.

2.2 � Treatment and processing of bagasse particles

The bagasse fibers (BF) were rinsed thoroughly with distilled water and dried at 60 °C for 24 h in an oven (model-KX350A 
KENXIN) to condition the fibers and reduce moisture content as shown in Fig. 1. The fibers were chemically treated with 
1 M NaOH at 50 °C for 4 h in an ultrasonic water bath, followed by washing with tap water and rinsing with distilled 
water to achieve a neutral status as validated by a litmus paper test. After washing, the treated fibers were oven-dried 
at 60 °C for another 24 h. This process of treatment given to the fiber was similar to that of dombeya fiber in a research 
conducted by Onuh et al. [30]. Following oven drying, the fibers were crushed with a crushing machine, ground with a 
ball mill, and sieved to a fine powder of < 450 µm. Figure 1 shows the treated and pulverized bagasse fibers, respectively.

2.3 � Fabrication of composite

The composites were produced using an open mold hand lay-up method, which requires minimal equipment and tools, 
making it a cost-effective option suitable for prototypes and small-scale production. This technique is versatile and can 
accommodate various part sizes and shapes, from simple to complex geometries. In contrast to other composite manu-
facturing methods that necessitate specialized equipment, hand lay-up can be performed with basic, widely available 
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tools. Additionally, this process allows for the use of various reinforcement materials, such as textiles, mats, unidirectional 
roving, and chopped or woven fibers, offering flexibility in customizing the composite to meet specific requirements [30]. 
The particles were incorporated (within the range of 5 to 20 wt%) into the epoxy matrix while the epoxy resin and hard-
ener were added in a ratio of 2:1. This method of fabrication The epoxy resin, hardener, and bagasse particles were mixed 
manually with a glass rod stirrer for 5 min within a plastic container to get a proper mix. The compounded mixtures were 
then introduced into molds specifically designed for each property to be investigated. The samples were allowed to cure 
in the molds at an ambient temperature of 24 ± 1ºC before extraction from the molds. After extraction, the composites 
were allowed to further cure at room temperature condition for 72 h. The cured samples as shown in Fig. 2 were then 
divided into two sets before being subjected to further treatment and testing in accordance with the ASTM standards. 
Three samples were developed for each composition and a total of 242 samples were developed. Details regarding the 
formulation and constituent amounts utilized are provided in Table 1. In general the open mold hand lay-up technique 
is highly applicable for real-world manufacturing due to its cost-effectiveness, simplicity, and versatility. This method is 
ideal for low-volume production, prototyping, and small-scale applications, making it suitable for industries that require 
custom, small-batch composites, such as automotive, aerospace, and construction. Additionally, the flexibility to use a 
range of reinforcement materials allows the composites to be tailored for specific mechanical properties, such as strength 
and durability, which are essential in various applications. By using easily accessible tools and materials, this fabrication 
method can be implemented in both research settings and commercial-scale production with reduced investment in 
specialized equipment. The adaptability of this technique also allows it to be used for producing composites with com-
plex geometries, enhancing its utility for diverse applications.

Fig. 1   a Sugarcane Bagasse 
fibers and b Pulverized fibers

Fig. 2   Fabricated Composite 
Samples (after 5 h of curing 
time)
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It is important to note that after 72 h of curing time, the samples were machined to ensure uniform sizes of the bio-
composite samples.

2.4 � Cyclic thermal treatment

The developed composites were divided into two sets before testing and characterization. One set was subjected to 
cyclic thermal treatment while the other set was untreated. The thermal treatment of the reinforced epoxy composites 
was conducted in an oven at a temperature of 100 °C for 3 h daily for 7 days as shown in the temperature–time graph 
presented in Fig. 3. After reaching the required temperature, the samples were allowed to cool to an ambient temperature 
of 24 ± 1ºC each day. This cyclic heating and cooling of the composites were performed continuously for 7 days, which 
represents 7 cycles. A similar treatment has been carried out by Azimpour-Shishevan et al. [31] although on different 
materials (basalt fiber-reinforced epoxy composites) and different working temperatures (between −40 and + 120ºC). 
Also, in a research carried out by Fahmi, [32], the developed composite (polyester-based composites) was heated in an 
oven at 100 °C for 1 h and then cooled in the open with a variety of thermal cyclic 30, 40, and 50 times. Figure 4 shows a 
flow chart of the experimental procedure carried out.

2.5 � Evaluation and characterization of developed samples

The samples developed were in triplicates as three trials were carried for each composite developed. The test conducted 
are explained in subsequent section.

Table 1   Design of composite Sample Composition
(wt %)

Epoxy (g) Hardener (g) Bagasse 
particles 
(g)

Control 120 60 -
5 114 57 9
10 108 54 18
15 102 51 27
20 96 48 36

Fig. 3   Cyclic Temperature–
Time Graph for Bagasse-
Epoxy-based Composites and 
Control Sample
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2.6 � Flexural test

The flexural test was carried out using the 3-Point Bending Test in accordance with ASTM D790 standards [33]. The 
tests were carried out with the help of an Instron Series 3369 universal testing machine. The length, width, and thick-
ness of the specimens used were 120 mm, 15 mm, and 3 mm, respectively. The test was carried out using a displace-
ment control rate of 10 mm/min. The test speed was set to 5 mm/min over a 65 mm span. The representative values 
were computed by taking the average of the three samples examined for each composition.

2.7 � Tensile test

A tensile test was carried out on an Instron series 3369 universal testing machine in accordance with the ASTM D638-
14 standard [34]. The specimens used were dumb-bell-shaped measuring an overall length, gauge length, width 
and thickness are 115, 33, 10 and 3 mm, respectively. The test was carried out using a 10 kg load cell and a 5 mm/
min crosshead speed. Three tests were performed three times for each of the manufactured samples to ensure the 
correctness and reliability of the results.

2.8 � Impact test

The sample was subjected to an impact test using a Charpy impact testing machine in conformity with ISO 179. 
Samples with dimensions 80 mm × 10 mm × 3 mm were used. Samples were put horizontally on the machine, with 
a gap of 60 mm between support lines. The gauge was initially read, and then a suspended handle that swung and 
fractured the sample was released. After the sample had been fractured, the final reading was taken. Three test pieces 
were tested for each sample from where the average value was chosen as the representative value.

2.9 � Hardness test

The hardness test was carried out using a Shore D hardness tester in accordance with ASTM D2240-00 [35]. To do 
this, the samples were placed on the tester stand’s smooth surface before being indented with a force of 15 kgf on 
each sample within 15 s. The average of the five values obtained was used for analysis.

2.10 � Wear test

The wear (abrasion) test was performed to examine a material’s wear properties and determine the composite’s suit-
ability for a certain wear application. The samples were examined using a Taber abrasive tester model TSC-A016 in 
accordance with ASTM D 1044–13 [36], a standard test protocol for the resistance of transparent polymers to surface 
abrasion. The initial weight of the sample was determined before the test. The weight after abrasion testing was 

Fig. 4   Flow chart of experi-
mental procedure
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collected after putting each sample on the Taber abrasive tester at 150 rpm for 10 min. The wear samples were created 
using a 100 mm diameter mold with a thickness of 3 mm. The wear index of each sample was calculated using Eq. (1).

where W1 is the initial weight, W2 is the final weight after surface abrasion and RPM is revolutions per minute which were 
200 rpm for this test.

2.11 � Water absorption

Water absorption tests were carried out in accordance with ASTM D5229M-12 standards [37]. 250 cm3 of water medium 
was distributed into plastic containers to conduct the test. The original weight of each sample was determined by chemi-
cal weighing balance where readings were taken every day for five weeks. Before each weighing session, the specimens 
were removed and washed with a fresh cloth. The data acquired during the experiment were used to calculate the weight 
gained using Eq. 2. Where W% is the percentage water absorption, Wo is the oven-dry weight, and Wt is the weight of 
the sample after time t.

2.12 � Density measurement

The densities of the samples were determined by cutting them into 4 mm diameter pieces. Quarrz’s Rock Density Tester 
AU-300R was used to determine the density. The machine determined the weight and volume of each specimen.

2.13 � Microstructural examination

Scanning Electron Microscope (Model: JEOL JSM-6480LV) was used to analyze the bagasse fibers as well as the surfaces 
of the fractured composites and control samples. With the use of silver paste, the samples were securely adhered on 
stubs. A thin layer of platinum coating was vacuum evaporated onto the surface of the composite specimens to increase 
conductivity before photomicrographs were taken at a voltage of 15 kV.

3 � Results and discussion

3.1 � Microstructural investigation

The SEM analysis of treated bagasse particles reveals intricate details of the material’s microstructure. The first image 
Fig. 5a, shows a complex network of cellulose fibers, which serve as the primary reinforcement for the composite. These 
fibers appear elongated, thin, and rough, indicating their high surface area and potential for bonding with matrix materi-
als, which is essential for enhancing tensile strength and improving the overall mechanical performance of the biocom-
posite. The rough surface texture may increase the interfacial interaction between the fibers and the matrix, potentially 
improving the material’s load transfer capacity. The second image Fig. 5b further illustrates the heterogeneous distribu-
tion of hemicellulose and lignin within the sugarcane bagasse particulates. Hemicellulose, being more flexible, surrounds 
the cellulose network, while lignin, acting as the matrix material, is concentrated in certain areas, providing structural 
support. This distribution is crucial as it influences the mechanical properties of the material, with the lignin possibly 
improving the overall stiffness and integrity of the fiber structure.

A critical observation from the SEM images is the visible presence of pores and voids, particularly at 200 µm magnifica-
tion (Fig. 5b). These voids, introduced during the treatment process, suggest an increase in material porosity, which could 
influence the mechanical properties by reducing the strength of the material. However, these pores might also contribute 
to improved water absorption, depending on their size and distribution, and could benefit specific applications requir-
ing such properties. The irregular shape and distribution of these voids may cause variability in the composite’s overall 

(1)Wear index =
W1 −W2

RPM
∗ 100

(2)W% =
Wt −Wo

Wo
∗ 100
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performance, making it crucial to control the treatment process for consistent results. Additionally, some irregularities in 
the shape and distribution of fibers were observed. These features may impact the fiber-matrix interaction, potentially 
leading to areas of weak bonding that could reduce the overall mechanical properties of the biocomposite. Despite these 
irregularities, the elongated fibrous structures, with minimal voids at lower magnification, suggest that the fibers retain 
sufficient integrity, which is essential for reinforcing the composite material and contributing to its structural strength. 
In summary, the SEM images reveal that the treated bagasse particles exhibit a morphology that offers both advantages 
and challenges for composite applications. The rough, elongated fibers provide good reinforcement potential, while the 
presence of voids and the irregular distribution of components highlight areas for improvement in fiber treatment and 
composite design.

3.2 � Flexural properties

Flexural results are often used to assess the ideal materials for creating components that can endure loads without flexing. 
The flexural strength of the composites (both treated and untreated) was significantly influenced by the reinforcement 
content and thermal treatment, as shown in Fig. 6. Initially, a steady increase in flexural strength was observed with 
reinforcement content rising from 5 wt% to 15 wt%, followed by a decline at 20 wt%. This trend highlights an optimum 
reinforcement level of 15 wt%. The enhancement in flexural strength can be attributed to the effective dispersion of 
bagasse particles within the epoxy matrix, which improves the stress transfer mechanism between the filler and the 

Fig. 5   SEM Image of the Treated Bagasse Particles; a at 50 µm; b at 200 µm

Fig. 6   Flexural Strength of 
treated and untreated com-
posite samples
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matrix. The slight decrease at 20 wt% can be explained by the agglomeration of bagasse particles. At higher filler con-
centrations, the increased tendency for the particles to cluster together reduces the effective surface area for bonding 
with the matrix, leading to poor stress transfer. The local stress concentrations generated by the agglomerated particles 
act as points for crack initiation, resulting in premature failure under flexural loads. Such behavior has been reported 
by previous researchers [38]. The improvement in flexural strength can be primarily attributed to the alkali treatment 
of the bagasse particles, which makes them more rigid and enhances their interaction with the epoxy matrix. The treat-
ment increases the compatibility between the filler and matrix, forming a more efficient stress transfer mechanism. The 
composite containing 15 wt% untreated bagasse exhibited a 16% increase in flexural strength compared to the control. 
This is due to the localized high-interaction zones created by the compatibilizing effects of the alkali treatment, as these 
areas resist deformation under load. At 20 wt%, the agglomeration of particles reduces the overall interaction between 
the epoxy matrix and the reinforcement. The filler load becomes excessive, and the resin fails to adequately penetrate 
the particle clusters, resulting in weak bonding at the filler-matrix interface. This poor bonding creates microvoids, weak 
zones, and points for crack propagation, leading to a reduction in the overall mechanical integrity of the composite. 
Agglomeration-induced defects were observed in other studies [39], which support the theory that high filler content can 
compromise composite properties when poor dispersion occurs. Similar results were observed by Bolasodun et al.[16] 
when sugar cane bagasse was used as reinforcement in a polyester matrix and another research done by Babu et al., [13].

Thermal treatment further improved the flexural properties. The cyclic heat treatment enhanced the crosslinking 
density within the epoxy matrix, promoting a stronger and more rigid network. This process reduced moisture content 
in the bagasse particles, minimizing the interference moisture can cause during bonding, thereby strengthening the 
filler-matrix interface. The heat treatment also alleviates residual stresses caused by differences in the thermal expansion 
rates between the matrix and the filler during curing [40–42]. This results in a more stable composite, reducing internal 
stresses that could cause deformation under load. For example, at 15 wt% bagasse reinforcement, the thermally treated 
composite exhibited a 20% increase in flexural strength compared to the untreated composite, and a 77% increase rela-
tive to the untreated control. This significant improvement can be attributed to the enhanced crosslinking and reduced 
moisture content in the matrix, which contributes to a stronger and more stable composite.

The flexural modulus as shown in Fig. 7 also increased with higher reinforcement content, peaking at 20 wt% in both 
treated and untreated composites, as shown in Fig. 6. The modulus reflects the stiffness of the material and, like the 
strength, was significantly improved by thermal treatment. The increased rigidity is attributed to the inherent stiffness 
of the bagasse particles, which limit the mobility of the epoxy polymer chains, reducing deformation under stress. The 
optimum flexural modulus for the treated composite at 20 wt% was 1.091 GPa, representing a 91% increase compared 
to the treated control. This increase is supported by the improved filler-matrix adhesion due to the heat treatment, which 
results in better load transfer. However, at very high filler concentrations, agglomeration can lead to poor dispersion, 
creating microstructural defects that may reduce the modulus. This trend is observed in particle-reinforced composites 
and is supported by previous research, where high filler loadings led to poor dispersion and reduced material perfor-
mance [43]. Table 2 shows the values of the flexural properties of each of the composites.

Fig. 7   Flexural Modulus of 
treated and untreated com-
posite samples
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3.3 � Tensile properties

The results presented in Fig. 8 show the ultimate tensile strength (UTS) of both reinforced composites and control sam-
ples. The UTS increases steadily with reinforcement content up to 15 wt%, followed by a decline at 20 wt%. This trend 
aligns with findings from Oladele et al. [10], where moderate reinforcement levels improved mechanical properties, but 
excessive additions reduced strength. The UTS improvement at 15 wt% can be attributed to strong interfacial bonding 
between the bagasse particles and the epoxy matrix, which facilitates efficient stress transfer and minimizes microvoids or 
defects that can serve as stress concentrators. Additionally, even dispersion of the particles at 15 wt% promotes uniform 
stress distribution, further enhancing tensile strength. At 20 wt%, the decline in UTS results from particle agglomeration 
due to reduced inter-particle spacing. This agglomeration creates localized stress concentrations, impeding efficient stress 
transfer and weakening the composite. Additionally, poor resin penetration into particle clusters leads to inadequate 
wetting and weak interfacial bonding, further compromising the mechanical integrity [16, 31]. The treated composites 
exhibited superior UTS compared to untreated counterparts. For instance, the 15 wt% treated composite showed a 42% 
increase in UTS compared to the untreated 15 wt% composite and a remarkable 229% enhancement over the untreated 
control. This improvement is attributed to heat treatment, which reduces moisture content in the bagasse particles, 
enhancing compatibility with the epoxy matrix. Moisture typically interferes with interfacial bonding, reducing composite 
strength. Moreover, heat treatment may increase the crystallinity of the epoxy matrix, improving its mechanical stability 
and load-bearing capacity, which further enhances UTS.

The tensile modulus results, shown in Fig. 9, display trends similar to the flexural modulus, with values increasing 
as reinforcement content rises, peaking at 20 wt% for both treated and untreated composites. The treated composites 
consistently showed higher tensile modulus values than untreated ones. This improvement can be attributed to heat 
treatment, which reduces the moisture content in bagasse particles, mitigating plasticization effects that lower stiffness. 
By strengthening the particle–matrix interface and ensuring better load transfer, heat treatment enhances the overall 
stiffness of the composites. At 20 wt%, the tensile modulus of the treated composite reached 0.71 GPa, representing a 

Table 2   Flexural properties 
values of treated and 
untreated composites

Flexural strength (MPa) Flexural modulus (GPa)

Sample variation (wt. %) Treated Untreated Treated Untreated

Control 24.30 16.42 0.572 0.542
5 BG 23.44 15.12 0.627 0.576
10 BG 27.02 15.92 0.829 0.598
15 BG 29.13 19.05 0.635 0.592
20BG 28.26 16.80 1.091 0.713

Fig. 8   Ultimate tensile 
strength of treated and 
untreated composite samples
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40% increase compared to the treated control (0.53 GPa) and a 51% increase over the untreated control (0.47 GPa). The 
untreated 20 wt% composite also demonstrated significant improvement, with a 32% increase relative to the untreated 
control, highlighting the inherent contribution of reinforcement to stiffness. However, the superior modulus observed 
in the treated composites underscores the additional benefits of heat treatment, such as improved interfacial adhesion 
and particle dispersion. The densely packed reinforcement at 20 wt% further contributes to enhanced load-bearing 
capacity, which explains the observed modulus improvement. In general, the trends in UTS and tensile modulus demon-
strate that moderate reinforcement levels (15–20 wt%) and heat treatment significantly enhance the tensile properties 
of the composites. The increase in UTS at 15 wt% arises from strong interfacial bonding, uniform stress distribution, and 
reduced defects, whereas the decline at 20 wt% results from particle agglomeration and poor stress transfer. In contrast, 
the tensile modulus improvements at 20 wt% are due to higher reinforcement concentration and moisture reduction via 
heat treatment, which strengthens the interface and improves load transfer. These findings underscore the importance 
of optimal reinforcement content and surface treatment in achieving enhanced mechanical performance in composites. 
Table 3 provides detailed values of the tensile properties for each composite.

3.4 � Impact strength

The effect of using bagasse particles as reinforcement in the epoxy matrix under both heat-treated and non-heat-
treated conditions is demonstrated in Fig. 10, showing a similar trend to the response observed for flexural and tensile 
strengths (Figs. 6 and 8). Both heat-treated and non-heat-treated composite samples exhibited improved impact 
strength compared to the control sample, with the heat-treated samples consistently outperforming the non-heat-
treated ones. This enhancement in the heat-treated samples can be attributed to two primary factors: the elimination 
of moisture and impurities, and improved interfacial interaction. Heat treatment effectively removes residual moisture 
and volatile organic compounds present in the bagasse particles. The presence of moisture or impurities typically 
weakens the interfacial adhesion between the epoxy matrix and the reinforcement, leading to stress concentration 

Fig. 9   Tensile modulus of 
treated and untreated com-
posite samples
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Table 3   Tensile Properties 
values of treated and 
untreated composites

Tensile strength (MPa) Tensile modulus (GPa)

Sample variation (wt. %) Treated Untreated Treated Untreated

Control 57.00 31.50 0.53 0.47
5 BG 67.23 40.37 0.51 0.43
10 BG 90.61 58.91 0.59 0.55
15 BG 103.50 73.00 0.57 0.50
20BG 71.63 66.89 0.71 0.62
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points that initiate failure during impact loading. By eliminating these detrimental factors, heat treatment improves 
the surface compatibility of the bagasse fibers with the epoxy matrix, leading to a stronger interfacial bond. This 
allows for efficient energy transfer and dissipation during impact. Thermal analysis studies, such as Thermogravimetric 
Analysis (TGA) [27], support this explanation, as the weight loss at lower temperatures correlates with the removal 
of moisture and volatiles. Furthermore, the improved interfacial bonding facilitated by heat treatment ensures that 
the stress applied during impact is uniformly distributed across the matrix and reinforcement. This prevents fiber 
pull-out and reduces crack propagation, which are common failure modes in composites with poor interfacial bond-
ing. Fractography studies using Scanning Electron Microscopy (SEM) as seen in Figs. 16, 17, 18 could further confirm 
this by showing fewer voids and improved matrix-particle adhesion in heat-treated samples compared to non-heat-
treated samples. The optimal reinforcement content of 15 wt.% resulted in the highest impact strengths of 3.49 kJ/
m2 and 1.80 kJ/m2 for heat-treated and non-heat-treated composites, respectively. This performance aligns with 
the concept of balanced reinforcement distribution, where the particle loading provides sufficient stress transfer 
while maintaining adequate matrix continuity for energy absorption. However, at higher reinforcement content (20 
wt.%), a decline in impact strength was observed, likely due to increased particle agglomeration and reduced matrix 
availability. Excessive particle loading tends to form weak interfacial zones and stress concentration points due to 
inadequate epoxy matrix coverage, which compromises the energy-absorbing capacity of the composite. This phe-
nomenon aligns with previous studies by Abdollahiparsa et al. [44], Oladele et al. [2], and Panicker et al. [38], where 
excessive filler content led to decreased mechanical properties due to particle clustering and poor stress transfer. In 
summary, the enhanced impact strength at optimal reinforcement levels is a result of improved interfacial adhesion 
achieved through heat treatment and the uniform distribution of bagasse particles. These factors promote efficient 
energy dissipation during impact, whereas excessive reinforcement content introduces defects that initiate premature 
failure. Table 4 shows the values of the impact strength of each of the composites.

Fig. 10   Impact Strength of 
treated and untreated com-
posite samples
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Table 4   Impact strength 
values of treated and 
untreated composites

Impact Strength (KJ/m2)

Sample variation (wt. %) Treated Untreated

Control 2.39 1.17
5 BG 2.77 1.31
10 BG 2.81 1.57
15 BG 3.49 1.80
20BG 3.06 1.63
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3.5 � Hardness

Figure 11 shows the hardness of the composites and the control samples under both heat-treated and non-heat-treated 
conditions. The results indicate that all composite samples exhibited higher hardness values than the control samples, 
regardless of heat treatment. This increase in hardness can be attributed to the enhanced interfacial bonding between 
the bagasse reinforcement and the epoxy matrix, which improves the load transfer mechanism and overall rigidity of 
the composites. A rising trend in hardness was observed in the 5–15 wt.% range of bagasse particle reinforcement, with 
the optimal hardness values recorded at 15 wt.% for both heat-treated and non-heat-treated samples. Specifically, the 
heat-treated composites achieved a hardness of 64.70 HS, while the non-heat-treated composites recorded 62.50 HS, 
resulting in a 7% enhancement in hardness compared to their respective control samples. This improvement can be 
linked to effective interlocking of fibers [45] within the matrix and the stiffening effect induced by the reinforcement, as 
reported in similar studies by Panicker et al. [38], where polyester composites reinforced with bagasse fibers showed initial 
hardness improvements before declining at higher reinforcement content. A similar trend was also observed by Oladele 
et al. [2] with moringa oleifera fruit pod waste as reinforcement in an epoxy matrix. At 20 wt.% reinforcement, a slight 
decline in hardness was observed. This reduction can be attributed to particle agglomeration and increased porosity 
within the matrix, which create weak points and reduce the effectiveness of load transfer [46]. As reinforcement content 
increases beyond the optimal range, these defects inhibit the rigidity and hardness enhancement. The heat-treated 
composites consistently demonstrated greater hardness improvements compared to the non-heat-treated composites. 
The heat treatment process reduces microvoids and porosity, which are areas of stress concentration that weaken the 
material. By minimizing these voids, heat treatment enhances the composite’s ability to withstand mechanical loads. 
Additionally, heat treatment induces changes in the molecular structure of the epoxy matrix, improving its resistance to 
deformation. This process also aligns the thermal expansion properties of the matrix and reinforcement more closely, 
reducing the risk of delamination or crack formation caused by thermal stress during temperature fluctuations. In sum-
mary, the optimal hardness improvement observed at 15 wt.% reinforcement is attributed to effective particle–matrix 
bonding, reduced microvoids, and structural changes induced by heat treatment. The heat treatment process not only 
strengthens interfacial adhesion but also minimizes structural defects, resulting in enhanced hardness values. Table 5 
presents the specific hardness values for all composite samples.

3.6 � Wear property

This study compared the wear characteristics of the developed composite materials with the control sample, as shown in 
Fig. 12. Wear tests were conducted to evaluate the impact of bagasse particle reinforcements on the wear behavior of the 
material surfaces. The results revealed that the composite materials, both heat-treated and non-heat-treated, exhibited 
significantly improved wear resistance compared to the epoxy resin control. The wear resistance enhancement can be 

Fig. 11   The hardness of 
treated and untreated com-
posite samples
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attributed to the incorporation of bagasse particles into the epoxy matrix, which creates a more complex and reinforced 
structure. The presence of bagasse particles helps absorb and redistribute the stresses associated with surface abrasion, 
thereby inhibiting the propagation of wear within the composite materials. All the developed composites demonstrated 
a lower wear index, indicating superior wear resistance when compared to the control sample. The non-heat-treated 
composites exhibited a higher wear index than their heat-treated counterparts, suggesting that heat-treated composites 
possess superior wear resistance. This improvement can be attributed to the heat treatment process, which enhances 
the crosslinking and curing of the epoxy matrix. A more robust curing process results in a harder and more durable 
matrix, thereby reducing susceptibility to wear. The improved crosslink density effectively strengthens the interfacial 
bonding between the matrix and the bagasse reinforcements, enhancing the composite’s ability to resist abrasion. The 
optimal wear resistance was observed at 15 wt.% bagasse reinforcement, where the wear index values were 0.034 mg for 
heat-treated samples and 0.053 mg for non-heat-treated samples. At this reinforcement level, the composites achieved 
the best balance between particle dispersion and matrix continuity, allowing for effective load distribution and mini-
mal material loss under wear conditions. These findings align with previous studies by Oladele et al. [2], Ramesh et al. 
[47], and Shalwan and Yousif [48], which demonstrated that the addition of reinforcements significantly improves the 
wear resistance of epoxy-based composites [10]. In summary, the incorporation of bagasse particles into the epoxy 
matrix enhances the wear resistance of the material, with heat-treated composites showing superior performance due 
to improved crosslinking and matrix curing. These results highlight the potential of bagasse-reinforced composites for 
applications where surface abrasion resistance is critical. Table 6 provides detailed values of the wear index for each of 
the composite samples.

3.7 � Water absorption

The water absorption properties of all the composites and the control samples under investigation were presented in 
Figs. 13 and 14 showing the influence of a 5-week immersion period. The data illustrated in the graphs clearly show 
that an increase in the reinforcement content is directly related to a higher percentage of water absorption for both 

Table 5   Hardness values 
of treated and untreated 
composites

Hardness (HS)

Sample variation (wt. %) Treated Untreated

Control 60.50 58.30
5 BG 61.1 59.7
10 BG 62.9 62.1
15 BG 64.70 62.50
20BG 64.30 62.00

Fig. 12   Wear index of treated 
and untreated composite 
samples
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types of composites. This finding may be attributed to the natural reinforcements’ inherent hydrophilic properties as 
reported by Abdullah and Sujan, [49] and many other researchers. In Fig. 12, it was noted that the non-heat-treated 
composite did not reach saturation after 5 weeks, unlike the control which reached saturation in 3 weeks. A similar 
pattern was observed for composites reinforced with other natural materials such as paper particles and sisal fiber 
[10], as well as bamboo fibers and calcite particles [2]. The data from the experiments indicated that a longer immer-
sion period would result in a higher absorption rate for the reinforced composites. This continuous increase beyond 

Table 6   Wear Index values 
of treated and untreated 
composites

Wear Index

Sample variation (wt. %) Treated Untreated

Control 0.150 0.205
5 BG 0.059 0.076
10 BG 0.047 0.061
15 BG 0.034 0.053
20BG 0.086 0.126

Fig. 13   Water absorption of 
untreated composite samples 
in a wet environment

Fig. 14   Water absorption of 
treated composite samples in 
a wet environment
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the fifth week without reaching a saturation point suggests the need for further investigation into water absorption 
rates beyond 5 weeks.

The observation in Fig. 14 revealed that the rate of water absorption for the heat-treated composites was lower than 
that of the non-heat-treated composites in Fig. 13. It was discovered that saturation was reached at the fourth week for 
the heat-treated reinforced composites while saturation was observed at the third week for the control. This lower rate of 
water absorption in comparison with the non-heat-treated composites was attributed to further curing and crosslinking 
of the epoxy matrix during heat treatment resulting in a more tightly bonded and less porous structure. The increased 
crosslinking reduces the pathways for water penetration, while the reduction in microvoids and porosity in the mate-
rial contributes to better resistance to water penetration for the heat-treated epoxy composites. Heat treatment can 
effectively eliminate or minimize voids where water can be absorbed. Moreover, the heat-treated composites exhibited 
increased hydrophobicity, meaning they repel water to a greater degree, further reducing the water absorption rate. 
Table 7 shows the values of the water absorption of each of the composites.

3.8 � Density

Figure 15 illustrates the behavior of an epoxy composite reinforced with bagasse particles in both heat-treated and non-
heat-treated in relation to density. It was observed that there was a decrease in density from 5-20wt% when the reinforc-
ing materials were added to the epoxy matrix, with 20 wt% showing the lowest density of 1.088 gcm−3 for heat-treated 

Table 7   Water absorption 
values of treated and 
untreated composites

Sample Variation 
(wt. %)

wk 0 (U) wk 1 (U) wk 2(U) wk 3 (U) wk 4 (U) wk 5 (U)

Un-Treated Composites
 Control 0 0.2236 0.4472 0.5450 0.6865 0.6973
 5 BG 0 0.5810 0.9388 1.1215 1.3241 1.6183
 10 BG 0 0.7557 1.2765 1.5063 2.1296 2.3956
 15 BG 0 0.8531 1.9078 1.9078 2.8889 3.4122
 20BG 0 1.594 2.3632 2.9093 4.1355 4.9155

Treated composites
 Control 0 0.1576 0.3152 0.3553 0.3589 0.3603
 5 BG 0 0.5204 0.6592 1.0204 1.0359 1.0799
 10 BG 0 0.6429 1.2466 1.4604 1.4619 1.4625
 15 BG 0 0.8503 0.8008 1.4724 2.0663 2.0685
 20BG 0 0.9434 1.5879 2.635 2.8517 2.895

Fig. 15   Density of treated and 
untreated composite samples
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composite and 1.090 gcm−3 for non-heat-treated composite. It was found that all the samples with reinforcements had 
lower densities compared to the epoxy reinforcement (1.237gcm−3) which can be attributed to the inherent density of 
both the matrix and the reinforcement. By adding bagasse particles to the epoxy resin, the overall density of the com-
posite materials decreases. This is because the particles displace some of the epoxy resin, which has a higher density, 
thus reducing the overall density of the composite material. In the same vein, it was discovered that the heat-treated 
composites have slightly lower densities compared to the non-heat-treated composites as minimal mass loss or volume 
change occurs during heat treatment at a relatively low temperature (100 °C) for the heat-treated composite materials. 
The bagasse particles and epoxy matrix do not undergo significant changes in mass or volume at this temperature. Low-
temperature heat treatment may not cause significant phase changes or chemical reactions in the bagasse particles 
or epoxy matrix that would alter the overall density; however, epoxy resins are known for their stability at moderate 
temperatures and do not readily decompose or change in density at this operating temperature. Hence, since all the 
developed composites have low densities compared to the epoxy matrix, they are therefore suitable materials for struc-
tural applications due to their lightweight potential. Table 8 shows the values of the density of each of the composites.

3.9 � Microstructure examination

Figures 16, 17 and 18 show the SEM micrographs of the fractured surfaces of both untreated and treated epoxy com-
posites reinforced with varying amounts of bagasse (BG). Figure 16 (a-b) represents the microstructure of the composite 
with 5 wt% BG, while Fig. 17 (a-b) presents the 15 wt% BG composites, which exhibit the optimum mechanical proper-
ties, as discussed earlier. Finally, Fig. 18 (a-b) displays the composites with 20 wt% BG. From the SEM images, it is evident 
that the bagasse particles were well dispersed within the epoxy matrix, especially in the composites with higher BG 
content (15 wt% and 20 wt%). At 5 wt% BG, Fig. 16 reveals a rough and porous surface morphology with visible voids 

Table 8   Densities values 
of treated and untreated 
composites

Density

Sample variation (wt. %) Treated Untreated

Control 1.151 1.152
5 BG 1.14 1.141
10 BG 1.118 1.119
15 BG 1.088 1.09
20BG 1.102 1.104

Fig. 16   SEM images at 50 µm for both a at 5wt. % un-heat-treated, and b at 5wt. % heat-treated sugar cane (bagasse) particles reinforced 
epoxy composites
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and agglomerates, indicating poor particle–matrix interaction and weak bonding. These characteristics suggest the 
potential failure modes of debonding between the reinforcement and the matrix, and particle pullout during mechanical 
loading. The surface roughness in these micrographs is a clear indication of insufficient bonding, as the surface appears 
irregular, with visible gaps between the bagasse particles and the polymer matrix. It was also observed that the size of 
fiber pullout in Fig. 16a is larger than that of 16b this is due to the heat treatment given to Fig. 16b causing the matrix 
and the reinforcement to have good adhesion. The heat treatment can enhance the surface properties of the bagasse 
fibers, making them more compatible with the polymer matrix. This stronger bond between the matrix and reinforce-
ment reduces the extent of fiber pull-out, as the reinforcement particles are more securely anchored within the matrix. 
Therefore, the pull-out size for the heat-treated composites is smaller compared to the untreated ones, as the enhanced 
bonding reduces the likelihood of the fibers being pulled out during mechanical testing. Additionally, the heat treat-
ment can help remove residual moisture and volatiles within the bagasse particles, which could otherwise weaken the 

Fig. 17   SEM images at 50 µm for both a at 15wt. % un-heat-treated and b at 15wt. % heat-treated sugar cane (bagasse) particles reinforced 
epoxy composites

Fig. 18   SEM images at 50 µm for both a at 20wt. % un-heat-treated and b at 20wt. % heat-treated sugar cane (bagasse) particles reinforced 
epoxy composites
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composite interface. This results in a more uniform and stronger material, contributing to the smaller fiber pull-out size 
in the heat-treated composites.

As the BG content increases to 15 wt%, Fig. 17 shows a much smoother surface morphology with more uniformly 
distributed bagasse particles. The microstructure suggests better dispersion and adhesion between the particles and 
the matrix, which can contribute to the higher mechanical properties observed in the 15 wt% composite. The sur-
face roughness in these images is less pronounced, indicating better interfacial bonding. The particle–matrix interface 
appears strong, and no visible pullout or delamination is observed, suggesting improved stress transfer between the 
reinforcement and the epoxy matrix. The failure mode in this case is likely to involve matrix cracking or fiber fracture, 
as the strong interface prevents particle debonding. At 20 wt% BG, Fig. 18 shows a more agglomerated structure with 
less uniform distribution of bagasse particles, leading to an increase in surface roughness. The excessive amount of filler 
results in poor dispersion, creating localized weak zones that compromise the composite’s mechanical properties. This 
agglomeration leads to poor bonding between the reinforcement and the matrix, which can result in failure modes such 
as particle debonding and poor stress transfer, leading to a decrease in overall strength. The rough, fragmented surface 
seen in these SEM images aligns with the previously discussed decline in strength at higher BG content. Fiber clustering 
was observed at this composition, which also contributes to the reduced properties, as discussed above. This clustering 
reduces the overall surface area available for interaction with the polymer matrix. As a result, the decreased surface area 
limits the bonding between the reinforcement (bagasse particles) and the epoxy matrix, weakening the overall composite 
structure. The poor bonding results in inefficient stress transfer between the matrix and the reinforcement, leading to a 
decline in mechanical properties such as strength and stiffness. In summary, the SEM analysis highlights the importance 
of achieving proper dispersion and strong bonding between the bagasse particles and the epoxy matrix. The morphology 
of the composite plays a significant role in its mechanical performance. The smoother surfaces observed at 15 wt% BG 
correlate with better interfacial bonding and improved mechanical properties. In contrast, the rougher, agglomerated 
surfaces at higher BG content suggest poor bonding, which can lead to reduced performance and potential failure due 
to poor stress transfer.

4 � Conclusion

The effect of cyclic thermal treatment on the performance of bagasse particle-reinforced epoxy composites was evalu-
ated, leading to the following conclusions:

•	 Cyclic heat treatment significantly enhanced the properties of the developed composites. Specifically, the heat-treated 
composites exhibited superior mechanical properties and physical properties, highlighting the potential of cyclic 
thermal treatment for the development of bio-composites with improved performance and durability.

•	 The optimum performance was observed in composites with 15 wt% heat-treated bagasse particles, which showed 
substantial improvements in tensile strength (103.50 MPa), flexural strength (29.13 MPa), impact strength (3.49 kJ/
m2), hardness (64.70HS) and wear index (0.034 mg) having density of 1.088 g/cm3 and good absorption rate. These 
enhancements were attributed to the improved bonding between the bagasse particles and the epoxy matrix, which 
resulted in better stress transfer and structural integrity. It was also observed that mechanical properties started to 
decrease beyond the 15 wt% reinforcement content, indicating an optimal loading range of 5–15 wt% for maximum 
performance. This result can also be supported by its microstructure.

•	 With respect to the improved properties, composites containing 15 wt% heat-treated bagasse particles can be con-
sidered ideal for a variety of applications, particularly in the automotive industry. These composites are suitable for 
the manufacturing of lightweight components such as armrests, dashboards, bumpers, door panels, and other body 
parts. By reducing the weight of vehicle components, these composites will contribute to a reduction in fuel con-
sumption and CO2 emissions, supporting sustainability goals and promoting a greener environment.

•	 Future research will focus on exploring the long-term performance of these composites under various environmental 
conditions, including exposure to moisture, UV radiation, and extreme temperatures. Further studies will also examine 
the potential for scaling up the production of these bio-composites for large-scale industrial applications. This work 
has the potential to positively influence society by promoting the use of sustainable materials in the manufacturing 
of lightweight, durable composites, ultimately contributing to a reduction in environmental impact and fostering a 
shift toward green technologies in various industries.
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