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used in this study. Poly (lactic acid) (PLA) serves as a promising bio-based and
biodegradable matrix material for green composites. This hybrid composite material is
a novel development specifically designed for complex 3D printing designs. Research on
this material is still limited, and it has not been applied in the industry, but it holds great
potential for advanced 3D printing applications. To improve interfacial adhesion, sugar
palm fiber and waste tyre rubber were treated with 6% sodium hydroxide and 3% silane,
resulting in a composite formulation of 97.5% PLA and 2.5% SPF/WTR. Three different
fiber loadings were assessed, 75% SPF:25% WTR, 50% SPF:50% WTR, and 25% SPF:75%
WTR. The filaments produced using a twin-screw extruder were utilized to 3D print
tensile specimens according to ASTM D638-14, impact specimens according to ASTM
D256-23e01, and for Thermogravimetric Analysis. Additionally, Scanning Electron
Microscopy analysis was conducted to evaluate the morphology of the composites. The
results indicated that the 75% SPF:25% WTR loading achieved the highest tensile
strength of 37.89 MPa, while the 25% SPF:75% WTR loading exhibited the highest
impact strength of 4.3 KJ/m2 Thermogravimetric Analysis results demonstrated similar
thermal degradation patterns across different compositions, suggesting that the
component ratios do not significantly affect overall thermal stability. The SEM images
improved interfacial adhesion between the treated fibers and the PLA matrix, which is
Keywords: critical for enhancing mechanical performance. In short, these findings indicate that
3D printing; mechanical properties; sugar palm and waste tire rubber hybrid composites are viable, high-performance
morphology; poly (lactic acid); sugar palm  alternatives for filament extrusion and 3D printing applications, offering both
fiber; thermal analysis; waste tire rubber mechanical strength and environmental sustainability.
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1. Introduction

The increasing awareness of environmental issues and the growing emphasis on sustainability
have sparked a significant interest in the development of biodegradable materials, particularly in the
realm of composites. In order to satisfy this increasing trend, renewable and sustainable resources
are being utilized [1]. This trend underscores the importance of utilizing polymers sourced from
renewable materials that are generally biodegradable [2]. Among these, poly (lactic acid) (PLA), a
biopolymer derived from renewable resources like corn starch and sugarcane, has gained attention
as a promising matrix for composite materials due to its lower environmental impact and
biodegradability compared to traditional petroleum-based polymers [3]. This study centers on a
comparative analysis of PLA-based hybrid composites reinforced with Sugar Palm Fiber (SPF) and
Waste Tyre Rubber (WTR). Both materials not only enhance the mechanical properties of the
composites but also contribute to sustainability and potentially lowering the cost [4].

Natural fibers (Jute, hemp, kenaf etc) serve as an effective reinforcement in composite materials
due to their favorable properties. Compared to synthetic fibers like glass fiber, natural fibers offer
several advantages that enhance their appeal in sustainable material development. Other than that,
the characteristics between natural fibres and synthetic fibres are quite similar, such as low density,
high stiffness, and good mechanical properties [5]. As other natural fibers, SPF recognized for its high
strength and durability, serves as an effective reinforcement in composites. Its abundance and
lightweight nature make it a valuable resource, while its use helps mitigate agricultural waste,
aligning with sustainable practices. Each reinforcement type impacts the composite's properties
differently for instance. Conversely, WTR is a recycled material that addresses the pressing issue of
tire waste, which poses significant environmental challenges [6]. This unique material is characterized
by its exceptional elasticity, toughness, and resistance to abrasion, making it highly valuable across
various applications by integrating WTR into PLA composites, improvements in flexibility, impact
resistance and overall toughness can be achieved.

Assessing the mechanical properties of these hybrid composites, particularly tensile and impact
strengths is crucial for evaluating their performance [7]. Morphological studies, often performed
using scanning electron microscopy (SEM) provide insights into the interfacial bonding characteristics
and fiber distribution within the composite, which are vital for understanding material behavior [8].
Nonetheless, the use of plant fibers such as sugar palm in polymers raises some concerns, including
moisture absorption and strength properties [9]. Poor thermal stability and poor interfacial adhesion
between the polymers and plant fibers resulting poor mechanical properties. When moisture is
absorbed by natural fibers, dimensional changes and loosening of interfacial adhesion take place
[10]. Incompatibilities and wettability may result from the hydrophilic nature of natural fibers and
the hydrophobic nature of the polymer matrix [11]. These issues can be clear up by removing
hemicellulose, lignin, pectin, and wax, chemically treated fibers to enhance fiber strength and
improve surface roughness. Chemical treatments are the most recommended among all of the
treatment (Physical, chemical and biological) because of their excellent efficiency [12]. Further, the
combination of alkaline and silane treatments enhanced the cellulose density, resulting in a
transcrystalline interphase zone containing tiny crystals. The fiber composites had a stronger
adhesive bond between the fibers and the matrix than the untreated fiber composites, resulting in a
more effective surround and adhesion of the fibers [13].

As a country that is moving forward with IR4.0 development, Malaysia launched a national
strategy in 2018 to drive growth in manufacturing [14]. The use of fusion deposition modeling (FDM)
in additive manufacturing (AM) is becoming increasingly popular due to its operational flexibility,
time efficiency, and low cost, making it the most widely used 3D printing technology [15,16]. Studies
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from Knight et al., [13] in FDM there are three-dimensional objects created by stacking layers of
thermoplastic materials with one another. By pulling the filament through rollers, the feedstock
material is placed in a heated compartment. In this heated compartment, the filament melts and is
extruded onto the preheated bed by means of an extrusion nozzle and subsequently cooled to
become firm, providing an accurate 3D model of the finished part. As the part is constructed, the
software provides the coordinates necessary to move into the x, y, and z planes [13]. Thermoplastics
such as PLA are suitable for filament FDM because they possess the appropriate flexural strength and
modulus, making filaments easy to spool and extrude as they may reduce material costs, reduce
environmental impact, minimize deformation during processing and potentially preserve the
mechanical qualities of the material [17]. In addition to the polymer matrix, PLA has been adopted
for use with other fillers such as Cork/PLA [18], Hemp/PLA [19], Flax, bamboo/PLA [20], Bamboo fill,
Wood fill, Pine lay wood/PLA [21].

In summary, the investigation of PLA-based hybrid composites reinforced with SPF and WTR not
only showcases the mechanical and thermal benefits of combining natural and recycled materials but
also highlights the necessity of developing sustainable, biodegradable alternatives in material
science. Currently, many engineering areas require the use of a combination of materials with
different properties, since one type of material may not meet all the needs [22]. Several studies have
examined the individual properties of these materials, however there is a knowledge gap regarding
their synergism in hybrid composites SPF/WTR, particularly when it comes to 3D printing. A key
aspect of this research is to determine the effect of fiber loading on mechanical properties, interfacial
adhesion, and thermal stability of 3D printing materials. The purpose of this research is to provide
insight into the mechanical, morphological, and thermal properties of these innovative composites,
thus contributing to the ongoing effort to create environmentally friendly materials, specifically
Fused Deposition Modeling (FDM) filaments.

2. Methodology

This study employs a systematic methodology to develop and evaluate hybrid composites made
from sugar palm fiber (SPF) and waste tire rubber (WTR) within a poly (lactic acid) (PLA) matrix. The
methodology encompasses the chemical treatment of fibers, the formulation of composite materials,
and the application of various mechanical testing protocols to assess tensile strength, impact
resistance, and thermal stability. By integrating these approaches, the research aims to optimize the
properties of the composites for enhanced performance in 3D printing applications. Thus, the study
of the whole process as shown in the flowchart in Figure 1.
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2.1 Fiber Treatment

Sugar Palm Fiber (SPF) and Waste Tyre Rubber (WTR) were used as the reinforcing agents in the
hybrid composites, while Poly (lactic acid) (PLA)) with a density of 1.24 g/cm3 Ingeo™ Biopolymer
2003D pellets (100% PLA pure) served as the matrix material. Both SPF and WTR were sourced locally
in Malaysia supplied by Mecha Solve Engineering, ensuring the availability and accessibility of these
materials for the study. Sugar palm fiber, obtained from raw material sources, undergoes processing
to produce fine sizes (125-250um) [13] suitable for the composite formulation, as illustrated in Figure
2. Optimizing the interfacial properties of both natural fiber and natural rubber relies heavily on
surface treatment [23]. Research has demonstrated the impact of alkaline treatment on the chemical
modification of natural fiber surfaces and its effects on the tensile and impact properties of natural
fiber composites [24]. In this experiment, sugar palm fiber and waste tire rubber were subjected to
a 6% sodium hydroxide (NaOH) alkaline solution to enhance interfacial bonding. The treatment of
SPF aimed to eliminate hemicellulose, lignin, and other impurities while treatment of WTR is to
remove other contaminated that could negatively affect fiber-matrix adhesion [25]. Following the
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treatment, after soaked for 3 hours at room temperature the fibers were rinsed with distilled water
until a neutral pH was indicated and subsequently dried in an oven at 60°C for 24 hours [26].

L
.v \§

(a) (b) (c)

Fig. 2. Process to have fine SPF (a) Raw sugar palm fiber (b) Crushed process (c) Sieve process

To enhance the dispersion of reinforcement and adhesion to the matrix, silanes ((3-Aminopropyl)
triethoxysilane) were employed alongside surface modifications following alkaline treatment [27].
After the SPF and WTR underwent NaOH treatment, both materials were immersed in a 3% silane
solution to facilitate chemical bonding between the fibers and the PLA matrix [28], as indicated in
Table 1. Methanol plays a role in the hydrolysis process of silanes, which is crucial for forming silanol
groups that can bond with both organic and inorganic materials. The presence of methanol can help
control the reaction conditions, influencing the stability and reactivity of the silane during treatment.
The PH of the solution was adjusted to 3.5 using acetic acid and stirred continuously for 10 min
Following this treatment, after 3 hours of soaked the fibers were thoroughly rinsed with distilled
water to eliminate any leftover chemicals until a neutral pH was indicated and then dried in an oven
at 60°C for 72 hours to ensure all moisture was removed [29].

Table 1

Silane Treatment

Silane concentration 3% of beaker
Methanol 58.5% of beaker
Distilled water 38.5% of beaker

2.2 Composites Preparation

Before compounding, the PLA pellets were dried in an oven at 60°C for 24 hours in order to
prevent issues such as brittleness, internal holes, sagging, and other quality and process issues [30].
After drying, the PLA pellets were combined with the treated SPF and WTR fibers using a twin-screw
extruder to create hybrid composite filaments with a diameter of 1.75 mm [16]. The composition of
these hybrid composites formulation is 97.5% PLA and 2.5% SPF/WTR [26], detailed in Table 2.

Table 2

Formulation of hybrid composites
PLA Hybrid Composites

97.5% 2.5%

975g  SPF,wt% SPF, g WTR, wt% WTR,g

75 18.75 25 6.25
50 12.5 50 12.5
25 6.25 75 18.75
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To achieve effective mixing and dispersion of the fibers within the PLA matrix, the extruder was
operated according to the temperature profile outlined in Table 3. The extrusion was performed with
a twin screw extruder with 26 mm twin screws, co-rotating, 40:1 L/D from Lab Polymer Composite
UniKL Ayer Keroh. The samples were loaded into a twin screw extruder barrel. Through the mixing
mechanism before the entrance of the twin screw, the SPF/WTR particles and PLA pellets were
effectively mixed and transported into the melting compartment where they were extruded through
a die. The resulting filaments were then cooled and pelletized for further characterization and
processing.

Table 3

Extrusion setting

Composites Melting temperature °C Screw speed (rpm)
PLA/75%SPF:25%WTR 174.3 20.0
PLA/50%SPF:50%WTR 168.4 20.0
PLA/25%SPF:75%WTR 164.3 18.0

2.3 3D Printing

The prepared filaments were used for 3D printing with a Fused Deposition Modeling (FDM)
printer Ender 3. The nozzle temperature was set to 180°C, in accordance with the manufacturer's
safety data sheet, while the bed temperature was maintained at 80°C, as PLA does not require high
temperatures [31]. Additionally, the printing speed plays a crucial role in the performance of the
printed samples in this case, the nozzle speed was set at 60 mm/s, and the travel speed was 80 mm/s.
Standard test specimens for tensile and impact testing were created following ASTM D638-14 and
ASTM D256-23e01 standards, respectively.

2.4 Mechanical Testing

In this research, five sample of each fiber loading of testing was conducted. For tensile strength
it is in accordance with the ASTM D638-14 standard. The Universal Testing Machine model Instron
887, manufactured in Norwood, Massachusetts, United States, was used to determine the tensile
properties of the composites. The crosshead speed was set at 1 mm/min, and a load cell with a
capacity of 5 kN was employed. To find the average result, five samples were tested for each
parameter. The tensile strength of the single fiber can be calculated using the following Eq. (1) where,
o is the tensile strength of the fibre (Pa), F is the maximum force at break (N), and A is the area of the
cross section (m?)

o== (1)

The lzod Pendulum impact ASTM D256-23e01 test is a widely used technique to evaluate the
toughness or impact resistance of materials, especially metals. It assesses a material's capacity to
withstand fracture and absorb energy from a sudden impact force. To find the average result, five
samples were tested for each parameter. The impact strength of composite materials can be
calculated using the Knotch Impact Energy Eq. (2) for three-point bending, where KV represents
Knotch Impact Energy (kJ), m is the mass of the pendulum (kg), g is acceleration due to gravity (m/s?),
H is the height of the pendulum's starting point (m), and h is the height of the pendulum from the
first reversal point. The impact characteristics of composite materials are measured using the Charpy-
Izod Impact Tester and a standard testing method that includes a hammer weight of 8.8 kg or 58 J.
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KV =mgH — mgh (2)
2.5 Morphological Analysis

In this research, detailed morphological studies were conducted on the fracture surface of the
tensile test samples using scanning electron microscopy (SEM). Different samples from the tensile
specimens were tested to gather comprehensive data. To enhance the resolution of the results, the
samples were coated with platinum, which provides excellent electrical conductivity. The
micrographs were obtained using a JEC-3000FC SEM Model.

2.6 Thermogravimetric Analysis (TGA) Test

TGA was performed using a Mettler Toledo TGA instrument accordance with the ASTM E1131-
20. Samples were heated from 30 to 800 °C at a constant rate of 20 °C/min under a nitrogen
atmosphere with a flow rate of 50 mL/min. Each 75% SPF:25% WTR, 50% SPF:50% WTR, and 25%
SPF:75% WTR composite sample, weighing between 15 and 20 mg, was analyzed to determine mass
loss as a function of increasing temperature and to quantify the final residue yield resulting from
composite degradation. The resulting TGA data is presented as a plot of weight percentage versus
temperature.

3. Results
3.1 Tensile Strength of The Composition

The Figure 3 below shows a sample that was printed using a fused deposition modelling 3D printer
to test the tensile strength. A study by Gao et al., [43] reported that pure PLA exhibits a tensile
strength of 39.9 MPa, setting a benchmark for comparison among tested samples, as shown in Figure
4. The incorporation of waste tire rubber (WTR) into PLA has been demonstrated to enhance its
tensile strength, reaching approximately 43.55 MPa. This improvement can be attributed to the
toughening effect of WTR, which enhances the material's ability to absorb energy under stress.
However, the addition of sugar palm fiber (SPF) to PLA tends to decrease the tensile strength
significantly, reducing it to 21.9 MPa. This reduction is likely due to weaker interfacial adhesion
between the SPF and PLA matrix, which hinders effective stress transfer within the composite.

The tensile strength of PLA hybrid composites, combining both SPF and WTR, varies depending
on the fiber loading ratios. Notably, all hybrid blends consistently exhibit higher tensile strength
compared to PLA/SPF composites alone, suggesting a synergistic effect between WTR and SPF.
Among the hybrid composites, a 75% SPF and 25% WTR ratio achieved the highest tensile strength,
approximately 37.89 MPa. Studies from H Anuar et al., [32] state that adding kenaf fiber to
thermoplastic natural rubber and glass fiber has lowers the tensile strength, however no significant
difference was found between fiber loadings in this study [32]. This result indicates that a higher SPF
content in hybrid composite contributes to reinforcing the composite structure, while a moderate
WTR content adds toughness without significantly compromising the load-bearing capacity. Parallel
with studies from Kumar et al., [7] showed that the increasing of kenaf content in kenaf/coconut
epoxy composites enhances the tensile strength of the composites [7], other studies declare by
increasing the fiber percentage of sisal/jute/glass fiber-reinforced polyester composites led to a
corresponding increase in tensile strength [33]

In contrast, a 25% SPF and 75% WTR blend showed a reduction in tensile strength, emphasizing
that excessive WTR content, while beneficial for toughness, can compromise the structural integrity
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and load-bearing ability of the composite. The relatively consistent error ranges between +2-3 MPa
suggest good experimental control and measurement precision across different compositions. This
highlights the importance of optimizing the fiber loading ratios to achieve a balance between
strength and toughness, effectively enhancing the mechanical performance of the composite
material. These findings underscore the potential of hybrid composites to tailor material properties
for specific applications, leveraging the complementary benefits of SPF and WTR.

W

Fig. 3. Sample for tensile strength
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Fig. 4. Results of tensile strength

3.2 Impact Strength of the Composition

Impact testing is a critical method to evaluate a material's ability to absorb energy during fracture,
which provides insights into its toughness and resistance to sudden impacts. This property is
especially important in applications where materials are subjected to dynamic or shock-loading
conditions. The purpose of the impact test is to assess the material's performance under such
scenarios, ensuring safety, durability, and reliability in practical applications. The Figure 5 shows a
sample that was printed using a fused deposition modeling 3D printer to test the impact strength.

Figure 6 presents a bar graph illustrating the impact strength of various material compositions.
The results reveal that the addition of WTR to PLA significantly enhances impact strength, achieving
6.2 KJ/m?, more than double the impact strength of pure PLA, which stands at 2.9 KJ/m? [34]. This
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substantial increase can be attributed to the inherent toughness of WTR, which effectively dissipates
energy during impact. The elastic nature of WTR likely improves the material's ability to withstand
sudden forces, making it an effective toughening agent in the PLA matrix.

In contrast, the combination of PLA with SPF alone reduces the impact strength to 2.32 KJ/m?, a
decrease compared to pure PLA. This reduction suggests that the introduction of SPF may introduce
weaknesses, such as poor interfacial adhesion or stress concentrations, which reduce the composite's
ability to absorb energy during impact. These findings highlight the challenges of using natural fibers
like SPF, which, while beneficial for certain properties, may compromise toughness if not adequately
bonded to the matrix.

Interestingly, hybrid mixtures containing both SPF and WTR exhibit improved impact strength
compared to pure PLA, with values consistently ranging between 4.2 and 4.3 KJ/m?2. Although these
values are lower than the PLA/WTR blend, they surpass the impact strength of PLA/SPF composites.
Similar with studies from Jawaid et al., [35] research on composites from glass/ kenaf/natural rubber
treated with sodium hydroxide and silane, respectively improved impact strength [35]. This indicates
that the addition of WTR can counterbalance the reduction in toughness caused by SPF, resulting in
a composite with enhanced overall performance. The relatively consistent impact strength across
varying ratios of SPF and WTR suggests a balanced interplay between the reinforcing effects of SPF
and the toughening effects of WTR.

From these results, it can be concluded that WTR is highly effective in enhancing the impact
strength of PLA-based materials, likely due to its energy-absorbing properties. However, the addition
of SPF appears to moderate this enhancement, potentially due to its rigidity and weaker interaction
with the PLA matrix. This behavior underscores the importance of optimizing the composition of
hybrid composites to balance toughness and strength, catering to specific application requirements.
A relatively consistent error range between #0.4-0.5 KJ/m2 across various compositions. This
consistency of mechanical performance between different formulations of hybrid composites
indicates that they can be reliably compared to each other. This strengthens the overall results of the
study, as it shows that variations in composition do not introduce significant measurement errors.
The study demonstrates the potential of combining SPF and WTR to tailor the mechanical properties
of PLA composites, paving the way for the development of materials with improved impact resistance
for diverse applications.

Fig. 5. Sample for impact test
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Fig. 6. Results of impact strength
3.3 Morphological Properties

To examine the interfacial adhesion between the hybrid fibers and the PLA matrix after the tensile
test, morphological analysis was performed using Scanning Electron Microscopy (SEM). The treated
SPF and WTR were found to be well-dispersed within the PLA matrix, which is essential for attaining
optimal mechanical properties [36]. This uniform fiber distribution reduces voids and improves load
transfer efficiency between the fibers and the matrix.

(b)
Fig. 7. (a) PLA/75%SPF:25%WTR, (b) PLA/50%SPF:50%WTR, (c) PLA/25%SPF:75%WTR

The analysis clearly indicates the tensile properties of the composites, as illustrated in the
accompanying Figure 7(a), 7(b) and 7(c). Sample in Figure 7(a) demonstrates strength compared to
the other composites, which can be attributed to the enhanced interfacial bonding between the
fibers and the PLA matrix. The irregular shapes in figure 7(a) and potential for interlocking of the
phases may contribute to increased toughness and resistance to crack propagation, making the
material more durable and resistant to fracture or failure under stress. The effective chemical
treatments with sodium hydroxide (NaOH) and silane have significantly improved the compatibility
between the hydrophilic fibers and the hydrophobic PLA, resulting in enhanced mechanical
performance [37]. In comparison, Sample Figure 7(b) exhibits some fiber pull-out, although it shows
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fewer gaps than Sample Figure 7(c). Figure 7(b) shows a different material with more uniform and
regular structures. These appear to be well-defined crystalline grains or phases, potentially indicating
a more organized and controlled microstructure compared to Figure 7(a). The well-defined, regular
crystalline grains or phases observed in this image suggest a highly organized and controlled
microstructure. This can contribute to improved mechanical properties, such as strength, stiffness,
and dimensional stability, making the material suitable for structural applications. Figure 7(c) displays
a material with a varied microstructure. It exhibits a range of different-sized and shaped features due
to the 20% of SPF and 75% of WTR, suggesting a potentially heterogeneous composition or a mix of
phases within the material. This phenomenon can be attributed to the impurities present in fibers,
which lead to weak interfacial bonding between the fibers and the polymer matrix [38].
Consequently, when load is applied, the fibers in Sample Figure 7(c) cannot effectively withstand the
stress and detach from the matrix. In other hand, the complex microstructure with its high surface
area and varied features may promote increased reactivity, which could be advantageous for
applications involving catalysis, adsorption, or energy storage.

3.4 Thermogravimetric Analysis (TGA)

TGA is a standard method to study the overall thermal stability of natural fibers and essential for
characterizing the thermal behavior of hybrid composites. This technique provides insights into
thermal stability and kinetic parameters by analyzing mass loss as a function of temperature [39].
The resulting data, including degradation temperatures and reaction rates, is critical for predicting
material performance in diverse thermal environments on any application [40].

Figure 8 illustrates the thermal degradation behavior of three different SPF/WTR hybrid
composites through Thermogravimetric Analysis (TGA). All three compositions (75%SPF:25%WTR,
75%WTR:25%SPF, and 50%SPF:50%WTR) demonstrate similar thermal stability patterns throughout
the temperature range of 0-1000°C. The TGA curves reveal a multi-stage degradation process,
beginning with the evaporation of water molecules, followed by the decomposition of lignocellulosic
components (cellulose and lignin), and culminating in a final residue [41]. Initially, the materials
maintain stable weight until reaching approximately 300°C, indicating good thermal resistance at
lower temperatures. likely due to the loss of absorbed water, a consequence of its hydrophilic nature.
This initial mass loss is consistent with the evaporation or dehydration of weakly bound water and
low molecular weight compounds, as reported in previous studies on mixed nano bio-composites
[42]. A dramatic weight loss occurs between 350-400°C, where all samples experience rapid thermal
decomposition. The decomposition rate slows down after 450°C, and the materials reach a stable
residual weight below 20% of their original mass, which continues until the maximum test
temperature of 1000°C.

The slight variations in the final residual weights among the different compositions can be
attributed to their varying ratios of Sugar Palm Fiber (SPF) and Waste Tire Rubber (WTR) content,
suggesting that the composition ratio influences the thermal stability and char formation of these
hybrid composites. As shown in Figure 9, cellulose is decomposed at high temperatures, resulting in
char residue. As seen in Figure 9, the hybrid composite composite with 75%SPF:25%WTR contains a
lower percentage of char residue compared to other hybrid composites, which is probably due to
WTR addition. The results of TGA are consistent with previous research that concluded that by adding
the WTR as reinforcement material might improve thermal stability. These results provide valuable
insights into the thermal behavior and decomposition characteristics of SPF/WTR hybrid composites,
which is crucial for understanding their potential applications and limitations in various temperature
environments.
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4. Conclusions

This study explored the potential of developing sustainable and biodegradable PLA-based hybrid
composites reinforced with natural Sugar Palm Fiber (SPF) and recycled Waste Tyre Rubber (WTR).
Unlike prior works that primarily assess single-fiber reinforcement or different polymer matrices, this
study aims to provide a comprehensive analysis of how varying fiber loadings between two different
materials (sugar palm fiber and waste tyre rubber) and treatment methods influence the overall
properties of the composite. The goal was to enhance mechanical and thermal properties while
promoting environmental sustainability by utilizing renewable resources and reducing waste.
Composites with different fiber loading ratios were analyzed, revealing that the 75% SPF:25% WTR
combination achieved the highest tensile strength (37.89 MPa), while the 25% SPF:75% WTR
composite exhibited the best impact strength (4.3 KJ/m?). These findings highlight the importance of
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balancing the stiffness provided by natural fibers and the toughness contributed by rubber to achieve
desired mechanical performance. Scanning Electron Microscopy (SEM) analysis validated the positive
impact of chemical treatments (6% NaOH and 3% silane) on interfacial adhesion, with treated fibers
showing uniform dispersion and enhanced compatibility within the PLA matrix, leading to improved
load transfer and overall mechanical performance. The different compositions (75%SPF:25%WTR,
75%WTR:25%SPF, and 50%SPF:50%WTR) displayed similar thermal degradation patterns, suggesting
that the ratio of components does not significantly alter the overall thermal stability of the
composites. However, slight variations in the final residue content (ranging from 8-12%) indicate that
the composition ratio does influence the char formation characteristics of the material. In a nutshell,
the results demonstrate the potential of PLA-based hybrid composites reinforced with SPF and WTR
as sustainable alternatives to conventional petroleum-based materials, offering enhanced properties
while contributing to environmental sustainability through the use of renewable resources and waste
reduction.

As a result of this research, the hybrid composites can be used for a wide range of consumer
goods, including furniture, packaging materials, and household items fabricated by FDM. Their
biodegradable nature is consistent with consumer demand for sustainable products. However, hybrid
composites may be slow to gain acceptance in traditional industries due to established preferences
for synthetic materials that provide proven performance metrics. In order to overcome this barrier,
education and awareness are both essential. For further potential research, investigating into various
chemical and physical treatments might be enhance the interfacial adhesion and overall performance
of natural fibers in composites at a time improve mechanical properties and moisture resistance.
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