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The disposal of waste tires and coconut shells poses significant environmental challenges, as both materials are
often discarded in landfills, contributing to pollution, habitat destruction, and health hazards. This study
investigates the incorporation of waste tire particles and coconut shell biochar into epoxy resin-based hybrid
polymer composites using the compression molding technique. Pyrolysis was employed to produce coconut shell
biochar at temperatures of 400 °C and 800 °C in order to analyze variations in material characteristics. The
composites were prepared with different weight proportions of tire rubber and biochar, and properties such as
tensile strength, impact strength, and fracture toughness were evaluated. The addition of particles at all
concentrations led to significant reduction in impact strength and fracture toughness of the composites compared
to the neat resin sample; however, the addition of biochar, particularly at lower to moderate loadings,
substantially enhanced tensile strength, with a maximum improvement of 66.1% observed for composites
containing biochar produced at 400 °C. The distribution and interfacial adhesion of particles within the resin
matrix along the fractured surfaces were examined using scanning electron microscopy, and the nature of failure
was identified through morphological analysis. By utilizing waste tire particles and coconut shell biochar, this
study aimed to develop materials that are not only mechanically robust, but also contribute to a cleaner and more
sustainable future.
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INTRODUCTION

In the dynamic intersection of materials science and environmental sustainability, the reimagining
of waste as a valuable resource represents a pivotal avenue for innovation. The disposal of waste tires
has emerged as a significant environmental concern, attracting increasing attention due to its severe
ecological impacts. Improperly discarded tires contribute to soil and water pollution through the
release of harmful chemicals and toxins,*? while their slow decomposition in landfills poses long-term
threats to both terrestrial and aquatic ecosystems.®> Additionally, the combustion of tires releases
noxious fumes, exacerbating air poIIution.“'S*6 According to recent studies, India accounts for
approximately 6% of the global annual production of 1.6 billion discarded tires,” being also the
country that imports nearly 300.000 tons of tires annually for recycling purposes. In this context,
hybrid composites, formed by combining diverse materials to achieve superior mechanical properties,
have emerged as a promising solution across multiple industries.>® Hybrid polymer composites
represent a cutting-edge approach to materials engineering by integrating the unique characteristics of
different constituents to enhance overall performance.'® This study focuses on the incorporation of
waste materials, specifically discarded tires and coconut shells, into polymer composites, aiming not
only to repurpose waste, but also to contribute to the development of sustainable material alternatives.

By strategically blending waste tire particles, coconut shell-derived biochar, and epoxy resin, this
work seeks to exploit the synergistic interactions among these components. Waste tire particles are
known for their high strength, flexibility, and elasticity," however, their incorporation in materials
such as concrete has been shown to reduce overall strength due to the inherent flexibility of rubber,
which can compromise structural integrity.’*™® The production of waste tire particles involves



shredding or grinding discarded tires into smaller sizes, followed by the removal of metallic
components.** ™ Advanced processing techniques, including mechanical and cryogenic grinding,
enable the production of finer particles, while emerging technologies such as water jet pulverization
and supercritical fluid treatment are being explored to further refine material properties.*

Biochar, a carbon-rich material produced through the pyrolysis of biomass in an oxygen-limited
environment, exhibits desirable characteristics, such as high porosity, basic pH, elevated carbon
content, favorable strength-to-weight ratio, and chemical stability.”*® Previous studies have
demonstrated that the incorporation of biochar into cementitious and polymer matrices can enhance
mechanical properties, including flexural strength, fracture energy, and toughness.'®# The properties
of biochar are influenced by factors such as feedstock type, pyrolysis conditions, temperature, and
lignin content.”® Furthermore, owing to its high surface area, adsorption capacity, ion exchange
properties, and porous structure, biochar has also been widely investigated for environmental
applications, such as pollutant removal from soil and water systems.?*?>%

Epoxy resin is widely recognized for its excellent adhesion, low curing shrinkage, high mechanical
strength, and superior electrical insulation properties, making it suitable for a broad range of
engineering applications.”’” However, incorporating waste rubber into epoxy-based composites
presents challenges because of the high flexibility of rubber, which can adversely affect the strength
and mechanical integrity of the resulting material.”® To overcome this limitation, biochar is introduced
as a reinforcing additive, with the expectation that it will enhance the stiffness and overall mechanical
performance of the composite.

Based on these considerations, the present study adopted the following methodology. Initially,
pyrolysis was employed to produce coconut shell biochar at temperatures of 400 °C and 800 °C.
Subsequently, epoxy composites were fabricated by incorporating waste tire particles and coconut
shell biochar using a hot-press compression molding technique, with the content of tire particles and
biochar as key variables. The mechanical properties of both pure epoxy and the developed composites
were evaluated through tensile, impact, and fracture toughness tests. Furthermore, the microstructure
of the fractured composite specimens was examined using scanning electron microscopy. This work
contributes to a better understanding of the mechanical properties of incorporating waste tire particles
and coconut shell biochar —filled epoxy adhesive composites.

EXPERIMENTAL
Materials

Coconut shells were collected from a local coconut market in Coimbatore district, Tamil Nadu, India, while
used tires in worn condition were collected from an automobile workshop in Madurai district, Tamil Nadu,
India. Diglycidyl ether of bisphenol A (DGEBA)-based epoxy (LY5556), with the density of 0.00112-0.0012
g/mmg3, aliphatic amine hardener (HY951), and silicone spray were procured from Parasanna Chemicals,
Madurai, Tamil Nadu, India.

Bio-char preparation

The biochar preparation process began by breaking coconut shells into small, manageable pieces, which
were then accurately weighed to ensure precision in subsequent steps. The crushed coconut shells were washed
with distilled water to remove adhering dust and subsequently dried at 110 °C for 2-3 hours. The dried and
weighed coconut shell pieces were then placed in a muffle furnace and carbonized at 200 °C. Following
carbonization, the material was ground into smaller particles using a mortar and pestle. Pyrolysis, a process in
which biomass is heated under anoxic conditions, was employed to produce biochar; this process may also
generate liquid and gaseous by-products while preventing combustion due to the absence of oxygen. The ground
carbonized coconut shells were placed inside a cylindrical porcelain crucible (80 mm in diameter and 100 mm in
height) and subjected to further heat treatment in an electric muffle furnace.” The crucible was covered with a
perforated lid to allow the escape of gases and vapors. A temperature of 400 °C was maintained for 180 minutes,
after which the furnace was switched off and allowed to cool for approximately 30 minutes before the samples
were transferred to a desiccator for further cooling.

The resulting biochar powder, which exhibited a non-uniform particle size distribution, was stored in a
desiccator to prevent agglomeration. Subsequently, the biochar was milled using a planetary ball mill for
durations up to 240 minutes, resulting in finer particles.

For comparison, the same procedure was repeated at an elevated pyrolysis temperature of 800 °C to
investigate the effect of temperature on the characteristics of the biochar.



Rubber particle preparation

Used and discarded rubber tires, collected from various automobile workshops, underwent a systematic
deconstruction process, in which the embedded steel wires were carefully removed. The deconstructed tires
were then shredded and pulverized to obtain micro-sized rubber particles with a mesh size of 40 (~425 um).

Preparation of composite material
The preparation of hybrid composites was carried out in accordance with ASTM D638, ASTM D256, and

ASTM 5045 standards for tensile, impact, and fracture toughness testing, respectively. Molds were designed
using CoreDRAW software and fabricated from acrylic sheets using a CNC laser cutting machine to ensure
dimensional accuracy and consistency. Specimens were prepared by mixing epoxy resin with biochar and tire
particles in varying weight percentages, as specified in Table 1, followed by the addition of the hardener in a
stoichiometric ratio of 10:1 (epoxy:hardener). Prior to casting, a thin layer of petroleum jelly was applied to the
mold surfaces to facilitate easy removal of the cured samples. The mixture was thoroughly blended to ensure
uniform dispersion of fillers, then carefully poured into the molds and evenly distributed using a spatula to
minimize air entrapment. The molds were subsequently subjected to compression at a pressure of 17 MPa and a
processing temperature of 80 °C for 24 hours. After curing, the specimens were carefully demolded to prevent
damage. This procedure was repeated for all compositions while maintaining consistent weight proportions. The
prepared specimens, along with neat epoxy for comparison, are presented in Figure 1. For fracture toughness
testing, single-edge notched bend (SENB) specimens were prepared in accordance with ASTM 5045-99; notches
were introduced using a hacksaw blade, and pre-cracks were initiated at the notch tip using a sharp blade.
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Figure 1: Samples prepared using 400 °C biochar for (a) tensile test, (b) impact test, (c) fracture toughness
test; using 800 °C biochar for (d) tensile test, (e) impact test, and (f) fracture toughness test



Table 1
Formulations and designation of composites

SNo. Sample Epoxy (wt%) Rubber (wt%) Biochar (wt%)
1. E100 100 - -
2. E80B20 80 - 20
3. E70B30 70 - 30
4. E60B40 60 - 40
5. E50B50 50 - 50
6. EBOR20 80 20 -
7. E70R30 70 30 -
8. E60R40 60 40 -
9. E50R50 50 50 -
10. E8OR15B5 80 15 5
11. E70R20B10 70 20 10
12. E60R25B15 60 25 15
13. E50R30B20 50 30 20
14. E80R5B15 80 5 15
15. E70R10B20 70 10 20
16. E60R15B25 60 15 25
17. E50R20B30 50 20 30

Mechanical testing

The tensile properties of the composite specimens were evaluated using a universal testing machine (Tinius
Olsen H50K). The tests were conducted in accordance with ASTM D638-10 standards using specimens of
dimensions 165 mm x 10 mm x 3 mm, at a crosshead speed of 1 mm/min. Fracture toughness was subsequently
assessed through a three-point bending test using the same machine at a crosshead speed of 3 mm/min, in
accordance with ASTM 5045-99 standards. Impact resistance was evaluated using a Tinius Olsen digital impact
testing machine, with a maximum energy capacity of 13.237 J, in accordance with ASTM D256 standards for
specimen preparation. All tests were performed five times, and the average values were used for further analysis.
The composition of the prepared test specimens, including the weight percentages (wt%) of reinforcement and
matrix, is presented in Table 1.

RESULTS AND DISCUSSION
Particle size of biochar produced at 400 °C and 800 °C

Based on the particle size analysis results presented in Figure 2(a) for the biochar sample produced
at 400 °C, the differential intensity distribution exhibits a distinct peak around 800 nm, indicating that
a significant proportion of particles are concentrated within this size range. The cumulative intensity
distribution shows that 50% of the particles have a diameter of 807.9 nm or less, representing the
median particle size (D50). This indicates that the particle population is predominantly within the
submicron range.

In contrast, the particle size analysis results for the biochar sample produced at 800 °C, as shown
in Figure 2 (b), reveal a broader differential intensity peak centred around 950 nm. The cumulative
intensity distribution reaches 50% at a particle diameter of 957.3 nm, which is higher than that of the
400 °C sample. This suggests that biochar produced at 800 °C exhibits a relatively coarser particle
size distribution. The increase in particle size at higher pyrolysis temperature may be attributed to
enhanced particle agglomeration and structural changes during thermal treatment.

Mechanical properties of epoxy and rubber (E+R) composites

The tensile strength and break distance of neat epoxy (E100) were found to be 18.9 MPa and 1.07
mm, respectively, as shown in Figure 3. The tensile properties of epoxy—rubber composites are
presented in Figure 4(a). The incorporation of rubber particles (R) into the epoxy matrix resulted in
varying effects on both tensile strength and break distance compared to neat epoxy. The ES80R20
composite, containing 20 wt% rubber particles, exhibited a slight increase of 3.2% in tensile strength
(19.5 MPa) relative to E100, while the break distance significantly increased by 38.3% to 1.48 mm,
indicating enhanced ductility due to rubber reinforcement.*® However, further increases in rubber
content led to a reduction in tensile strength, which can be attributed to weak interfacial adhesion and
particle agglomeration. The E70R30 composite showed a 32.8% decrease in tensile strength (12.7



MPa) compared to E100, although the break distance remained higher at 1.44 mm. Similarly, the
E60R40 composite exhibited a further decline in tensile strength to 10.1 MPa (a 46.6% reduction),
while the break distance increased to 1.97 mm, highlighting a trade-off between strength and ductility.
Interestingly, the ES0R50 composite, with the highest rubber content (50 wt%), demonstrated a tensile
strength of 13.2 MPa (a 30.2% decrease compared to E100), while achieving the maximum break
distance of 2.22 mm, indicating significantly improved ductility.®* Overall, the results show that
increasing rubber content enhances elongation and ductility, but at the expense of tensile strength.

Figure 4(b) presents the impact strength values of epoxy and rubber composites. The break energy
shows a significant decrease with the incorporation of rubber particles (R) into the epoxy matrix
compared to neat epoxy (E100), which exhibits a break energy of 36.17 kJ/m2 The E80R20
composite, containing 20 wt% rubber particles, shows a substantial reduction of 92.0%, with a break
energy of 8.7 kJ/m2. A similar trend is observed for the E6GOR40 composite, which records a break
energy of 8.55 kJ/m2, corresponding to a 92.1% decrease relative to E100.

The E70R30 composite exhibits a comparatively higher break energy of 14.05 kJ/m?, representing
an 87.1% reduction from E100, indicating a slightly improved energy absorption capacity compared
to the EBOR20 and E60R40 composites. The E50R50 composite, with the highest rubber content (50
wit%), demonstrates a break energy of 16.58 kJ/m2, corresponding to an 84.7% decrease compared to
neat epoxy. Although still lower than E100, this improvement relative to other composites suggests
that increasing rubber content enhances impact resistance due to improved energy absorption
capability.®
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Figure 2: Particle size distribution of biochar pyrolyzed at (a) 400 °C, and (b) 800 °C
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Figure 3: Tensile, break distance, impact strength and fracture toughness of the neat epoxy resin specimen
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Figure 4: Mechanical properties of E/R composites: (a) tensile strength, (b) impact strength and
(c) fracture toughness

Figure 4(c) illustrates the fracture toughness values of epoxy and rubber composites. A notable
decrease in fracture toughness is observed with the incorporation of rubber particles compared to neat
epoxy (E100), which has a fracture toughness of 4.54 MPa-m*2. This reduction can be attributed to
the rubber particles acting as stress concentrators within the epoxy matrix, thereby facilitating crack
initiation and propagation.®® The E80R20 composite exhibits a fracture toughness of 1.94 MPa-m*?,
representing a 57.4% reduction compared to E100. Similarly, the E7OR30 composite shows a value of
2.02 MPa-m"?, corresponding to a 55.6% decrease. The E60R40 composite demonstrates a slightly
higher fracture toughness of 2.21 MPa-m"?, which is 51.3% lower than E100, but higher than that of
the E8O0R20 and E70R30 composites. However, the E50R50 composite, containing the highest rubber
content, records the lowest fracture toughness of 1.4 MPa-m"? indicating a 67.2% reduction
compared to neat epoxy.

Mechanical properties of epoxy and 400 °C biochar (E+B) composites

Figure 5(a) presents the tensile properties of epoxy—biochar composites. The incorporation of
biochar (B) into the epoxy matrix results in varying effects on tensile strength and break distance
compared to neat epoxy (E100). The E80B20 composite, containing 20 wt% biochar, exhibits a
significant increase of 66.1% in tensile strength, reaching 31.4 MPa, along with a 71.0% improvement
in break distance to 1.83 mm. This simultaneous enhancement in strength and ductility indicates
effective load transfer and strong interfacial interaction between the biochar and epoxy matrix.
However, increasing the biochar content to 30 wt% (E70B30) leads to a sharp decline in tensile
strength to 12.2 MPa (a 35.4% reduction compared to E100), accompanied by a decrease in break
distance to 0.72 mm, indicating reduced ductility. The E60B40 composite shows recovery in tensile
strength to 26.1 MPa (38.1% higher than E100), with an improved break distance of 1.31 mm,
suggesting better stress distribution at this composition. The E50B50 composite exhibits a tensile
strength of 22.0 MPa (16.4% higher than E100), but with a comparatively lower break distance of 1.04
mm than the E80B20 and E60B40 composites.

The impact strength results, shown in Figure 5(c), indicate that the break energy decreases with the
addition of biochar compared to neat epoxy, which has a break energy of 36.17 kJ/m?. The E80B20
composite shows a 44.4% reduction in break energy to 20.11 kJ/m2, while the E70B30 composite
records 18.06 kJ/m2 (a 50.1% decrease). The E60B40 composite exhibits a further reduction to 15.03



kJ/m2 (58.4% decrease). However, the E50B50 composite demonstrates a relatively higher break
energy of 23.35 kJ/m2 (35.4% reduction), indicating improved energy absorption at higher biochar
loading. Overall, the incorporation of biochar reduces impact strength, except at higher loading levels
where partial recovery is observed.

Figure 5(e) illustrates the fracture toughness of epoxy—biochar composites. A general decrease in
fracture toughness is observed with biochar addition compared to neat epoxy (4.5 MPa-m"?). The
E80B20 composite shows a fracture toughness of 2.96 MPa-m"? (34.9% reduction), while the E70B30
composite further decreases to 2.8 MPa-m"? (38.4% reduction). This behavior suggests that biochar
particles may act as stress concentration sites, promoting crack initiation and propagation.
Interestingly, the E60B40 composite exhibits an improved fracture toughness of 3.44 MPa-m*? (24.4%
lower than E100, but higher than E80B20 and E70B30), indicating better resistance to crack growth at
this composition. In contrast, the E50B50 composite shows the lowest fracture toughness of 1.99
MPa-m** (56.3% reduction), likely due to increased particle agglomeration and reduced matrix
continuity at higher filler content.

Mechanical properties of epoxy and 800 °C biochar (E+B) composites

The tensile properties of epoxy composites reinforced with biochar produced at 800 °C are
presented in Figure 5(b). The incorporation of high-temperature biochar (B) into the epoxy matrix
results in varying effects on tensile strength and break distance compared to neat epoxy (E100), which
exhibits a tensile strength of 18.9 MPa and a break distance of 1.07 mm. The E80B20 composite (20
wt% biochar) shows a 30.2% reduction in tensile strength to 13.2 MPa, accompanied by a decrease in
break distance to 0.66 mm, indicating a decline in both strength and ductility. The E70B30 composite
exhibits a slightly higher tensile strength of 14.4 MPa (23.8% reduction compared to E100), while the
break distance further decreases to 0.63 mm, suggesting continued loss of ductility. The E60B40
composite exhibits the highest tensile strength among the 800 °C biochar-reinforced composites, with
a value of 15.7 MPa (16.9% lower than E100), along with an improved break distance of 0.91 mm,
indicating relatively better stress distribution and energy absorption capacity. The E50B50 composite,
with 50 wt% biochar, exhibits the lowest tensile strength of 8.9 MPa (a 52.9% decrease), although the
break distance (0.88 mm) is slightly higher than that of lower biochar content composites, suggesting
marginal improvement in ductility. Compared to the composites incorporating biochar produced at 400
°C, those with 800 °C biochar demonstrate inferior tensile performance, at optimal filler loadings,
which can be attributed to differences in particle size, surface morphology, and the influence of
pyrolysis temperature on interfacial bonding characteristics.?**

The impact strength results for 800 °C biochar composites, shown in Figure 5(d), indicate a
consistent reduction in break energy compared to neat epoxy (36.17 kJ/m?). The EB0B20 composite
shows a break energy of 13.91 kJ/m? (61.5% reduction), while the E70B30 composite further
decreases to 8.7 kJ/mz2 (76.0% reduction). The E60B40 composite exhibits the lowest break energy of
8.06 kJ/m2 (77.7% reduction), indicating poor energy absorption capability at this composition. The
E50B50 composite shows a slight recovery, with a break energy of 9.78 kJ/m? (73.0% reduction). The
overall reduction in impact strength with increasing biochar content can be attributed to weak
interfacial adhesion and particle agglomeration, which promote crack initiation and brittle failure.

Figure 5(f) illustrates the fracture toughness of epoxy composites reinforced with 800 °C biochar.
The neat epoxy exhibits a fracture toughness of 4.5 MPa-m*, while all composites show reduced
values upon biochar addition. The EB0B20 composite records a fracture toughness of 1.56 MPa-m"?
(65.5% reduction), whereas the E70B30 composite improves slightly to 1.95 MPa-m"? (57.1%
reduction). The E60B40 composite shows a value of 1.86 MPa-m"? (59.0% reduction), slightly lower
than that of E70B30. Notably, the ES0B50 composite exhibits the highest fracture toughness among
the 800 °C biochar composites at 2.96 MPa-m"?, although this still represents a 34.8% reduction
compared to neat epoxy. This partial recovery at higher loading may be attributed to increased crack
deflection and energy dissipation mechanisms despite the overall reduction in matrix continuity.
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Figure 5: Mechanical properties of E/B composites incorporating 400 °C biochar: a) tensile strength, (c) impact
strength, and (e) fracture toughness; Mechanical properties of E/B composites incorporating 800 °C biochar:

(b) tensile strength, (d) impact strength, and (f) fracture toughness

Mechanical properties of epoxy, rubber and 400°C biochar composites (E80R15B5, E70R20B10,
E60R25B15, E50R30B20)

The incorporation of a combination of rubber particles (R) and biochar (B) into the epoxy matrix
results in varying effects on tensile strength and break distance compared to neat epoxy (E100), which
exhibits a tensile strength of 18.9 MPa and a break distance of 1.07 mm. The tensile properties are
presented in Figure 6(a). The E80R15B5 composite, containing 15 wt% rubber particles and 5 wt%
biochar, shows a 22.2% increase in tensile strength to 23.1 MPa, along with a 28.0% increase in break
distance to 1.37 mm. This improvement in both strength and ductility indicates a synergistic
reinforcement and toughening effect arising from the combined presence of rubber and biochar. The
E70R20B10 composite exhibits a tensile strength of 16.5 MPa (12.7% lower than E100), while the
break distance remains slightly higher at 1.13 mm. Similarly, the EGOR25B15 composite exhibits the
same tensile strength (16.5 MPa) as the E7T0R20B10 composite, but with a higher break distance of
1.47 mm (37.4% higher than E100), indicating enhanced ductility. The ES0R30B20 composite, with
the highest combined filler content, exhibits the lowest tensile strength of 14.5 MPa (23.3%
reduction), while maintaining an improved break distance of 1.39 mm (29.9% increase), further
highlighting the trade-off between strength and ductility.



The impact strength results, shown in Figure 6(c), indicate a reduction in break energy for all
hybrid composites compared to neat epoxy (36.17 kJ/m?2). The EBOR15B5 composite records a break
energy of 12.05 kJ/m2 (66.7% reduction), while the E7T0R20B10 composite shows a similar value of
12.09 kJ/m? (66.6% reduction). The E60R25B15 composite demonstrates a relatively higher break
energy of 14.47 kJ/mz2 (60.0% reduction), indicating improved energy absorption at this composition.
The E50R30B20 composite exhibits a break energy of 12.64 kJ/m2 (65.1% reduction), showing slight
improvement compared to lower filler combinations.

Figure 6(e) presents the fracture toughness of epoxy—rubber—biochar hybrid composites. A
reduction in fracture toughness is observed for all compositions compared to neat epoxy (4.54
MPa-m*?). The E80R15B5 composite exhibits a fracture toughness of 1.78 MPa-m“? (60.7%
reduction), while the E70R20B10 composite shows a slightly higher value of 1.94 MPa-m*? (57.2%
reduction). The E6G0R25B15 composite records the lowest fracture toughness of 1.46 MPa-m"? (67.6%
reduction), likely due to increased particle interaction and stress concentration effects. The
E50R30B20 composite exhibits a fracture toughness of 1.71 MPa-m“? (62.2% reduction). Overall, the
hybrid composites demonstrate improved ductility but reduced fracture resistance, indicating a
complex interaction between rubber-induced flexibility and biochar-induced stiffness within the epoxy
matrix.

Mechanical properties of epoxy, rubber and 800°C biochar composites (EB0R15B5, E70R20B10,
E60R25B15, E50R30B20)

The tensile properties of epoxy composites reinforced with a combination of rubber particles (R)
and biochar (B) produced at 800 °C are presented in Figure 6(b). The incorporation of these fillers
results in varying effects on tensile strength and break distance compared to neat epoxy (E100). The
E8BOR15B5 composite, containing 15 wt% rubber particles and 5 wt% biochar, exhibits a marginal
increase in tensile strength to 19.2 MPa, along with a significant improvement in break distance by
54.2% to 1.65 mm, indicating enhanced ductility. The E70R20B10 composite shows a tensile strength
of 13.9 MPa (a 26.5% decrease compared to E100), while maintaining a higher break distance of 1.49
mm. The E60R25B15 composite exhibits a further reduction in tensile strength to 11.2 MPa (40.7%
decrease), although the break distance increases to 1.24 mm. The E50R30B20 composite, with the
highest combined filler content, demonstrates a tensile strength of 14.8 MPa (21.7% reduction), while
achieving the highest break distance of 1.85 mm, indicating improved ductility at higher filler loading.

The impact strength results, shown in Figure 6(d), indicate a decrease in break energy for all hybrid
composites compared to neat epoxy (E100). The ES0R15B5 composite records a break energy of
10.44 kJ/m? (71.1% reduction). The E70R20B10 composite shows an improved value of 12.05 kJ/m?
(66.7% reduction), indicating better energy absorption compared to E80R15B5. The E60R25B15
composite exhibits the lowest break energy of 9.09 kJ/m2 (74.9% reduction), suggesting reduced
resistance to impact loading. Notably, the ES0R30B20 composite demonstrates the highest break
energy among the hybrid composites at 18.06 kJ/m?, although this still represents a 50.1% decrease
compared to neat epoxy.

Figure 6(f) illustrates the fracture toughness of epoxy-rubber—biochar composites incorporating
biochar produced at 800 °C. The neat epoxy exhibits a fracture toughness of 4.5 MPa-m"?, while all
hybrid composites show reduced values. The EBOR15B5 composite exhibits a fracture toughness of
1.29 MPa-m*? (71.6% reduction), and the E7O0R20B10 composite shows a slightly lower value of 1.15
MPa-m*? (74.7% reduction). The E60R25B15 composite demonstrates an improved fracture
toughness of 1.76 MPa-m"? (61.3% reduction), indicating better crack resistance compared to lower
filler combinations. The ES0R30B20 composite exhibits the highest fracture toughness among the
hybrid composites at 1.86 MPa-m"?, although this still represents a 59.1% reduction relative to neat
epoxy. Overall, the hybrid composites produced with 800 °C biochar exhibit enhanced ductility, but
reduced strength and fracture resistance, highlighting the influence of high-temperature biochar on
interfacial bonding and composite performance.
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Figure 6: Mechanical properties of E/R/B composites with 400 °C biochar: (a) tensile strength, (c) impact
strength, and (e) fracture toughness; E/R/B composites with 800 °C biochar: (b) tensile strength, (d) impact
strength, and (f) fracture toughness

Mechanical properties of epoxy, 400 °C biochar and rubber composites (EB0R5B15, E7T0R10B20,
E60R15B25, E50R20B30)

The tensile properties of epoxy composites reinforced with biochar and rubber are presented in
Figure 7(a). The EBOR5B15 composite, containing 5 wt% rubber particles and 15 wt% biochar,
exhibits a 12.7% increase in tensile strength (21.3 MPa) along with a 41.1% improvement in break
distance (1.51 mm), indicating enhanced strength and ductility due to the combined reinforcing and
toughening effects of rubber and biochar. However, the E70R10B20 composite shows a significant
reduction in tensile strength to 9.74 MPa (48.5% decrease compared to E100), accompanied by a sharp
decrease in break distance to 0.48 mm, indicating brittle behavior. The E60R15B25 composite
demonstrates a tensile strength of 12.9 MPa (31.7% reduction), with a slightly higher break distance of
1.12 mm compared to neat epoxy, suggesting limited improvement in ductility. The E50R20B30
composite exhibits the lowest tensile strength of 8.61 MPa (54.4% reduction), along with a reduced
break distance of 0.56 mm, indicating poor mechanical performance at higher filler content.

The impact strength results, shown in Figure 7(c), indicate a substantial decrease in break energy
for all hybrid composites compared to neat epoxy (36.17 kJ/m?2). The EBOR5B15 composite records a
break energy of 13.23 kJ/m2 (63.4% reduction), while the E7T0R10B20 composite shows a further
decrease to 8.74 kJ/m? (75.8% reduction). The E60R15B25 composite exhibits a break energy of 9.48



kd/m? (73.8% reduction), slightly higher than that of E7OR10B20. The ES0R20B30 composite records
a break energy of 8.79 kJ/m2 (75.7% reduction), indicating consistently low impact resistance at higher
filler loadings.

Figure 7(e) presents the fracture toughness values of the composites. The EBOR5B15 composite
exhibits a fracture toughness of 1.98 MPa-m"? (56.3% reduction), while the E7OR10B20 composite
shows a similar value of 1.95 MPa-m*? (57.0% reduction). The E60R15B25 composite demonstrates a
fracture toughness of 1.8 MPa-m"? (58.6% reduction), and the ES0R20B30 composite exhibits a
comparable value of 1.8 MPa-m"? (58.7% reduction). The overall decrease in fracture toughness with
increasing filler content indicates weak interfacial bonding and increased stress concentration within
the epoxy matrix, which promotes crack initiation and propagation.

Mechanical properties of epoxy, 800 °C biochar and rubber (E80R5B15, E70R10B20,
E60R15B25, E50R20B30)

The tensile properties of epoxy composites reinforced with rubber particles (R) and biochar (B)
produced at 800 °C are presented in Figure 7(b). The EBOR5B15 composite, containing 5 wt% rubber
particles and 15 wt% biochar, exhibits a marginal increase in tensile strength to 19.9 MPa (5.3%
higher than E100), while the break distance increases slightly to 1.08 mm, indicating limited
improvement in ductility. The E70R10B20 composite shows a tensile strength of 18.1 MPa (4.2%
lower than E100), with an unchanged break distance of 1.07 mm, suggesting negligible variation in
ductility. The E6O0R15B25 composite exhibits a tensile strength of 18.3 MPa (3.2% lower than E100),
accompanied by a slight increase in break distance to 1.13 mm. In contrast, the E50R20B30 composite
demonstrates a significant reduction in tensile strength to 7.3 MPa (61.4% lower than E100), while the
break distance increases markedly to 1.91 mm (78.5% higher than E100), indicating enhanced
ductility at the expense of strength.

The impact strength results, shown in Figure 7(d), exhibit varying trends with biochar produced at
800 °C. The EBOR5B15 composite records a break energy of 9.0 kJ/m2 (75.1% reduction compared to
E100). The E7T0R10B20 composite shows improved impact performance with a break energy of 14.28
kJ/m? (60.5% reduction). The E60R15B25 composite exhibits a break energy of 10.84 kJ/m? (70.0%
reduction), while the E50R20B30 composite shows 12.36 kJ/m? (65.8% reduction). Although all
values remain lower than that of neat epoxy, moderate filler combinations demonstrate relatively
better energy absorption.

Figure 7(f) presents the fracture toughness of these composites. The EBOR5B15 composite exhibits
a fracture toughness of 2.22 MPa-m*? (51.2% reduction), while the E7OR10B20 composite shows a
lower value of 1.81 MPa-m"? (60.2% reduction). The EGBOR15B25 composite demonstrates a fracture
toughness of 1.95 MPa-m“® (57.1% reduction), indicating slight improvement compared to
E70R10B20. The E50R20B30 composite exhibits the lowest fracture toughness of 1.67 MPa-m"?
(63.3% reduction). Overall, the results indicate that the incorporation of high-temperature biochar and
rubber leads to improved ductility in certain compositions, but reduces strength and fracture resistance
due to weak interfacial bonding and increased stress concentration effects.

Morphological study

The morphological characteristics of the fractured surfaces of mechanically tested composite
specimens were examined using a VEGA3 SBH scanning electron microscope (TESCAN). This
analysis focused on particle distribution and crack propagation behavior on the fractured surfaces.
Specimens exhibiting relatively higher tensile strength, impact strength, and fracture toughness were
selected from each composition for detailed morphological evaluation. Initially, the fractured regions
\s/gere cut into 10 x 10 mm squares and then coated with a layer of gold to enhance their conductivity.**

Figure 8 presents SEM images of the composites at various magnifications. Figure 8(a) shows the
morphology of the E60B40 composite (with biochar prepared at 400 °C) at 500x magnification. The
fracture toughness-tested specimen exhibits significant agglomeration of biochar particles, forming
large clusters dispersed within the epoxy matrix. Voids and porosity are also evident, likely resulting
from poor dispersion or air entrapment during fabrication. The rough and irregular fracture surface
indicates a ductile failure mechanism involving particle debonding and matrix tearing.*
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Figure 7: Mechanical properties of E/B/R composites with 400 °C biochar: (a) tensile strength, (c) impact
strength, and (e) fracture toughness; E/B/R composites with 800 °C biochar: (b) tensile strength, (d) impact
strength, and (f) fracture toughness

Figure 8(b) presents the morphology of the EBOR5B15 composite (with biochar prepared at 800
°C) at 91x magnification. The tensile-tested specimen exhibits relatively smaller biochar clusters,
indicating reduced agglomeration and fewer visible voids compared to the previous sample, which
suggests improved particle dispersion and enhanced interfacial characteristics within the matrix.

Figure 8(c) illustrates the morphology of the EBOR15B5 composite (with biochar prepared at 400
°C) at 96x magnification. The SEM image reveals particle agglomeration along with visible voids and
pores, indicating non-uniform dispersion and possible weak interfacial bonding.

Figure 8(d) shows the morphology of the ESOR30B20 composite (with biochar prepared at 800 °C)
at 128x magnification. The impact-tested specimen exhibits a rough and irregular fracture surface,
characteristic of brittle fracture behavior. The presence of voids, cavities, and darker regions suggests
filler agglomeration and possible debonding between the matrix and reinforcement phases.
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Figure 8: SEM images of fractured surfaces of composites: (a) E80B20 (400 °C), (b) ESOR5B15 (800 °C),
(c) EBOR15B5 (400 °C), (d) ES0R30B20 (800 °C), (e) E50R50, (f) ES0B50 (800 °C), (g) EBOR5B15 (400 °C)

Figure 8(e) presents the morphology of the ES0R50 composite at 118x magnification. The SEM
image reveals a large void or defect within the material, which can act as a stress concentrator and
significantly reduce the mechanical strength of the composite.*



Figure 8(f) shows the morphology of the ES0B50 composite (incorporating biochar prepared at 800
°C) at 253x magnification. The fracture toughness-tested specimen exhibits a relatively rough fracture
surface, indicating a more ductile failure mode. The surface appears fairly uniform, with no large
agglomerates; however, smaller clusters and closely packed filler regions are visible, contributing to
the observed texture.

Figure 8(g) illustrates the morphology of the EBOR5B15 composite (with biochar at 400 °C) at
500x magnification. The tensile-tested specimen shows a rough fractured surface with the presence of
voids and cavities, indicating defects and weak interfacial adhesion between the filler and matrix
phases.

Overall, the SEM analysis reveals that particle agglomeration, void formation, and interfacial
bonding significantly influence the mechanical behavior of the composites. Improved dispersion and
stronger interfacial adhesion are critical for enhancing composite performance.

CONCLUSION

The composite specimens were successfully fabricated using a compression molding technique with
epoxy resin as the matrix and waste rubber particles and coconut shell biochar as reinforcing fillers. The
results indicate that the incorporation of these fillers at all concentrations leads to a reduction in impact
strength and fracture toughness compared to neat epoxy. However, the addition of lower weight fractions
of biochar and rubber particles enhances the tensile strength of the composites. Among the studied
compositions, composites reinforced with biochar produced at 400 °C exhibit superior tensile
performance compared to those prepared with biochar pyrolyzed at 800 °C, highlighting the significant
influence of pyrolysis temperature on the mechanical behavior of the composites.

Furthermore, the inclusion of biochar and rubber particles increases the break distance relative to neat
epoxy, indicating improved ductility. The addition of biochar to epoxy—rubber composites also
contributes to enhanced impact strength when compared to composites reinforced solely with rubber
particles. The comparatively coarser particle size of biochar produced at 800 °C adversely affects the
mechanical properties, further emphasizing the role of particle characteristics.

Scanning electron microscopy analysis reveals the presence of particle agglomeration, voids, and
cavities within the composite structure, which hinder effective stress transfer between the matrix and
reinforcement. These defects can be minimized through improved dispersion techniques and optimized
processing conditions. Overall, the utilization of waste tire rubber and coconut shell biochar in composite
fabrication offers a sustainable approach to reducing environmental pollution, while enabling the
development of cost-effective materials for engineering applications.
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