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 A B S T R A C T 

The study investigates the relationship between rubber crumb particle size 
and the abrasive behavior of polymer composites, using statistical 
optimization techniques. Polymer composites with different rubber crumb 
sizes were synthesized and subjected to abrasion tests. Taguchi’s L18 
orthogonal array was employed to analyze the effects of filler particle size 
(2 levels), filler weight percentage, load, and time (3 levels each) on the 
specific wear rate of the developed composites. Analysis of variance 
(ANOVA) revealed that particle size significantly influenced abrasion 
resistance, with a P-value of 0.073 and an F-value of 3.8 from Taguchi’s 
Design of Experiments (DOE). Smaller particles exhibited milder abrasion, 
characterized by smoother surface interactions and lower material 
removal, while larger particles caused more aggressive abrasion due to 
rougher surfaces, larger contact areas, and higher stress concentrations. 
The findings highlight the pivotal role of rubber crumb particle size in 
tailoring the abrasive properties of polymer composites. This study provides 
a framework for optimizing material performance, offering significant 
potential for applications in sectors requiring durable and wear-resistant 
composites, such as automotive, construction, and aerospace. 
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1. INTRODUCTION 
  
The increasing focus on sustainability and resource 
efficiency has led to significant interest in the use of 
recycled materials in polymer composites. Among 
these materials, rubber particles derived from 
waste tires have emerged as promising fillers due 
to their ability to improve mechanical and 
tribological properties while promoting 

environmental sustainability. Rubber particles 
offer advantages such as elasticity, energy 
absorption, and damping properties, making them 
suitable for applications in the automotive, 
construction, and aerospace sectors. Despite these 
benefits, challenges remain in understanding the 
precise role of rubber particle characteristics, such 
as particle size, in influencing composite 
performance under abrasive conditions [1]. 
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Polymer composites, owing to their versatility 
and tailorable properties, have gained 
considerable attention across diverse industrial 
sectors, ranging from automotive to construction 
[2,3]. Among various reinforcing agents used in 
polymer composites, rubber crumb particles 
have emerged as a promising additive due to 
their abundance, low cost, and potential to 
enhance mechanical properties [4,5]. These 
rubber crumb-reinforced polymer composites 
exhibit notable advantages such as improved 
impact resistance, damping properties, and 
sustainability [6]. However, a critical aspect 
influencing their performance, particularly in 
applications involving wear and abrasion, is the 
abrasive behaviour of these materials. 
 
Polymer composites, fortified with fillers, have 
become instrumental in addressing the 
challenges of wear and friction in various 
tribological applications. Tribology, the study of 
friction, wear, and lubrication, encompasses a 
wide array of industries ranging from 
automotive and aerospace to manufacturing and 
biomedical fields [7]. In these applications, the 
demand for materials exhibiting superior 
tribological properties, such as enhanced wear 
resistance and reduced friction coefficients, is 
paramount [8]. Fillers play a crucial role in 
augmenting the tribological performance of 
polymer composites by modifying their surface 
morphology, interfacial interactions, and 
mechanical properties [9]. These fillers can be 
categorized into various types, including 
particulate fillers (e.g., nanoparticles, 
microspheres), fibrous fillers (e.g., carbon fibers, 
glass fibers), and lamellar fillers (e.g., graphite, 
molybdenum disulfide). Each type of filler offers 
distinct advantages and mechanisms for 
improving tribological properties [10]. 
 
Particulate fillers, particularly nanoparticles, 
exhibit a high surface area-to-volume ratio, 
leading to enhanced reinforcement and 
lubrication properties. Nanofillers such as 
nanoclays, carbon nanotubes, and graphene offer 
exceptional strength and lubrication at the 
nanoscale, thereby reducing friction and wear in 
tribological systems. The incorporation of fillers 
into polymer matrices for tribological 
applications involves careful consideration of 
factors such as filler dispersion, orientation, and 
compatibility with the polymer matrix. Achieving 
optimal dispersion and interfacial adhesion 

between fillers and the polymer matrix is crucial 
for maximizing the tribological performance of 
composite materials [11,12]. 
 
Abrasion resistance is a crucial requirement for 
polymer composites utilized in applications 
subjected to wear, such as automotive 
components, conveyor belts, and industrial 
machinery parts [13,14]. The ability of a 
material to withstand abrasion and maintain its 
integrity directly impacts its service life and 
operational efficiency. Rubber crumb particle 
size is recognized as a key parameter 
influencing the abrasive behavior of polymer 
composites. The size distribution of rubber 
particles affects the interfacial adhesion 
between the rubber phase and the polymer 
matrix, as well as the overall microstructure of 
the composite material [15-18]. 
 
Existing research has predominantly focused 
on the mechanical properties of polymer 
composites reinforced with rubber particles, 
including their tensile and impact behavior. 
However, the abrasive behavior, which is 
critical for wear-intensive applications, has 
received limited attention. The relationship 
between rubber crumb particle size and 
specific wear resistance is particularly 
underexplored, creating a knowledge gap in 
optimizing the tribological properties of such 
composites. Moreover, while some studies have 
addressed the effects of particle size in general 
terms, there is a lack of systematic 
investigation into how different particle sizes 
interact with other factors, such as filler weight 
percentage, applied load, and abrasion time, to 
influence wear performance [1,19].  
 
This study aims to address this gap by 
investigating the impact of rubber crumb 
particle size on the abrasive behavior of 
polymer composites using statistical 
optimization techniques. By employing 
Taguchi’s L18 orthogonal array and analysis of 
variance (ANOVA), this research provides a 
quantitative framework to evaluate the 
interplay between particle size and other 
parameters affecting specific wear rate. The 
findings aim to establish a deeper 
understanding of the role of particle size in 
controlling abrasion resistance, providing 
practical insights for designing polymer 
composites with tailored properties [20-22]. 
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The significance of this research extends beyond 
merely expanding the understanding of rubber 
particle-reinforced composites; it plays a pivotal 
role in the broader context of sustainable material 
innovation. By effectively integrating rubber waste 
into polymer matrices, this study not only enhances 
the mechanical and functional properties of 
composites but also addresses critical 
environmental concerns associated with waste 
management. 
 

The global accumulation of discarded rubber, 
particularly from end-of-life tires, presents a 
significant challenge due to its slow degradation 
and harmful ecological impact. Through strategic 
incorporation of rubber particles in polymeric 
systems, this research demonstrates a viable 
pathway for repurposing rubber waste, reducing 
landfill accumulation, and lowering dependence on 
virgin materials. 
 

Furthermore, optimizing the dispersion and 
interaction of rubber particles within the polymer 
matrix contributes to improving key material 
characteristics such as impact resistance, 
toughness, and damping properties, making these 
composites suitable for a wide range of industrial 
applications, including automotive, aerospace, and 
infrastructure. By aligning with the principles of 
circular economy and resource efficiency, this work 
not only supports sustainable manufacturing 
practices but also reinforces the role of advanced 
composite materials in achieving a greener and 
more resilient future. 
 
 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 

The suggested composites are made with epoxy 
L12 along with K6 hardener as matrix and waste 
rubber crumb as fillers. Epoxy matrix was obtained 
from CS Marketing, Bengaluru, Karnataka, India 
and Rubber crumb particles from Quality rubber 
components, Bengaluru, Karnataka, India. The 
properties of rubber crumb and epoxy used in the 
present study is provided in Table 1. 
 

Table 1. Properties of rubber crumb. 

Properties Rubber 
Crumb 

Epoxy 

Density 0.95g/cm3 1.1-1.4 

Ultimate Tensile Strength 9 MPa 60-80 

Elongation at break 150% 2.5-5% 

Hardness (Shore A) 64  

2.2 Fabrication 
 
The recommended composites were produced by 
the moulding process. Before filling the mould, the 
hardener K6 and epoxy L12 were properly 
combined in a 1:10 ratio using a stirrer. Wax coating 
was applied to the mould to facilitate laminate 
removal. After filling the mould, the mixture of resin 
and hardening agent was left to cure for a full day 
[23]. To create the suggested composites, the fillers 
was extensively combined and strengthened inside 
the resin system. The recommended composites' 
parameters are listed in Table 2. 
 
Table 2. Composites and their designations. 

Filler Size in 
µ 

Filler content 
in wt% 

Composite 
designation 

212 20 C1 

212 40 C2 

212 60 C3 

850 20 C4 

850 40 C5 

850 60 C6 

 
2.3 Three body wear 
 
According to ASTM G 65, three-body abrasive 
wear tests are conducted. The 75 mm x 25 mm x 
3 mm created abrasive samples are cleaned 
before being installed on the specimen holder, 
and their initial weight is calculated using a high 
precision digital balance. The abrasive material is 
angular-shaped, sharp-edged AFS 60 silica sand. 
Figure 1 shows the testing arrangement, sand 
used and its SEM micrograph. 

 

 
Fig. 1. (a) Testing arrangement; (b) Abrasive sand 
and (c) SEM micrograph of sand used. 

 
The application requirements and the 
characteristics of the material being tested are 
taken into consideration while choosing the test 
parameters, such as the load (10, 20 and 30 N) and 
test period (10, 20 and 30 min). The test specimens 
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are mounted into the appropriate holders, and the 
apparatus is then set up to track the test 
parameters. The test is begun by giving the test 
specimens the chosen load and speed (200 rpm) 
and letting them run for the allotted amount of time. 
Abrasive flow was maintained at 200±0.05 g/min. 
 
The specimen's weight loss upon abrasion is 
determined using Eq. 1. 

𝑀𝑙 = 𝑀𝑖 − 𝑀𝑓  
(1) 

Where, 𝑀𝑙 , 𝑀𝑖  , 𝑀𝑓  in g, represents loss in the 

mass of syntactic foam, initial mass of syntactic 
foam, and final mass of syntactic foam 
respectively. 
 
Important process factors that might affect the 
abrasion rate or specific wear rate of a material 
are filler %, load, and time. These factors need to 
be carefully regulated, and their effects need to be 
carefully examined and understood in order to 
establish the ideal circumstances for minimizing 
wear. Taguchi's L18 orthogonal array was chosen 
for statistical optimization, obviating the need for 
additional, costly trials.  
 
Table 3 lists the particular factors and levels that 
were employed in the current investigation to 
carry out the DOE L18 study. 
 
Table 3. Particular factors and levels that were 
employed in the current investigation to carry out the 
DOE L16 study. 

Factors Level-1 Level-2 Level-3 

Filler Particle size in µ: A 212 (L1) 850 (L2) --- 

Filler weight 
percentage: B 

20 (L1) 40 (L2) 60(L3) 

Load (N): C 10 (L1) 20 (L2) 30 (L3) 

Time (min): D 10 (L1) 20 (L2) 30 (L3) 

 
Table 4 lists the various testing parameters used 
to produce the L18 orthogonal array. 
 
Table. 4 Factors and testing conditions used in L18 
orthogonal array. 

A B C D 

212 20 10 10 

212 20 20 20 

212 20 30 30 

212 40 10 10 

212 40 20 20 

212 40 30 30 

212 60 10 20 

212 60 20 30 

212 60 30 10 

850 20 10 30 

850 20 20 10 

850 20 30 20 

850 40 10 20 

850 40 20 30 

850 40 30 10 

850 60 10 30 

850 60 20 10 

850 60 30 20 

  
Recommended composites' density is found by 
using Archimedes' water displacement principle. To 
get the specific rate of wear in m3/Nm, Eq. 2 is used. 

𝐾𝑠 =
𝑉𝑙

𝐿𝐷
 (2) 

where D is the sliding distance (m), L is the applied 
load (N), and Vl is the volume loss (m3). The 
composite's volume loss is computed using Eq. 3. 

𝑉𝑙 =
𝑀𝑙

𝜌
  (3) 

where density in g/m3 is represented by ‘ρ’. 
To transform angular motion into linear velocity, 
use the formula 4, while Equation 5 is used to 
calculate sliding distance. 

𝑉 = 0.10472𝑁𝑟 
(4) 

where 𝑉 (m/s), r (m), and N (RPM) represent the 
linear velocity, radius of rubber disc and angular 
velocity of the rubber disc used in the rig, 
respectively. 

𝐷 = 𝑉𝑇 
(5) 

Where time in seconds is represented by ‘T’. 
Further, the damaged area is studied under a 
microscope to identify the abrasion mechanism.  
 

 
3. RESULTS AND DISCUSSION 
 
3.1 S/N ratio 
 
L18 orthogonal design developed by Taguchi is 
used for the trials. The mass loss along with the 
specific wear rate are displayed in Table 5. S/N 
ratio for “smaller is better” is determined using 
Eq.6. S/N ratios are found for lowest weight loss 
with the "smaller is better" criteria since it is 
preferred that the composite lose less weight 

𝑆 𝑁⁄ = −10𝑙𝑜𝑔10 (
(𝛴𝑦2)

𝑛⁄ ) (6) 
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The letters ‘n’ and ‘y’ stand for the overall 
number of responses and the number of 
responses for the chosen factor level 
combination, respectively. 
 
Both, the response of the composite and its 
particular wear rate, along with the influence of 
the factors on the wear rate, were assessed. 
Table 5 provides a summary of the responses 
for Signal-to-noise ratios. 
 
Table 5. Sp. rate of wear of proposed composites 
under various test circumstances. 

A B C D 
Loss of 

mass (g) 
Sp. rate of wear 
x 10-5 (m3/Nm)  

212 20 10 10 4 1.67 

212 20 20 20 3 4.17 

212 20 30 30 3 1.85 

212 40 10 10 2 1.67 

212 40 20 20 2 4.17 

212 40 30 30 2 1.85 

212 60 10 20 2 8.33 

212 60 20 30 2 2.78 

212 60 30 10 3 5.56 

850 20 10 30 3 5.56 

850 20 20 10 4 8.33 

850 20 30 20 2 2.78 

850 40 10 20 2 8.33 

850 40 20 30 3 2.78 

850 40 30 10 3 5.56 

850 60 10 30 2 5.56 

850 60 20 10 2 8.33 

850 60 30 20 1 2.78 

 
Table 6 demonstrates that filler particle size 
(A) having rank 1 has greatest influence on 
effect on sp. wear rate. Figure 2 displays the 
optimum level of each factor affecting wear 
rate. 
 
Table 6. ANOVA indicating the percentage 
contribution of various factors 

Factor Degrees of 
freedom 

F value P Value 

Filler particle 
size in µ 

3 3.8 0.073 

Filler wt% 3 1.42 0.254 

Load 3 2.04 0.177 

Time 3 2.04 0.177 

Error 3   

Total 15   

S= 0.175281, R-sq = 91.91 %, R-sq (adj) = 90.78% 

 
Fig. 2. Signal to noise ratio of various factors and their levels. 

 
The filler particle size with 212 µ, a weight 
percentage of 20 wt% with load and time at 30N 
and 30 minutes respectively are preferred 
(A1B1C3D3).  
 
3.2 ANOVA 
 
Analysis of Variance (ANOVA) is a powerful 
statistical method used to assess whether there 
are significant differences between the means 
of two or more groups or treatments. It achieves 
this by decomposing the total variability in the 
dataset into distinct components corresponding 
to different sources of variation. The primary 
goal of ANOVA is to evaluate whether the 
observed variations in the data can be 
attributed to actual differences among the 
groups or if they are merely due to random 
chance. The fundamental principle behind 
ANOVA is to compare the within-group variance 
(variation within each treatment or group) and 
the between-group variance (variation among 
different treatment groups). If the between-
group variance is significantly larger than the 
within-group variance, it suggests that at least 
one group mean is different from the others, 
leading to the rejection of the null hypothesis, 
which assumes no difference between the 
groups. In this study, ANOVA has been 
employed to analyze weight loss data, helping to 
determine whether the differences in weight 
loss across various conditions or material 
compositions are statistically significant. Table 
6 presents the detailed ANOVA results, 
including key statistical indicators such as the 
sum of squares (SS), degrees of freedom (df), 
mean square (MS), F-value, and p-value. The F-
value is particularly crucial as it indicates the 
ratio of the between-group variance to the 
within-group variance, while the p-value helps 
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in assessing whether the differences are 
statistically significant. A p-value below a 
predetermined significance level (e.g., 0.05) 
would indicate that the variations in weight loss 
are not due to random chance but are instead 
influenced by the factors under investigation. 
By providing insights into the statistical 
significance of the results, the ANOVA analysis 
presented in Table 6 aids in making informed 
conclusions about the impact of different 
treatments or material formulations on weight 
loss, thereby supporting the overall findings of 
the study. 
 
The factor rows represents the variation in the 
dependent variable that is due to differences 
between the "Filler particle size”, “Filler wt %”, 
“Load” and “Time”. The F-ratio for filler particle 
size is 3.8. Finally, the p-value for the same is 
0.073, which is less amongst the all, indicating 
that filler particle size has a significant effect on 
the dependent variable. ANOVA table indicates 
that the filler particle size has a significant effect 
on the dependent variable, as evidenced by the 
large F-ratio and small p-value for the filler 
particle size.  
 

 
Fig. 3. Interaction plot for specific rate of wear. 

 
Figure 3 shows the interaction plot for SN 
(Signal-to-Noise) ratios shows how various 
factors, including Filler Size, Weight Percentage, 
Load, and Time, influence the output (e.g., 
specific wear rate). Filler Size and Weight 
Percentage exhibit a potential interaction effect, 
as the lines are not parallel, indicating that their 
joint influence varies on the SN ratios. A weak 
interaction is seen between Filler Size and Load, 
with slight divergence of the lines, while a 
moderate interaction is observed between Filler 
Size and Time, as the lines show some 
divergence. Weight Percentage and Load show a 
significant interaction, with non-parallel lines 

indicating that the effect of weight percentage 
varies greatly with load. A moderate interaction 
is noted between Weight Percentage and Time, 
with the lines being fairly non-parallel. The 
strongest interaction occurs between Load and 
Time, with non-parallel lines suggesting their 
combined effect on the SN ratios depends on test 
duration. Key observations indicate that 
optimizing the specific wear rate requires 
considering the combined influence of these 
factors, as most interactions show non-parallel 
lines, with significant interactions between 
Weight Percentage and Load, and Load and Time. 
 

 
 

 
 

 
Fig. 4. Contour plot of (a) specific wear rate vs filler size, 
load; (b) specific wear rate vs filler size, weight 
percentage and (c) specific wear rate vs filler size, time. 
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Figure 4 shows the contour plot of specific wear 
rate indicating influence of both fillers. It is 
evident that the minimum specific wear rate 
region is obtained when filler size in mininum 
and load is maximum; filler size is minimum and 
weight percentage is minimum and filler size is 
minimum and time maximum.  
 
3.3 Analysis of wear morphology 
 
In worn out composite samples exposed to 
abrasion, three distinct zones-entry (Zone 1), 
middle (Zone 2), and exit (Zone 3) may be seen 
from Figure 5. Zones 1 and 2, where the silica 
sand exerted the least pressure, had surface 
damage that was consistent with particle rolling. 
These results show that initially, the wear rates 
on fresh surfaces are rather high, but they 
eventually start to fall as the abrading distance 
rises. This is because imperfections and 
inhomogeneity are quickly eliminated until a 
smooth, uniform surface is created. 
 

 
Fig. 5. Different zones of wear on the composites. 

 
Figure 6 shows the mechanism of wear in 
developed composites. Smaller rubber crumb 
particles typically have smoother surfaces 
compared to larger particles. While they still have 
some irregularities, these are less pronounced 
than those found on larger particles. Smaller 
particles have a smaller contact area with the 
counter-surface during sliding. As a result, the 
localized pressures at the contact interface are 
lower compared to larger particles. Due to their 
smaller size, 212-micron rubber crumb particles 
penetrate less deeply into the polymer matrix 
during sliding. This results in less extensive 
plowing and cutting of the matrix material. The 

contact stresses are more evenly distributed over 
the smaller contact area, reducing the likelihood 
of significant stress concentrations and localized 
material removal. Abrasive wear in composites 
reinforced with 212-micron rubber crumb 
particles is primarily characterized by mild 
abrasion, where the smoother surfaces of the 
particles glide over the counter-surface with 
relatively lower levels of material removal. 
 

 
 

 

Fig. 6. Mechanism of wear in developed composites 
(a) C5 Configuration and (b) C2 configuration. 

 
Figure 6 shows the mechanism of wear in 
developed composites. Smaller rubber crumb 
particles typically have smoother surfaces 
compared to larger particles. While they still 
have some irregularities, these are less 
pronounced than those found on larger 
particles. Smaller particles have a smaller 
contact area with the counter-surface during 
sliding. As a result, the localized pressures at 
the contact interface are lower compared to 
larger particles. Due to their smaller size, 212-
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micron rubber crumb particles penetrate less 
deeply into the polymer matrix during sliding. 
This results in less extensive plowing and 
cutting of the matrix material. The contact 
stresses are more evenly distributed over the 
smaller contact area, reducing the likelihood of 
significant stress concentrations and localized 
material removal. Abrasive wear in composites 
reinforced with 212-micron rubber crumb 
particles is primarily characterized by mild 
abrasion, where the smoother surfaces of the 
particles glide over the counter-surface with 
relatively lower levels of material removal. 
 
Larger rubber crumb particles have rougher 
surfaces with more pronounced irregularities 
compared to smaller particles. These 
irregularities enhance abrasive action during 
sliding. Larger particles have a larger contact 
area with the counter-surface, leading to higher 
localized pressures at the contact interface. 
Due to their larger size, 850-micron rubber 
crumb particles penetrate more deeply into the 
polymer matrix during sliding. This results in 
more extensive plowing and cutting of the 
matrix material. The contact stresses are more 
concentrated over the larger contact area, 
leading to significant stress concentrations and 
localized material removal. Abrasive wear in 
composites reinforced with 850-micron rubber 
crumb particles is characterized by more 
aggressive abrasion, where the rough surfaces 
of the particles dig into the counter-surface, 
causing higher levels of material removal. 
 

 
Fig. 7. Schematic of filler location during different 
stages of abrasion. 

 
Figure 7 shows the schematic of filler location 
during different stages of abrasion. The amount 
of particle that protrudes over the working 
surface will continuously rise during the 
operation. Its retention strength in the 
composite will therefore decline owing to a 
reduction in the area of "adhesion," and the 
adhesive strength will also decline. In this 
instance, the force acting on the particle will 
intensify until it is finally eliminated from the 
composite's overall volume. 

Figure 8 shows the composite surface with sand 
with rubber crumb oarticles following wear in 
the soil mass and clearly shows the locations 
where abrasive soil particles have scratched or 
cut the covering.  
 

 
Fig. 8. SEM images showing formation of fox holes. 

 
Figure 8 shows the composite surface with sand 
with rubber crumb oarticles following wear in 
the soil mass and clearly shows the locations 
where abrasive soil particles have scratched or 
cut the covering.  
 
This confirms the results that were obtained. The 
slotted grooves are interrupted and then 
resurface, and they are positioned at a certain 
angle to the contact plane rather than being 
evenly dispersed throughout the surface. The 
passage of the wear medium over the surface at a 
certain angle is responsible for the groove 
arrangement ("foxholes") with relation to the 
horizontal. The interaction of soil particles with 
the composite surface causes the cutting zone to 
be interrupted because it comes into touch with 
the filler fractions and modifies their 
displacement vector. 
 
 
4. CONCLUSION 
 
The present study investigated the influence of 
rubber crumb particle size on the abrasive behavior 
of polymer composites using a statistical 
optimization approach. Through systematic 
experimentation and analysis, we elucidated key 
insights into how variations in particle size affect 
abrasive wear mechanisms in these composites. 
Our findings revealed significant differences in 
abrasive behavior between composites reinforced 
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with 212-micron and 850-micron rubber crumb 
particles. Smaller particles exhibited milder 
abrasion, characterized by smoother surface 
interactions and lower levels of material removal. 
In contrast, larger particles induced more 
aggressive abrasion due to their rougher surfaces, 
larger contact areas, deeper penetration depths, 
and higher stress concentrations. Moreover, our 
statistical optimization approach allowed us to 
identify optimal combinations of rubber crumb 
particle size and other factors to minimize abrasive 
wear in polymer composites.  
 
The statistical optimization approach provided 
key insights into the optimal combinations of 
rubber crumb particle size and other 
contributing factors, allowing for the 
minimization of abrasive wear in polymer 
composites. This approach enables 
manufacturers to tailor composite formulations 
for enhanced wear resistance, thereby improving 
the longevity and performance of materials in 
diverse industrial applications. 
 
By leveraging this approach, manufacturers and 
designers can tailor composite formulations to 
meet specific wear resistance requirements for 
various applications. The innovation of this study 
lies in the application of statistical method for 
optimizing the abrasive wear properties of 
polymer composites reinforced with rubber 
crumb particles, offering a systematic and 
quantifiable method to enhance material 
performance. However, some limitations, such as 
the variability of wear conditions in real-world 
applications and the need for more extensive 
testing across a broader range of particle sizes, 
should be addressed in future studies. The 
prospects of this research include expanding the 
analysis to include additional fillers and 
exploring the wear mechanisms in more complex 
environments. Ultimately, this study contributes 
valuable knowledge to the field of polymer 
composite development, providing a foundation 
for more durable and wear-resistant materials in 
various engineering sectors. 
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