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Abstract: This paper aimed to examine and develop the tribological behaviour by adding nano reinforcements
into the polyester matrix. Nanocomposite materials were obtained by adding nano-sized, 0.5%, 1%, 2% SiO;
and ZrO; reinforcements to isophthalic polyester. These materials were mixed with mechanical and ultrasonic
methods and poured into open molds. The coefficient of friction and wear rates were obtained using the pin-on-
disc test device. Optical and SEM surface images of the composites were examined. The experiments were
conducted at room temperature and an average of 70% humidity. Tribological studies were made under a load
of 2, 5, 10N and at a sliding speed of 0.5 and 0.1 m/s. It was seen that the nano reinforcements to the polyester
matrix improved the tribological properties of the material.
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1. Introduction

With the development of technology, the need for superior materials is increasing. Therefore, with
the studies in materials science, traditional materials are replaced by more qualified and more
performance materials. Composite materials are the source of inspiration for these new high-quality
and performance materials [1].

Today, polymers are used in almost every sector and field, as they are low density, easily mouldable,
suitable for different purposes, chemically inert and corrosion-resistant materials. Due to these
superior properties, studies are carried out to expand polymer materials' usage area and develop their
mechanical, tribological, and surface properties. It is possible to improve various properties of these
materials with reinforcements to the polymer matrix [2].

He et al. investigated the wear properties of the composite obtained by adding nano SiO; into the
polymer matrix, and they got decreases of approximately 27% and 47.4% in the average friction
coefficient and wear rate of nano-SiO> reinforced composites [3]. Zhaohong et al. investigated the
tribological properties of the composite material obtained with nano SiO; reinforced into the polymer
material. It has been determined that the friction properties have improved. In addition, the best
friction properties between 1-5% of the reinforcements were obtained in 3% nano SiO: reinforced
composites [4]. Li et al., thanks to the addition of nanographene as a reinforcement, achieved
reductions of approximately 35% and 48% in the determined average friction coefficient and wear
rate of polymer composites [5]. Beckford et al. aimed to increase the abrasion resistance of the
composite by adding nano SiO; particles into the PTFE polymer matrix. They found that the wear
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resistance increased with 1.7% and 3.3% SiO> reinforcement. It has been determined that the 3.3%
SiO> reinforced composite had lower peaks and grooves than 1.7%; therefore, it had higher abrasion
resistance [6]. In another study, the abrasion resistance of the composite was obtained by reinforcing
0.5-10% nano-sized ZrO; into the epoxy matrix. With 0.5% ZrO; reinforcement, they have improved
to 95% in wear rate. No reduction in wear rate was observed at higher reinforcement ratios [7].

Tribological properties of ZrO,/SiO> nanoparticle-reinforced composites were investigated by Li et
al. The studies determined that the friction coefficient and the wear rate decreased with nano
Zr0,/SiO; reinforcement. They also proved that surface modification to the surface nanoparticles
improves the tribological properties of the composite [8].

Zhang et al. investigated the effect of nano TiO> reinforcement in PTFE, graphite, and short carbon
fibre reinforced hybrid epoxy composite on wear performance. They show that wear properties
improved with 5% nano TiO- reinforcement [9]. Nadia et al. investigated the wear behaviour of the
nanocomposite obtained by adding nano Al>.Oz and nano SiO; reinforcements into the epoxy matrix.
The addition of 2% nano SiO: significantly improved the nanocomposite's wear performance. It is
observed that there had been an increase in wear rates after the 2% reinforcement ratio [10].

As a result of the literature research on polymer matrix composite materials, it is seen that studies on
the development of the tribological and surface properties of these materials are given importance. It
has been determined that variables such as the type of reinforcement used, the amount of
reinforcement, matrix material, applied load, and speed affect the material properties. In this study,
the effect of nanoparticles added to the thermoset matrix to the tribology and surface performance of
the material was investigated. In this context, polyester matrix, one of the most frequently used
materials as a thermoset polymer, was chosen. Composite materials were obtained by adding nano-
sized SiO2 and ZrO> as reinforcement materials.

2. Materials and Method

Isophthalic polyester (1/100 hardener) was used as a matrix material. It has been determined that the
composite material obtained by adding nano-sized silicon dioxide (SiO2) and zirconium dioxide
(ZrO2) powders into the polyester matrix has better properties. The properties of the materials used
in the studies are shown in Table 1. Silicon dioxide (SiO2) and zirconium dioxide (ZrOz) powders are
used because they have a special place due to their excellent stability, high strength, high fracture
toughness, superior wear resistance, high hardness, and excellent chemical resistance [11].

Table 1. The properties of the materials

Materials Properties Brand

Polyester resin (POLYLITE 721-800)  Isophthalic Reichhold™
Silicon dioxide (SiO2) 10-20 nm Alfa-Aesar™
Zirconium dioxide (ZrOy) 12-25 nm Alfa-Aesar™

Powders were dried in an oven at 80 °C to remove any moisture in the nanoparticles. Then,
nanoparticles were reinforced to the polyester resin in determining amounts (%0,5-%1-%2) and
mixed with a mechanical mixer at 250 rpm for 1 hour. At the end of this process, vacuuming was
done to remove the bubbles formed in the resin. The premixed resin was transferred to an ultrasonic
mixer and mixed for 15 minutes at 30% amplitude. Mixing was done in ice water so that the heat
generated during ultrasonic mixing did not degrade the structure of the resin.
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After adding the hardener to the prepared composite and mixing, vacuuming was performed again.
The resulting mixture was poured into silicone and Teflon-based open moulds and cured in the mould
at room conditions for 24 hours. Finally, the materials were kept in a drying oven at 80 °C for six
hours post-curing.

3. Experimental Work

Wear tests were performed on pin-on-disc wear device according to ASTM G99 [12] standard. The
diameter of the test specimens is 6 mm, and the length is 36 mm. 100Cr6 cold work tool steel was
used as the disc material. Before the experiments, the samples were dried at 80°C for 4 hours to
remove the moisture. The surfaces of the samples were polished with 2400 sandpaper. Then, the
sample and disc surfaces were cleaned with alcohol and dried. Each experiment was repeated at least
three times. The data was automatically saved to the computer during the experiments, and the
average values were taken. Experiments were carried out under room conditions and average
humidity of ~70%. The sliding speeds were 0.5 m/s and 1.0 m/s. The applied loads were 2N, 5N and
10N. The sliding distance was 250 m.

Before and after the test, the pin samples were weighed on a balance with a sensitivity of 0.0001 g.
Specific wear rate was calculated according to Equation 1. k is the specific wear rate, Am is the
difference between the final and initial weight, p is the density, and d is the sliding distance [13].

k = :‘)—rz (mm2N~1m™1) (1)
4. Result and Discussion
Figure 1 shows the contribution ratio of nano-reinforced composites and the changes in friction

coefficients at 0.5 m/s sliding speed depending on the load. Reinforcements to the polyester resin
changed the friction behaviour of the composites.
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Figure 1. Variations of the friction coefficients of nanoparticle reinforced polyester composites at
0.5 m/s depending on the reinforcement ratio and the load

The lowest friction coefficient at 0.5 m/s occurs in the 2% nano SiO; reinforced polyester composite
under 10N load in nanocomposites. It is seen that the coefficient of friction decreases with the increase
of the reinforcement ratio. With the addition of 2% nano SiO3, the friction coefficient decreased by
13%. This can be explained as the reinforced nanoparticles separating under the increasing load,
making a rolling motion at the interface, and facilitating sliding, thus minimising the contact of the
polymer with the disc surface, and reducing the friction coefficient.
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He et al. found a decrease in friction coefficients by adding SiO: into the polymer matrix. They
concluded that with the inclusion of nano SiO: reinforcements, more polymer material in
polymer/SiO2, composites is prevented from interacting with the friction surface, thus leading to lower
friction coefficient values and specific wear rate [3]. Friedrich et al. examined the effect of various
reinforcements on the wear and friction performance of the material; it can be concluded that the
friction coefficient decreased from ~0.55u to ~0.3p with nano TiO2, which they included at a rate of
5% in the PA-6,6 polymer matrix, thus nano reinforcements could reduce the friction coefficient of
polymers. [14].
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Figure 2. Variations of the friction coefficients of nanoparticle reinforced polyester composites at 1
m/s depending on the reinforcement ratio and the load

Figure 2 shows the contribution rate of nano-reinforced polyester composites and the changes in the
friction coefficients at 1 m/s sliding speed depending on the load.

In nanocomposites, the lowest friction coefficient at 1 m/s occurs in the 2% nano SiO> reinforced
polyester composite under 10N load. It is seen that the coefficient of friction decreases with the
increase of the reinforcement ratio. The friction coefficient decreased by 12.5% with 2% nano SiO..
Garcia et al. They investigated the tribological properties of the composite material obtained by
adding nano-sized SiO> particles to the PA-6 polymer matrix. A decrease in the friction coefficient
of the 2% nano SiO; reinforced composite was observed compared to the pure PA-6 matrix at a sliding
speed of 0.1 m/s and under 1N load. It was determined that the friction coefficient of the pure PA-6
matrix decreased from 0.45 to 0.20 with a 2% nano SiOz addition. [15]. In the friction coefficient of
nano ZrO, reinforced composites, under 10N load, an increase of 1% and 2% is observed compared
to the 0.5% reinforced composite. With increasing load and sliding speed, the temperature increase
on the friction surface and the non-homogeneous distribution of nanoparticles can cause this. At the
same time, nanoparticles breaking off from the surface in mixtures above the optimum reinforcement
ratio can increase the friction coefficient by causing abrasive wear. The lack of a similar mechanism
in Si02 reinforced composites is explained by the fact that nano SiO2 powders have higher interfacial
bond strength and dispersion ratio with the matrix than ZrO, powders [16]. Friedrich et al. showed
that the dispersion rate of nano SiO> particles in the matrix is better than nano ZrO; particles. While
the optimum reinforcement ratio is 1.5% by volume in nano ZrO; particles, it can increase to 3.4% in
SiO> reinforcements [14].

Figure 3 shows the changes in the wear rate of nano-reinforced polyester composites at 0.5 m/s
depending on the reinforcement ratio and the load. Wear rates increase with increasing load. The nano
reinforcements to the polyester matrix reduced the specific wear rate. While the lowest specific wear
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rates were under 2N load, the best wear performance was in 2% SiO> reinforced composite with a
78% reduction at 10N load compared to pure polyester.
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Figure 3. Variations of the wear rate of nanoparticle reinforced polyester composites at 0.5 m/s
depending on the reinforcement ratio and the load

Garcia et al. examined the tribological properties of the composite obtained by adding 2% nano SiO>
into the PA-6 polymer matrix. They found that the wear rate of the 2% nano SiO: reinforced
composite decreased from 5.29x10-5 to 2x10-7 [15]. In addition, the wear rates of 0.5% ZrO;
reinforced composites at 10N load decreased by 42%, 63% with 1% SiO> reinforcement, 32% with
0.5% SiO; reinforcement, 22% with 2% ZrO- reinforcement and 16% with 1% ZrO> reinforcement
compared to pure polyester. When we look at the literature, Wang et al. proved that nano SiO>
reinforcements show better abrasion performance than nano ZrO; reinforcements and that dispersion
in ZrOy particles is difficult. Therefore, the agglomeration problem is more.

The wear performance of nano-reinforced composites depends on the homogeneous distribution of
nano-reinforcements in the composite. The type, size, surface area, ratio of nanoparticles and mixing
mechanisms affect their homogeneous distribution [17].
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Figure 4. Variations of the wear rate of nanoparticle reinforced polyester composites at 1 m/s
depending on the reinforcement ratio and the load

Figure 4 shows the changes in wear rates of nano-reinforced polyester composites at 1 m/s, depending
on the reinforcement ratio and the load. Wear rates increase with increasing load. The nano
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reinforcements to the polyester matrix reduced the specific wear rate. The specific wear rate increases
with the increase in sliding speed.

While the lowest specific wear rates were under 2N load, the best performance in composites was in
2% SiO; reinforced composite with a 44% reduction at 10N load compared to pure polyester. The
wear rates of 0.5% ZrO, reinforced composites at 10N load decreased 39% compared to pure
polyester. In other results, decreased of wear rates 24% with 1% SiO: reinforcement, 18% with 0.5%
SiO2 supplementation, 25% with 2% ZrO reinforcement and 17% with 1% ZrO> reinforcement. It is
thought that the interfacial bond strength between the matrix and the reinforcement decreases since
the ZrO> reinforcement content causes agglomeration at a certain rate. For this reason, with the
increase in the sliding speed, it is easier for the particles to break off from the sample surface and for
the hard particles to have an abrasive effect on the surface. At the same time, with the increasing nano
reinforcement, the homogeneity of the nanopowders in the resin decreases, forming agglomeration
areas in the composite by showing agglomeration behaviour. Thus, it becomes easier for the hard
nanoparticles to break off the matrix during sliding contact [18].

Friedrich et al. examined the tribological properties of the nanocomposite obtained by adding nano
TiO2 into the epoxy matrix; the wear rate decreased to 5x10-6 mm3/N with 5% nano TiO; to the pure
epoxy with 47x10-6 mm3/Nm wear rate. However, wear performance decreases at higher
reinforcement ratios than 5% reinforcement, if not lower than pure epoxy [19]. Oleiwi at al.
determined that the wear resistance of the composite material obtained by adding nano SiO> to the
polyester matrix is to two-fold increase increased compared to pure polyester [20]. Garcia et al.
investigated the tribological properties of the composite by adding 2% nano SiO: to the PA-6 polymer
matrix. While the wear rate of pure PA-6 polymer was 5.29x10-5, it was determined that the wear
rate decreased to 2x10-7 with 2% nano SiO reinforcement, but the wear rate increased to 2.81x10-5
with 14% SiO. reinforcement [15]. Considering these studies, it is determined that the wear
performance may decrease if the optimum reinforcement ratio is exceeded.

4.1. Optical Microscope and SEM Images

Generally, materials must have stable friction performance, low friction coefficient and high wear
resistance with a low wear rate [21]. This section gives optical and SEM images of the samples that
meet these conditions. Optical microscope images of pin and disc wear surfaces of SiO, ZrO>
reinforced polyester composites under 10N, and 0.5 m/s velocity conditions are given in Figure 5.

The wear marks of pure polyester are in the sliding direction, and there are surface damages. With
the SiO: reinforcement, the particles that break off during wear fill the rough spots between the
surface and the sample and reduce the wear marks. At the same time, it is seen that a thin film layer
is formed on the disc surfaces. With the increasing additive ratio, the transfer film layer decreases
with the effect of hard particles. The amount of material separated on the disc decreased with the
nano additive ratio. With the SiO2 and ZrO: reinforcement, the particles that break off during wear
fill the rough spots between the surface and the sample and reduce the wear marks. At the same time,
it is seen that a thin transfer film layer is formed on the disc surfaces. The amount of material separated
on the transfer film layer and disc has decreased with the effect of hard particles and the nano additive.

It is observed that the friction coefficient decreases with the increase of SiO» additive. When we look
at the disc's surface, it can be said that the traces are reduced, so the nanoparticles facilitate the sliding.

Optical microscope images of pin and disc wear surfaces of SiO, and ZrO reinforced polyester
composites under 10N load, and 1 m/s velocity conditions are given in Figure 6. The wear marks of
pure polyester are wavy in the direction of sliding. With the ZrO; reinforcement, the particles that
break off during wear fill the rough spots between the surface and the sample and reduce the wear
marks. As the sliding speed increases, the scratches deepen. It is thought that hard nanoparticles that
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break off due to particle aggregation enter the interface and increase the damage. A transfer film layer
is seen on the disc surface.

The lowest surface damage occurs in the 0.5% ZrO, added polyester composite. It is thought that
hard nanoparticles that break off due to particle aggregation at other additive rates increase the
damage by entering the interface. There is a transfer film layer on the disc surface. The least and
thinnest transfer film layer occurs in 0.5% ZrO; added composite.

1000 um
Ie——

Figure 5. Optical microscope images of pin and disc wear surfaces under 10 N and 0.5 m/s a) Pure
polyester pin, b) Pure polyester disc, ¢) 2% nano SiO: reinforced pin, d) 2% nano SiO: reinforced
disc, e) 0.5 % nano ZrO; reinforced pin, f) 0.5 % nano ZrO; reinforced disc
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SEM images of pure polyester and reinforced polyester composites were made in the figures below.
Figure 7 shows the surface image results of the isophthalic polyester used as a matrix under 1000x
magnification.

Figure 6. Optical microscope images of pin and disc wear surfaces under 10 N and 1 m/s a) Pure
polyester pin, b) Pure polyester disc, ¢) 2% nano SiO reinforced pin, d) 2% nano SiO: reinforced
disc, e) 0.5 % nano ZrO> reinforced pin, f) 0.5 % nano ZrO; reinforced disc

When we look at the broken surface image of 0.5% nano SiO: reinforced polyester composite in
Figure 8, it is understood that the agglomerated particles show a homogeneous distribution even if
they are partial. In the surface image of 2% nano SiO» additive polyester composites, the density of
nanoparticles has increased even more. With the increasing contribution rate, an increase occurs in
the atomic percentage. As a result of the analysis, the distribution of the nano SiO> reinforcement in
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the matrix and the changes in the composite internal structure caused by the differences in the additive
ratio and agglomeration are seen. The distribution of the increased additive ratio in the matrix is
consistent with the wear and friction results.

Figure 7. SEM images of pure pdlyester

SEM images of nano SiO> reinforced polyester composites were performed. Figure 8 shows the
surface images of the SiO- reinforced polyester composite under 1000x magnification.

P

1Brm 1R #1. “GG x lﬁurn 1R

Flgure 8. SEM |magesofnano SiO, relnforced polyester composnes a) 0.5% SiO2 b) 1% SiO> c)
2% SiO;

1_,;«'11' i= “ 5 : - : e
Figure 9. SEM |mages of nano ZrOz added polyester comp05|tes a) 0.5 % Zr02 b) 1 %ZrOz c) 2%
ZrO;

SEM images of nano ZrO; reinforced polyester composites were performed. Figure 9 shows the
surface images of the ZrO; reinforced polyester composite under 1000x magnification.

When we look at the broken surface image of 0.5% nano ZrO, added polyester composite in Figure
9, it is understood that the particles show a homogeneous distribution. It is seen that the most
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homogeneous mixture occurs in 0.5% nano ZrO» added composites, and agglomeration is minimal.
Zhang et al. explained that nano SiO» additives show better distribution than nano ZrO, additive, and
the optimum additive ratio percentage is higher in nano SiO, additives [22].

5. Conclusions

In this study, composite materials were prepared by adding nano-sized ZrO, and SiO reinforcements
into the polyester matrix. The tribological properties of composite materials were investigated. It was
seen that the nano reinforcements to the polyester matrix improved the tribological properties of the
material.

e With nano reinforcements to isophthalic polyester resin, wear, and friction properties are
improved.

e The best wear and friction performance were obtained in 2% nano SiO; reinforced and 0.5%
ZrO; reinforced composites.

e A general decrease in friction coefficients of pure polyester and nano-reinforced composites
were observed with increasing load in experiments. However, there is an increase in wear
rates.

e The friction coefficients decrease as the sliding speed increases, while the wear rates increase.

e Adhesive and abrasive mechanisms were effective in wear mechanisms.

Acknowledgments

This work was supported by the Scientific Research Support Fund of The Sakarya University and
Subor Co.

Authors’ Contributions

All tests, optical microscopy and SEM examinations were performed by MA and SCA. MA
conducted the literature review. The design of the wear tester was made by NO and MO. Test samples
were prepared by MA and SCA. AA is the project manager. MA and NO wrote the article. NO and
AA made final checks of the article. All authors have read and approved the final version of the
article.

Competing Interests

The authors declare that there is no conflict of interest.
References

[1]. V. Kumar, E. K. Kumar, H. C. Dewangan, N. Sharma, S. K. Panda, S. R. Mahmoud, “Strain
Rate Loading Effects on Fiber-Reinforced Polymeric Composites with and Without Damage:
A Comprehensive Review,” Transactions of the Indian Institute of Metals, vol. 76, pp. 1-10,
2023.

[2]. V.C.S. Gandhi, I. Jenish, S. Indran, D. Y. Rajan, “Mechanical and Thermal Analysis of Cissus
Quadrangularis Stem Fiber/Epoxy Composite with Micro-Red Mud Filler Composite for
Structural Application,” Transactions of the Indian Institute of Metals, vol. 75, pp. 737-747,
2022.

[3]. E.He, S. Wang, Y. Li, Q. Wang, “Enhanced Tribological Properties of Polymer Composites
by Incorporation of Nano-SiO, Particles: A Molecular Dynamics Simulation Study,”
Computational Materials Science, vol. 134, pp. 93-99, 2017.

473


https://link.springer.com/journal/12666
https://link.springer.com/article/10.1007/s12666-021-02478-1#auth-D__Yugendra-Rajan
https://link.springer.com/journal/12666

ECJSE 2023 (3) 464-474 Comparison of Tribological Behaviours of Nano SiO; and ZrO; ...

[4].

[5].

[6].
[7].

[8].
[al.

[10].

[11].

[12].
[13].

[14].

[15].

[16].

[17]
[18].

[19].

[20].

[21].

[22].

X. Zhaohong, L. Zhenhua, L. Jian, F. Y. Fel, “The effect of CF and nano-SiO. Modification on
The Flexural and Tribological Properties of POM Composites,” Journal of Thermoplastic
Composite Materials, vol. 27, no. 3, pp. 287-296, 2014.

Y. Li, S. Wang, Q. Wang, “A Molecular Dynamics Simulation Study on Enhancement of
Mechanical and Tribological Properties of Polymer Composites by Introduction of Graphene,”
Carbon, vol. 111, pp. 538-545, 2017.

S. Beckford, Y. Wang, M. Zou, “Wear-Resistant PTFE/SiO> Nanoparticle Composite Films,”
Tribology Transactions, vol. 54, no. 6, pp. 849-858, 2011.

R. V. Kurahatti, A. O. Surendranathan, A. V. Ramesh Kumar, C. S. Wadageri, V. Auradi, S. A.
Kori, “Dry Sliding Wear Behaviour of Epoxy Reinforced with Nano ZrO; Particles,” Procedia
Materials Science, vol. 5, pp. 274-280, 2014.

W. Li, S. Zheng, B. Cao, S. Ma, “Friction and Wear Properties of ZrO2/SiO, Composite
Nanoparticles,” Journal of Nanoparticle Research, vol. 13, no. 5, pp. 2129-2137, 2011.

Z. Zhang, C. Breidt, L. Chang, F. Haupert, K. Friedrich, “Enhancement of The Wear Resistance
of Epoxy: Short Carbon Fibre, Graphite, PTFE and Nano-TiO2,” Composites Part A: Applied
Science Manufacturing, vol. 35, no. 12, pp. 1385-1392, 2004.

N. A. Ai, S. I. Hussein, M. K. Jawad, I. Al-Ajaj, “Effect of Al.O3 and SiO, Nanopartical on
Wear, Hardness and Impact Behavior of Epoxy Composites,” Chemistry and Materials
Research, vol. 7, no. 4, pp. 34-40, 2015.

D. D. Angel-Lépez, A. M. Torres-Huerta, M. A. Dominguez-Crespo, E. Onofre-Bustamante,
“Effect of ZrO2: SiO. Dispersion on The Thermal Stability, Mechanical Properties and
Corrosion Behavior of Hybrid Coatings Deposited on Carbon Steel,” Journal of Alloys
Compounds, vol. 615, pp. S423-5432, 2014.

G99 - 05 Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus, ASTM, 2010.
M. Ceviz, C. Misirli, S. S. Karabeyoglu, “An Investigation on Thermal Dry Sliding Wear
Performance of Wrought AA 7075-T6,” Transactions of the Indian Institute of Metals, vol. 75,
pp. 2443-2451, 2022.

K. Friedrich, Z. Zhang, A. K. Schlarb, “Effects of Various Fillers on The Sliding Wear of
Polymer Composites,” Composites Science and Technology, vol. 65, no. 15-16, pp. 2329-2343,
2005.

M. Garcia, M. De Rooij, L. Winnubst, W. E. Van Zyl, H. Verweij, “Friction and Wear Studies
on nylon-6/SiO2 Nanocomposites,” Journal of Applied Polymer Science, vol. 92, no. 3, pp.
1855-1862, 2004.

S: Gnedenkov, S. Sinebryukhov, D. Mashtalyar, I. Imshinetskiy, A. Samokhin, Y. V. Tsvetkov,
“Fabrication of Coatings on The Surface of Magnesium Alloy by Plasma Electrolytic Oxidation
Using ZrO2 and SiO> Nanoparticles,” Journal of Nanomaterials, 2015.

K. Friedrich, S. Fakirov, Z. Zhang, “Polymer Composites: From Nano-to Macro-Scale, ”, New
York, USA: Springer, 2005, pp. 46-48.

P. Jawahar, R. Gnanamoorthy, M. Balasubramanian, “Tribological Behaviour of Clay—
Thermoset Polyester Nanocomposites,” Wear, vol. 261, no. 7-8, pp. 835-840, 2006.

K. Friedrich, R. Reinicke, Z. Zhang, “Wear of Polymer Composites,” Proceedings of The
Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, vol. 216, no. 6,
pp. 415-426, 2002.

J. K. Oleiwi, "A Study of Wear Rate Behavior of Polyester Reinforced by Silica (SiO2)
Particles,” The Iragi Journal for Mechanical and Material Engineering, vol. 10, no. 1, pp. 108-
118, 2010.

S. Pradhan, V. Prakash, S. Majhi, L. Mohapatra, N. Mohanta, S. K. Acharya, “Dry Sliding Wear
Behaviour of Epoxy/Biochar Composites,” Transactions of the Indian Institute of Metals, vol.
75, pp. 2355-2365, 2022.

Z. Zhang, K. Friedrich, “Tribological Characteristics of Micro and Nanoparticle Filled Polymer
Composites,” Polymer Composites, pp. 169-185, 2005.

474


https://link.springer.com/journal/12666
https://link.springer.com/article/10.1007/s12666-022-02617-2#auth-Lopamundra-Mohapatra
https://link.springer.com/journal/12666

