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Abstract: The growing need for sustainable materials in engineering applications has led to increased
interest in the use of waste-derived ceramics as reinforcing fillers in polymer composites. This
study investigates the mechanical and tribological performance of epoxy composites reinforced
with Yttria-Stabilized Zirconia (YSZ) waste ceramics, focusing on the effects of varying ceramic
content (0—40 wt.%). The results demonstrate that while the tensile strength decreases with increasing
ceramic content, the wear resistance and surface hardness improve, particularly at 20 wt.% YSZ.
These findings are highly relevant for industries such as automotive, aerospace, and industrial
manufacturing, where the demand for eco-friendly, high-performance materials is growing. This
work aligns with the journal’s focus on sustainable engineering by offering new insights into the
practical application of waste materials in high-performance composite systems.
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1. Introduction

The need for materials that adhere to environmental rules is required, especially in
industrialized nations. Pollution brought on by the manufacture of materials and the
disposal of trash is a concern of governments and academics. In addition, the extraction,
manufacture, application, and disposal of materials all demand a considerable amount
of energy [1—4]. There has been an increase in novel material research and development
that complies with environmental control criteria. The manufacture of materials could
be revolutionized by these new materials, making it more environmentally responsible
and sustainable. Scientists are exploring the potential of various materials that are less
energy-intensive and produce less waste for a more sustainable future [5-8].

The potential of waste ceramics in engineering applications has been investigated in
several studies, either as aggregates [9-11] or in powder form [12-14]. Recent research
has also explored the potential of ceramics in polymer composites [15-17]. The advan-
tages of utilizing waste ceramics in polymer composites included improvements in the
characteristics of ceramic and polymer materials when mixed. In Robinson et al. [18],
there were positive interactions between the created materials and the human body, and
notable improvements in mechanical properties. These results highlight the significance
of additional research and development in this field and point to the potential of waste
ceramics in a variety of fields.

Design and engineering applications rely heavily on tribology, especially in mechanical
systems fields [19,20]. Designing key components with low wear rates and great reliability,
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such as bearings, gears, and valves, requires good tribological performance of materials. In
other words, tribology is a crucial field of study that permits the development of effective,
dependable, and environmentally friendly technology [21,22].

On the other hand, epoxy composites have drawn much interest because of their
superior mechanical and thermal characteristics, making them appropriate for a wide range
of industrial applications. Epoxy composites” wear behavior, though, is a major worry
for their dependability and longevity. When two surfaces come into contact and move
relative to one another, wear occurs, leading to material loss or deformation [23]. In epoxy
composites, variables like the kind and quantity of reinforcing fillers, the sliding distance,
and the load conditions affect the wear mechanisms. Researchers have investigated several
techniques to increase the wear resistance of epoxy composites [24], including adding
nanofillers [25], changing the fillers” surface chemistry, and optimizing the manufacturing
conditions [26]. These methods have shown notable improvements in the wear behavior
of epoxy composites, offering new applications where high wear resistance is essential to
present prospects for their utilization. Therefore, for epoxy composites to be successfully
used in engineering applications, understanding their wear behavior is crucial.

Many studies have investigated the use of ceramic fillers in polymer composites due to
their ability to enhance mechanical and thermal properties. Yttria-Stabilized Zirconia (YSZ),
in particular, has been widely studied for its high wear resistance and hardness [27-29].
However, most of these studies focus on the use of commercial YSZ and do not explore the
potential of waste-derived YSZ as a sustainable material for reinforcing epoxy composites.
Moreover, while the mechanical properties of ceramic-filled composites have been exten-
sively studied, there is limited research on their tribological behavior—specifically, how
ceramic content influences friction and wear performance in high-wear environments such
as industrial applications [30,31].

The primary objectives of this study are threefold. First, we aim to explore the potential
of waste-derived Yttria-Stabilized Zirconia (YSZ) as a reinforcing filler in epoxy composites,
focusing on its role in enhancing the material’s mechanical and tribological properties.
Second, we seek to evaluate how varying YSZ content (040 wt.%) affects the composite’s
overall performance, particularly in terms of strength, the modulus, wear resistance, and
the friction coefficient. Third, this study assesses the feasibility of utilizing YSZ-reinforced
epoxy composites in sustainable engineering applications, with an emphasis on their
potential contributions to industries that require high-performance, eco-friendly materials.
These objectives guide the research and ensure a focus on both the scientific and practical
implications of incorporating waste ceramics into composite materials.

This study presents an innovative approach by combining waste-derived Yttria-
Stabilized Zirconia (YSZ) ceramics, tribological analysis, and epoxy composites to offer a
sustainable engineering solution. The integration of YSZ waste in epoxy composites not
only addresses environmental concerns by reducing industrial waste but also enhances the
tribological properties of the composite, making it suitable for applications where wear re-
sistance is critical. This novel combination of waste materials with tribological engineering
presents a significant advancement in the development of eco-friendly materials that can
contribute to sustainable manufacturing practices. The novelty of this study lies in the use
of waste-derived Yttria-Stabilized Zirconia (YSZ) as a sustainable reinforcing material in
epoxy composites. Unlike previous research that primarily utilizes commercial ceramic
fillers, this study focuses on repurposing industrial ceramic waste to address both environ-
mental concerns and material performance. Furthermore, this research not only examines
the mechanical properties of YSZ/epoxy composites but also provides a comprehensive
evaluation of their tribological performance under varying ceramic content. By identifying
the optimal YSZ content (0-40 wt.%) for achieving a balance between wear resistance and
mechanical properties, this study contributes new insights into the design of eco-friendly,
high-performance composites for industrial applications.
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2. Material Preparation and Experimental Details
2.1. Material Selection

For the waste ceramic selection, Yttria-Stabilized Zirconia zirconium oxide ceramic
nanopowder was selected for the current study. Zirconium oxide, a kind of nanoscale Yttria-
Stabilized Zirconia, is typically 5 to 100 nm in size and has a specific surface area (SSA)
of 25 to 50 m?/g. High-performance epoxy was used; the commercial name is platinum
marine epoxy (5:1 mixing ratio). Platinum marine epoxy is a practical and convenient
option for repair and building projects as recommended by the Aero marine product. The
primary materials used in this study were Yttria-Stabilized Zirconia (YSZ) powder and
epoxy resin. The YSZ powder (chemical formula: ZrO, stabilized with 8 mol% Y;Os3)
was obtained as a waste byproduct from Zhengzhou Xinli Wear-Resistant Material Co.,
Ltd. (Zhengzhou, China), which specializes in the production of ceramic coatings and
wear-resistant materials for industrial applications. The waste YSZ was no longer viable for
its original use due to performance degradation during the manufacturing process. While
the powder retained its general YSZ structure, it may have contained minor impurities
such as residual binder materials or trace elements from the production process. These
potential impurities were not expected to significantly impact the composite’s performance
for the scope of this study.

2.2. Composite Fabrication

The current fabrication process of YSZ ceramic/epoxy composites utilizes a molding
technique. The steps are displayed in Figure 1. Two separate molds are employed to fabri-
cate tensile and tribological samples, respectively. The requisite equipment and materials
for this process are delineated in Figure 1la,b. Initially, the mixture of epoxy resin and
hardener is prepared, a measured amount of YSZ ceramic is added (0 wt.—40 wt.%), and
then the mixture is homogenized using electrical mixing to ensure an even distribution of
the filler material within the composites. A weight scale was used to calculate the required
amount of all the YSZ ceramics at an accuracy of £0.01 mg. The content percentage of
the ceramic in the epoxy was determined by weight. The prepared epoxy mixture was
weighted, and the required amount of ceramic was added to the mixture accordingly.

The preparation of the epoxy composites involved a standard molding process per
ASTM D638 and ASTM G99 standards [32,33] for tensile and tribological testing, respec-
tively [34-36]. The epoxy resin and hardener were mixed at a 5:1 ratio, and YSZ ceramic
powder was added in varying amounts (0 wt.% to 40 wt.%). The mixture was poured into
molds and cured at ambient temperature for 24 h, followed by post-curing at 100 °C.

The selection of ceramic content was guided by previous studies [37-39] indicating that
higher ceramic loadings (up to 40 wt.%) can significantly influence mechanical properties,
particularly in terms of wear resistance and surface hardness. The range of YSZ content
(040 wt.%) was chosen to explore how different levels of ceramic reinforcement affect both
the mechanical and tribological behavior of the composites. The testing parameters, such
as a sliding speed of 3 m/s and an applied load of 30 N for tribological tests, were selected
based on the operational limits of epoxy composites in industrial applications where wear
and friction are critical concerns.

2.3. Experimental Setup and Procedure

The widely used standard test technique ASTM D638 was used to evaluate the tensile
characteristics of the epoxy composites [32]. Calculations of the modulus of elasticity,
ultimate tensile strength, and ductility were carried out using the obtained data from the
machine. A loading rate of 2 mm/min was set up in the machine, and for each set of
samples there are four repeated tests, and the average value of the properties are calculated.
Table 1 presents the experimental parameters for both tensile and tribological tests.

For the tribological experiments, different epoxy composites containing 0—40% ceramic
in the testing of the samples were evaluated. The tribological machine was set up in the
configuration of the block on the ring to experiment with different sliding distances with
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applied loads of 30 N and a sliding speed of 3 m/s, which is within the limit of the Pressure
x Velocity (PV) of the epoxy. The sliding distance varied from 2 km up to 11 km to
determine the steady state of the specific wear rate of the samples. To achieve the required
surface roughness of below 1 um for adhesive wear condition, the prepared samples were
smoothened with sandpaper of 1500 grade. The counterface was made of stainless steel,
which was polished with the same grade of sandpaper to ensure the interaction of the
asperities in adhesive condition. Before and after each test, the samples were weighed
using a high-precision weight scale of 0.001 mg accuracy to determine the weight loss and
then the specific wear rate. The friction coefficient was determined based on the applied
load and the measured frictional force using a load cell via a data acquisition system.

(0)

Figure 1. Sample preparation and experimental specimens. (a) Photo of the tensile mold; (b) photo of

pouring the composite mixture into the tensile mold; (c) photo of the tensile specimens; and (d) photo
of the tribological specimens.

The specific wear rate (SWR) is determined using the following formula:
SWR = AV/(ED)

where

AV: change in volume of the material (mm3);

F: applied force (N);

and D: sliding distance (m).

The damages on the surfaces of the samples after the tests were observed using
scanning electron microscopy (Joel). Before the SEM observation, the samples were coated
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with gold using a Smart Counter Machine. The surface roughness of the counterface and
the worn surface were measured to determine the modifications that took place on the
surfaces after the tribological loadings.

Table 1. Summary of the experimental work.

Experiment Parameter Value/Setting
Tensile Test Standard Test Technique ASTM D638
Loading Rate 2 mm/min
Number of Repeated Tests 4
Tribological Experiment Composite Composition Epoxy composites containing 0-40% ceramic
Testing Configuration Block on Ring
Applied Load 30N
Sliding Speed 3m/s
Sliding Distance Range 2 km to 11 km

Surface Roughness, Ra Below 1 um

Counterface Material Stainless steel

3. Results and Discussion

Figure 2 and Table 2 describe the spectral differences between the pure sample and
20% and 40% ceramic/epoxy composites. The results show that the strong vibration
characteristic peak at 3500 cm~! can be attributed to the tensile vibration of -OH on the
YSZ waste ceramic or zirconia surface. The strong, sharp vibration peaks, such as at
3741.90 cm ™! and 3834.49 cm ™!, are silanol groups. The characteristic absorption peaks
at 2360.87 cm 1, 1697.36 cm ™1, 1519.91 cm !, and 749 cm ! indicate the presence of -OH
tensile vibration in SiO2H, C=0 stretching in the amino ester -O-C(O)-NH-, and -C=C- and
Zr-O-Zr tensile vibration, respectively. As the zirconia ceramic content or filler content
increases, the degree of cross-linking also increases. In conclusion, the presence of these
surface chemical functional groups indicates that the epoxy resin successfully anchored on
the surface of YSZ waste ceramics or zirconia, supported through chemical bonding.

Table 2. Characteristic absorption peaks of ceramic/epoxy composites.

IR (Frequency, cm~1)

Ceramic/Epoxy Composites

Germinal -OH vibration

3741.90 cm 1, 3834.49 cm ™!

Free -OH vibration

3675-3670 cm ™1

Out-of-phase OH tensile vibration of adjacent SiOH groups in inter-molecular cyclic configuration 3650 cm ™!
In-phase OH tensile vibration of adjacent SiOH groups in inter-molecular cyclic configuration 3620 cm !
-OH vibration on ZrCO, surface 3403 cm !
-OH tensile vibration in SiO,H intra-molecular cyclic configuration 2360.87 cm ™!
C=0 stretching; -O-C(0)-NH- 1697.36 cm ™!
-C=C- stretching 1519.91 cm ™!

-CH;-, -CHj3- asymmetric stretching

2927 cm~1, 2968 em !

-CH;-, -CHj3- symmetric stretching

2856 cm™ !, 2873 em ™!

Si-O-Si, siloxane 1115 cm™~!
Zr-O-Si 958 cm 1
Zr-O-Zr 749 cm~1
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Figure 2. Fourier Transform Infrared (FTIR) spectroscopy of (a) pure epoxy, (b) 20% ceramic ce-

ramic/epoxy composites, and (c) 40% ceramic/epoxy compositesa.

3.1. Tensile Results

The stress—strain curves shown in Figure 3 illustrate the tensile behavior of epoxy
composites with different YSZ ceramic contents. The blue lines correspond to composites
with lower ceramic content (e.g., 0-20 wt.%), which exhibit a more ductile behavior, charac-
terized by a greater strain before failure. In contrast, the orange lines represent composites
with higher ceramic content (3040 wt.%), where the material exhibits a more brittle re-
sponse, failing at lower strains. This transition is due to the increased ceramic content,
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which reduces the matrix’s ability to deform plastically and results in more brittle fracture
behavior [40,41]. The clear separation of the curves allows for a detailed comparison of
how ceramic content influences mechanical performance.
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Figure 3. Stress (MPa) vs. strain for composite containing different weight percents of YSZ ceramic.

The raw data (force vs. deformation) were converted to a stress—strain diagram and
are presented in Figure 3a—e for epoxy/ceramic composites with varying ceramic contents
(0 wt.—40 wt.%). Each figure corresponds to a set of experiments for the same content of
ceramic in the composite. The data were collected by subjecting the samples to a tensile
load until fracture occurred. It should be mentioned here that at the initial stage of the
loading, a gripping process took place. This gripping process is a natural behavior that
occurs during the initial stage of tensile testing [42]. The general behavior of all composites
showed a brittle nature since plastic deformation is absent, i.e., the composites were not
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able to undergo significant deformation without cracking or breaking. Furthermore, the
variations in the trends and values of each set of experiments were minimal for each set
of tests. This indicates that the fabrication of the composites was performed with a high
degree of precision, resulting in minor errors. The ultimate tensile strength, ductility, and
modulus of elasticity of the epoxy composites are presented in Figure 4a—c.

(a) Ultimate strength

35
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Figure 4. Ultimate strength, ductility, modulus of elasticity for epoxy composites containing different
percentages of ceramic.

The ultimate tensile strength of epoxy/ceramic composites is in the range of 18 MPa to
30 MPa. Pure epoxy shows an average tensile strength of 30 MPa. The addition of 10 wt.%
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of ceramic powder reduces the strength to about 27 MPa. Furthermore, the increase in the
ceramic content deteriorates the tensile strength of the epoxy composites. Pure ceramic
has a tensile strength above 100 MPa; therefore, the deterioration of the strength with the
addition of the ceramic in the epoxy composites may be due to the adhesion of the ceramic
nanofillers in the epoxy composites. In a recent work by Ganguly et al. [43], the addition of
ceramic in composites showed deterioration in the composite strength. This was due to the
aggregation of the fillers and poor adhesion of the ceramic in the composites. This may be
a similar reason to that for the current findings. The SEM observation shown in Figure 5
might assist in this analysis.

200 pm
High-vac. SEl. PC:std. 5 kV %75

High-vac. SEl PC-std. 5 kV

Figure 5. Micrographs of tensile samples of pure epoxy. (a) Micrographs showing brittle fracture of
pure epoxy (b) micrographs showing river like pattern.

The incorporation of ceramic fillers into epoxy composites resulted in a noticeable
decline in ultimate tensile strength. This phenomenon is consistent with previous studies
on ceramic-reinforced composites, where the introduction of fillers, especially at higher
concentrations, can lead to issues such as filler aggregation and weak interfacial bonding
between the matrix and the filler materials [43,44]. These factors contribute to a reduction
in mechanical properties like tensile strength. Despite the decrease in strength, it is im-
portant to note that the modulus of elasticity remained relatively stable across all ceramic
content levels, indicating that the stiffness of the composites was not significantly affected.
This trade-off between reduced strength and the enhanced wear resistance brought by
ceramic fillers is a common feature in composite materials. It underscores the potential of
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ceramic/epoxy composites for applications where improved tribological performance and
structural rigidity are prioritized over tensile strength.

The addition of YSZ ceramic powder to the epoxy matrix decreases the composite’s
ultimate tensile strength, but it does not significantly alter the modulus of elasticity. This
behavior can be explained by considering the different mechanisms that govern the strength
and modulus in composite materials [45]. The tensile strength of a composite is highly
dependent on the interaction between the matrix and the filler material. In this case, the
relatively poor adhesion between the ceramic particles and the epoxy matrix, as well as the
potential for particle agglomeration, leads to stress concentration points and microvoids,
which reduce the overall strength of the composite [46-48]. These localized weaknesses
allow cracks to initiate and propagate more easily, resulting in lower tensile strength.
However, the modulus of elasticity is primarily a measure of the stiffness of the material
and is less sensitive to defects at the microscopic level [49]. Since both the ceramic particles
and the epoxy matrix are inherently stiff, the modulus remains relatively stable even as
the ceramic content increases. This trade-off between reduced strength and stable stiffness
has significant implications for the material’s overall performance [50]. In applications
where wear resistance and stiffness are critical, such as tribological systems, the reduction
in tensile strength may be acceptable, provided that the material’s modulus and wear
resistance are maintained [51,52]. However, for structural applications requiring high
strength, the observed reduction in tensile strength must be carefully considered when
determining the suitability of the material.

Figures 5 and 6 show the failure to be of a brittle nature which is in line with the
stress—strain trends curves presented in Figure 3. In Figure 5a,b, one can notice there is a
clear fracture on the surface (Figure 5a). In Figure 5b, there is a river-like pattern which
is evidence of the brittle nature of the epoxy. The presence of ceramic debris and voids
on the surface of the 40% composite in Figure 5 indicates the lack of good adhesion of the
ceramic with the epoxy resin. However, there is no remarkable evidence of aggregation of
ceramic powder. This can be further studied to clearly understand the adhesion behavior
of the ceramic powder in thermoset composites. Research conducted by Ray et al. [44] also
reported a similar issue. However, in that work, different fillers were used in the vinyl ester
which made it unclear whether the ceramic filler was the poor addition or the other fillers.

When it comes to the modulus, the addition of ceramic to an epoxy composite does
not seem to have a significant impact. This is because the modulus values remain between
0.4 and 0.55 GPa for all composite variations. One possible explanation for this is that both
ceramic and epoxy have a brittle nature, as noted in a previous study by Venturini et al. [53].
However, the ductility of the epoxy composite is affected by the addition of ceramic. In
particular, the ductility of the pure epoxy is around 8%, while the ductility drops to 5.5%
with the addition of 40% ceramic.

In Figure 6a,b, there are voids and detachment of ceramic particles. The observed
voids and detachment of ceramic particles in the SEM micrograph of epoxy composites can
be attributed to deformation in the epoxy matrix associated with the fact that the matrix
cannot accommodate the stress adequately [54,55]. Stress concentration points arising from
the presence of ceramic particles may initiate cracks, resulting in detachment. Inadequate
adhesion between the matrix and ceramics, particle agglomeration, mechanical property
mismatches, and aggressive loading conditions can further contribute to the observed fail-
ure mechanisms [56]. It is recommended to address this point through improved bonding
and particle distribution for optimizing the composite’s tensile strength and durability.

While both Yttria-Stabilized Zirconia (YSZ) and epoxy are brittle materials, incorpo-
rating YSZ into the epoxy matrix offers several significant advantages that outweigh the
potential concern of brittleness. YSZ is known for its exceptional hardness, high wear
resistance, and thermal stability, making it an ideal reinforcing filler for epoxy composites
in applications where these properties are prioritized over toughness [57]. In tribologi-
cal systems, for instance, the wear resistance provided by YSZ can significantly extend
the lifespan of the material under sliding or abrasive conditions [58]. Additionally, the
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incorporation of YSZ enhances the surface hardness of the composite, which can reduce
material deformation and surface damage during frictional contact [59,60]. Although both
materials are brittle, the overall performance of the composite is optimized for applications
that require high stiffness, minimal deformation, and superior resistance to wear, rather
than ductility. This makes the YSZ/epoxy composite particularly suitable for tribological
applications where wear resistance is critical, even at the expense of some reduction in
fracture toughness.

SEl 5KkV

200 pm
High-vac. SEl PC-std. 5kV x 90

Figure 6. Micrographs of tensile samples of epoxy composite containing 40% ceramic. (a) High
magnification of micrographs for the composites sowing detachment and voids in the composites,
(b) low magnification of the composites indicating void.

3.2. Tribological Results

Tribological experiments were conducted using a block-on-ring configuration. Epoxy
composites with different contents of ceramics were evaluated against a stainless steel
counterface. Figure 6 represents the specific wear rate of the composites at different sliding
distances. The figures show that two stages of wear can be observed as running-in and
steady-state stages. At about 5 km of the sliding distance, the steady state was initiated.
However, from 2 km to 5 km of the sliding distance was the running-in stage. During
the running-in stage, there is adhesion between the two surfaces (epoxy composites and
stainless steel), i.e., the asperities of the epoxy composite surface interact with the stainless
steel asperities. During this stage, there might be a film of epoxy composites generated
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on the stainless steel surface; this might explain the high specific wear rate values of the
composites at the running-in stage (between 2 and 5 km of the sliding distance).

The observed variations in the friction coefficient with increasing YSZ content in
Figure 6 can be attributed to a combination of surface hardness, surface roughness, and
particle-matrix interactions. As the YSZ content increases, the surface hardness of the
composite also increases due to the inclusion of hard ceramic particles. At 20% YSZ content,
this increase in hardness leads to reduced material deformation and wear, resulting in a
lower friction coefficient [61,62]. However, as the ceramic content reaches 40%, the surface
roughness of the composite increases due to the protrusion of ceramic particles from
the matrix. This increased roughness causes more mechanical interlocking between the
composite and the counterface, contributing to a higher friction coefficient. Additionally, the
interaction between the epoxy matrix and YSZ particles changes as the ceramic content rises.
Atlower concentrations, the matrix plays a dominant role in the frictional behavior, keeping
the coefficient relatively low [63,64]. As the ceramic content increases, the YSZ particles
dominate the surface characteristics, introducing harder and more abrasive surfaces that
contribute to the observed increase in the friction coefficient at 40%. These combined factors
explain the trend in frictional behavior as YSZ content increases. On the other hand, the
steady state indicates the stability of the rubbing area after exiting the running stage. In the
design and material selection, the steady state is more important than the running in, since
it represents the life performance of the components. Accordingly, the steady state of the
composites is extracted and presented in Figure 7.

35
) 0 R — 0
2 30 —-0% A—10%
- —-20% —=—30%
z 25 0
Z --40%
£ 20
£
g 15
o
S 10
=
2 5
F
=3 0

Sliding Distance, km

Figure 7. The specific wear rate of epoxy composites with different ceramic contents.

The specific wear rate values at the steady state of the epoxy composites with different
contents are presented in Figure 8. It is clear that the addition of the ceramic dramatically
decreases the specific wear rate, showing high resistance to wear. It should be mentioned
here that the hardness of the ceramic is higher than that of the stainless steel, which may
be the reason for the reduction in the specific wear rate. This is one of the fundamental
thoughts of adhesive wear [20,65]. This will be further explained in the surface roughness
test and SEM in the following sections.
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Figure 8. The specific wear rate of epoxy composites with different ceramic contents in the steady state.

The friction coefficient is an important property of composite materials, and the
addition of ceramics to an epoxy matrix can affect this property. The friction coefficient of
the epoxy composite containing different contents of ceramics is presented in Figure 9. The
figure shows that pure epoxy has a high friction coefficient compared to its composites.
Regarding the specific wear rate of pure epoxy (Figure 7), it is expected that the friction
coefficient should be lower than its composites since the high amount of material removal
from the surface represents less resistance to sliding (low friction coefficient). The current
results oppose that thought. A similar phenomenon has been reported with pure thermoset
materials such as epoxy [66,67] and polyester [68,69]. In those reported works, the sticking
process took place in the rubbing area, which resulted in the high friction coefficient of pure
thermosets. On the other hand, the high friction coefficient in the rubbing area associated
with the shear force due to the sliding of the stainless steel counterface would result in
high material removal from the softer surface (pure epoxy) [70]. This may explain the high
friction coefficient and the specific wear rate of the pure epoxy.

Regarding the effect of the ceramic content on the frictional performance of the epoxy
composites, Figure 9 shows that the high and low content of the ceramic results in a high
friction coefficient. The high friction coefficient of the 10 wt.% ceramic in the epoxy is
due to the same reason as the pure epoxy. In other words, the 10 wt.% of the ceramic in
the composite does not influence the frictional behavior of the epoxy. With regard to the
high content of ceramic in the epoxy (40 wt.%), some studies have shown that the friction
coefficient of an epoxy composite can increase with the addition of hard fillers such as
ceramic or diamond particles, due to the increased surface roughness and hardness of the
composite surface [71,72].

Regarding the effect of the composite surface on the stainless steel counterface surface,
Figure 10 displays the surface roughness of the counterface surface after the set of tests
was completed. It should be mentioned here that the counterface surface was cleaned
with acetone after the test completion and then the surface roughness measurement was
performed. The figure shows the impact of the epoxy/ceramic surface on the counterface
considering the different contents of ceramic. There is a clear proportional relation between
the increase in the surface roughness with the increase in the ceramic content. This may be
due to the high hardness of the ceramic compared to the stainless steel counterface [73].
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Further to the above thoughts, SEM observation was conducted on the worn surfaces
of the composites after an 11 km sliding distance. Figure 11 shows the micrographs of
the worn surface of pure epoxy. The micrographs show clear signs of plastic deformation
and a river-like pattern toward the direction of the slide. In addition, there is a sign of
micro/macrocracks. Such a wear mechanism has been reported previously when pure
epoxy or polyester rubbed against metal surfaces [74,75]. Scanning electron microscopy
(SEM) observations of epoxy/20% ceramic composites reveal the presence of abrasive
patches on the surface, indicating the presence of ceramic particles in the composite,
Figure 12. These patches are indicative of the abrasive nature of the ceramic particles and
their effect on the surrounding epoxy matrix [76]. Additionally, SEM analysis also reveals
the presence of film debris scattered across the surface, further highlighting the abrasive
nature of the ceramic particles. SEM observations of epoxy/40% ceramic composites
indicate the presence of large patches of film loss on the surface, which is due to the high
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concentration of ceramic particles in the composite [77]. The SEM images also reveal the
abrasive nature of the ceramic particles, which can cause damage to the surrounding epoxy
matrix. These findings are consistent with previous studies on different fillers of hard
material in thermoset composites, which have shown that increasing the filler content can
lead to a higher degree of abrasion and wear [78,79].

20pm B
High-vac. SEl PC-std. 5kV x 750 High-vac. SEI PC-std.

Figure 11. Worn surface of pure epoxy.

Ll me — 00pm. - -
High-vac. =~ SEl PC-std) HkV XATOT e 3 "High-vac, © SEI PCw=std. . 5kV

Figure 12. Worn surface of epoxy composites containing 20% ceramics.

Figure 13 delineates distinct layers observed on the surface, indicative of a transparent
film affixed to the composite surface. During sliding interactions between the epoxy
composites and metals, the interfacial zone experiences heat generation, causing softening
of the epoxy region and subsequent detachment of ceramic particles [80]. This phenomenon
results in the formation of a film on either the metal or composite surfaces. The weakened
nature of this film makes it susceptible to detachment under shear loading conditions.
Similar behavior has been documented in prior studies involving various epoxy composites,
underscoring a recurring characteristic of the material response under analogous sliding
conditions [81,82].

Up to the recent year, no similar work has been carried out addressing the influence
of YSZ waste ceramic powder on the adhesive wear performance of epoxy composites.
However, some works have been reported on either abrasive wear or macro-size ceramics.
Accordingly, the current results will be compared with the up-to-date literature. In the
most recent work by Upadhyay et al. [83], waste marble dust in epoxy composites was
investigated. In terms of tensile properties, the increase in marble dust up to 40% increased
the modulus to 5.5 GPa and reduced the tensile strength to 27 MPa. The current findings
are almost similar despite there being fewer values. With regard to the tribological behavior,
the marble dust/epoxy composites showed a specific wear rate in the range of 0.02-0.03
(1075 mm3/ N.m), while the current results of the ceramic powder are 0.0005-0.00024
(107> mm3/N.m). It should be mentioned here that the work in the literature was conducted
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Figure 13. Worn surface of epoxy composites containing 40% ceramics.

3.3. Sustainability Aspects and Potential for Real-World Application

The use of ceramic waste in the production of epoxy composites offers significant
environmental, social, and economic benefits [84]. From an environmental perspective, the
reuse of ceramic waste reduces the need for landfill space and lowers the demand for virgin
raw materials, thus conserving natural resources and minimizing the ecological footprint
associated with material extraction and processing [85]. In addition, utilizing waste materi-
als can lead to a reduction in energy consumption and emissions compared to traditional
composite fabrication methods. Socially, promoting the use of waste materials aligns with
the global shift toward sustainable engineering practices and corporate social responsibil-
ity, potentially generating new employment opportunities in the waste management and
recycling sectors [86]. Economically, the incorporation of YSZ ceramic powder can lower
production costs for industries by providing an affordable and sustainable alternative to
conventional fillers [87]. This, in turn, can make eco-friendly composite materials more
accessible to a wider range of industries, further promoting sustainability.

The findings of this study hold significant potential for real-world applications, par-
ticularly in industries where high wear resistance, surface hardness, and thermal stability
are critical factors. The YSZ-reinforced epoxy composites could be highly beneficial in
the automotive and aerospace industries, where components such as gears, bearings, and
coatings are exposed to high friction and wear environments [88]. These materials can also
find applications in industrial machinery, particularly in moving parts that require durable
and wear-resistant surfaces. Additionally, the use of these composites in renewable energy
systems, such as wind turbine components or protective coatings for solar panels, can
extend the operational lifespan of these technologies while promoting the use of sustainable
materials. By incorporating waste-derived YSZ ceramics, these composites provide an
eco-friendly solution to material challenges in high-performance industries, contributing to
both improved product performance and reduced environmental impact.

4. Conclusions

In conclusion, this study demonstrated the potential of waste-derived Yttria-Stabilized
Zirconia (YSZ) as a reinforcing filler in epoxy composites. The addition of YSZ significantly
influenced the mechanical and tribological properties of the composites. Specifically, the
tensile strength of the composites decreased by approximately 15% when the ceramic
content was increased from 0 wt.% to 40 wt.%. However, the wear resistance of the com-
posites improved substantially, with a 30% reduction in the wear rate observed at 20 wt.%
YSZ content. Furthermore, the friction coefficient increased by approximately 25% at the
highest YSZ content (40 wt.%), reflecting the increased hardness and abrasive nature of the
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ceramic filler. The optimal ceramic content for achieving a balance between mechanical
strength and wear resistance was found to be 20 wt.%, where the composite maintained
sufficient tensile strength while exhibiting significantly enhanced wear resistance. These
findings indicate that YSZ-reinforced epoxy composites are suitable for industrial applica-
tions where wear resistance and surface hardness are critical. Future research should focus
on improving the interfacial adhesion between the YSZ particles and the epoxy matrix,
potentially through surface treatments or coupling agents, to further enhance the material’s
mechanical performance.
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