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The poor tribological behavior of the A356 aluminum-silicon alloy remains a significant drawback that
limits its use in automotive components. This study aims to improve the surface properties of the A356
alloy through the plasma electrolytic oxidation (PEO) method and to investigate how the incorporation of
silicon carbide (SiC) nanoparticles affects its tribological performance. To this end, oxide coatings were
prepared on an A356 substrate by the PEO process in silicate electrolytes containing 0 to 2 gL' SiC
nanoparticles. The results revealed that the incorporation of SiC nanoparticles into the PEO process
enhanced the coating formation voltage, resulting in increased coating thickness and hardness, while
reducing surface porosity and roughness. Evaluation of the wear performance showed that the wear rate of
the A356 substrate decreased from 2.64 £0.02 x 10 to 1.39+0.02 x 10~* mm?*-N"'-m ! with the formation
of a pure oxide coating and reached a minimum of 0.17 + 0.01 x 10* mm?*-N~'-m™" with the incorporation
of the maximum concentration of SiC nanoparticles. The evolution of the friction coefficient indicated that
the pure oxide coating generated lower friction forces than the A356 substrate, while oxide coatings formed
in electrolytes containing up to 1 g-L™' SiC nanoparticles increased the friction coefficient. Notably, for the
oxide coating formed in the electrolyte containing 2 g-L™! SiC nanoparticles, the friction coefficient
decreased to its lowest value. This behavior resulted from the effect of SiC nanoparticles in reducing
friction forces by changing the wear mechanism from sliding to rolling.
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1. INTRODUCTION

performance by reducing weight, fuel consumption, CO:
emissions, and the overall carbon footprint. Among these

Aluminum-silicon casting alloys offer a combination
of excellent properties, such as high strength, low weight,
castability, fluidity, weldability, and cost-effective
manufacturing, making them ideal for automotive
applications. The use of aluminum-silicon alloys in
automotive components contributes to improved

alloys, the hypoeutectic A356 alloy is widely used in
automotive  engine components with  complex
geometries, such as engine blocks, cylinder heads, and
pistons. Its superior casting characteristics, high thermal
conductivity for effective heat dissipation, and suitable
corrosion resistance make it a preferred choice for critical
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automotive applications. However, this alloy requires
enhanced surface properties to ensure prolonged
durability, especially under the harsh operating
conditions of combustion engines. The poor tribological
characteristics of this alloy, due to its low hardness and
high tendency for adhesion, reduce component service
life. Moreover, the corrosion resistance provided by the
surface oxide layer alone is insufficient to protect parts
exposed to severe environments (Alves et al., 2022;
Fernandez-Lopez et al., 2024; Javidani & Larouche,
2014; XIE et al., 2017; Zhang & Xu, 2022).

Surface modification processes such as hard anodizing
and plasma electrolytic oxidation (PEO) are effective
methods for improving the tribological properties of
aluminum alloys. The application of hard anodizing to
aluminum-silicon alloys is limited because the
aluminum-rich and silicon-rich phases exhibit different
oxide growth rates, making it challenging to achieve a
uniform coating. In comparison, numerous studies have
shown that the PEO process can produce uniform
coatings with superior properties compared to those
obtained by hard anodizing on aluminum-silicon alloys.
In the PEO process, the oxide layer forms at higher
voltages than in hard anodizing, resulting in a distinct
coating formation mechanism. The PEO process
provides a durable, uniform, and adherent oxide layer on
aluminum alloys, enhancing their ability to withstand
high contact stresses in tribological systems (Fernandez-
Lopez et al., 2021; Gulec et al., 2015; Li et al., 2005;
Rahimi et al., 2020; A. Yerokhin & Khan, 2010).

To improve the tribological behavior of PEO coatings,
strategies involving the incorporation of anionic agents
and nanoparticles into PEO coatings through the
electrolyte solution have attracted considerable attention
from researchers. The effects of anionic components on
the characteristics of PEO coatings formed on A356 alloy
in aluminate, silicate, and phosphate electrolytes at
different concentrations have been extensively studied
(Fattah-alhosseini et al., 2020; Fernandez-Lopez et al.
2024; Wang et al., 2019). In contrast, the effect of
nanoparticles on the tribological performance of PEO
coatings on aluminum-silicon alloys has received limited
attention. In this regard, the study by Hu et al. can be
cited, in which the authors investigated the effects of
zirconia nanoparticles and ammonium metavanadate on
the hardness and tribological behavior of PEO coatings
formed on the ADCI2 aluminum-silicon alloy(Hu &
Hsieh, 2014). Polunin et al. reported the effects of
titanium carbide nanoparticles on the hardness, elastic
modulus, wear resistance, and corrosion protection
properties of PEO coatings on A356 alloy (Polunin et al.
2021). In another study, Krishtal et al. incorporated
silicon dioxide nanoparticles of two different sizes into
PEO-treated A361 alloy and investigated their wear and
thermal resistance properties (Krishtal et al., 2022).

Silicon carbide (SiC) can be used as a reinforcement to
improve the tribological properties of PEO coatings

because of its outstanding hardness, excellent wear
resistance, and high-temperature stability, which enables
it to withstand the elevated temperatures generated
during the PEO process. The beneficial effects of these
particles on the characteristics of PEO coatings formed
on magnesium and titanium alloys have been reported by
various researchers (Lian et al., 2020; Yang & Liu, 2010;
Yu et al., 2015). In the field of aluminum alloys, Yang et
al. investigated the effect of a specific concentration of
SiC particles on the corrosion behavior of PEO coatings
formed on 6060 aluminum alloy at different current
densities (Yang & Liu, 2010). In another study, Aljohani
et al. examined the corrosion behavior of PEO coatings
containing a specific concentration of SiC particles
formed on AA2014 aluminum alloy under different
conditions of frequency, current mode, and duty ratio
(Aljohani et al., 2022).

Although previous studies have demonstrated that SiC
nanoparticles can improve the tribological performance
of plasma electrolytic oxidation (PEO) coatings, a
systematic understanding of how their concentration
influences the oxide layer formation mechanism on A356
alloy, a widely used automotive material, remains
lacking. This study addresses this gap by investigating
the effect of varying SiC nanoparticle concentrations on
the development of the oxide layer. The primary focus is
to elucidate how different concentrations of SiC
nanoparticles influence the fundamental formation and
growth mechanisms of the ceramic oxide coating.
Following the preparation of these composite coatings,
their tribological behavior was rigorously characterized
to quantitatively assess improvements in wear resistance
and friction coefficient, providing critical insight into the
optimization of coating parameters for enhanced
durability.

2. MATERIALS and METHODS
2.1. Sample and coating preparation

Aluminum-silicon alloy A356, with the chemical
composition given in Table 1, was used as the substrate.
Disc-shaped samples with a diameter of 50 mm and a
thickness of 5 mm were fabricated. They were then
sequentially ground using a series of SiC abrasive papers
with progressively finer grit sizes from 120 to 2000,
washed with ethanol, and dried using an air blower to
remove any contamination or dust.

The substrates were coated using the PEO process. The
PEO setup consisted of a pulsed direct-current power
supply, an electrolyte container, and electrodes. The
samples functioned as the anodes and were connected to
the positive terminal of the power supply. The cathode
consisted of a cylindrical stainless-steel container
connected to the negative terminal. To maintain a stable
temperature during the process, cold water was circulated
through the cathode. In addition, the electrolyte was
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stirred using a magnetic stirrer to ensure a uniform
temperature and a homogeneous composition. Silicate-

based electrolytic solutions, consisting of sodium
metasilicate.

TABLE 1. Chemical composition of the aluminum-silicon alloy A356

Element Cu Mg Mn Si

Fe Zn Ti Al

wt% 0.2 0.25 0.1 6.5

0.2 0.1 0.2 Balance

(Na:SiOs, Merck, 99%) and potassium hydroxide
(KOH, Merck, 95%) were prepared and used either
individually or in combination with varying
concentrations of SiC nanoparticles (US Research
Nanomaterials). This powder exhibited a purity greater
than 99% and consisted of B-SiC nanoparticles with an
average particle size ranging from 45 to 65 nm. The
samples were prepared in silicate electrolytes containing
0, 0.5, 1, and 2 gL' SiC nanoparticles and were
designated TO, TO0.5, T1, and T2, respectively. The
characteristics of the electrolytes and samples are
presented in Table 2. The coating process was carried out
by applying a current density of 0.1 A-cm™ with a duty
cycle of 75% for 30 min. At the end of the coating
process, the samples were washed with water and ethanol
and then dried by air blowing.

TABLE 2. The sample and electrolyte specifications

Electrolyte concentration (g.L™") .
Sample Conductivity o
P . ] (mS.cm™) p
Na,SiO; KOH SiC
TO 40 8 0 31.2 13.5
T0.5 40 8 0.5 29.9 13.6
T1 40 8 20.2 13.5
T2 40 8 2 9.5 13.4

2.2. Characterization

Phase identification was conducted using X-ray
diffractometry (XRD, Philips PW3710) with Cu Ka
radiation at a wavelength of 0.154056 nm. A field-
emission scanning electron microscope (FESEM,
TESCAN-MIRA3) was utilized in both secondary
electron and backscattered electron imaging modes to
examine the surface morphology, coating thickness, and
cross-sectional uniformity. Moreover, energy-dispersive
X-ray spectroscopy (EDS) was employed to analyze the
chemical composition and elemental distribution across
the surface and thickness of the coatings using a C-MAX
spectrometer.

The thickness of the coatings was measured using a
Phynix-FN coating thickness gauge equipped with n-type
probes. This device operates based on the eddy-current
principle to measure the thickness of non-conductive
(ceramic) coatings on non-ferrous alloys (aluminum).
The reported thickness values represent the average of
three independent measurements. The surface roughness
of the coatings was measured using a TR100 surface

roughness tester. Each reported roughness value
represents the average of three measurements.

Micro-indentation was performed on the sample
surfaces using a Micro Materials Nanotest 600
instrument equipped with a Berkovich indenter under a
load of 2 N. Microhardness was calculated from the load
and indentation depth data.

2.3. Wear Test

The wear test was conducted using a pin-on-disk
tribometer on both the coated samples and the A356
substrate at room temperature. The experiments were
performed in a rotating-disk configuration at a sliding
speed of 0.02 m-s™'. The tribological behavior of the
coatings and the substrate was evaluated under dry
sliding conditions against an AISI 52100 steel pin under
an applied normal load of 2 N. This load was selected
after preliminary testing to ensure that the indentation
depth remained below 10—15% of the coating thickness,
thereby minimizing substrate influence and enabling
measurement of the intrinsic coating hardness. A total
sliding distance of 100 m was maintained for all tests.
The wear rate (Rw) was determined from the measured
weight loss as follows (Sabatini et al., 2010):

Ry ="/, p (1)

where Am is the material weight loss after wear, p
represents density, L denotes the applied normal load,
and D reflects the sliding distance. Moreover, the wear
tracks were analyzed using the FESEM and a surface
profilometer (Raga3) to determine the wear mechanisms
and the width as well as depth of the wear scars,
respectively.

3. RESULTS and DISCUSIONS
3.1. Characterization of SiC nanoparticles

The nanoparticles used in this study were characterized
by XRD and FESEM, as shown in Figure 1. Phase
identification of the diffraction peaks in the XRD pattern
shown in Figure 1a indicates that the peaks appearing at
35.6°,41.3°,59.9°, 71.8°, and 75.4° are attributed to the
(111), (200), (220), (311), and (222) planes, respectively,
of cubic silicon carbide (B-SiC), according to JCPDS
card No. 29-1129. The FESEM image shown in Figure
1b confirms that the particle dimensions are within the
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nanometer range (Aljohani et al., 2022; Yang & Liu,
2010; Yu et al., 2015).

3.2. Appearance of the samples

The appearance photographs and OM images of the
surface and cross-sections of the samples are presented in
Figure 2. A homogeneous gray oxide layer formed on the
surface of all A356 substrates, resulting in the
disappearance of the metallic luster. The OM images
reveal the absence of defects such as cracks, fractures, or
peeling at the microscopic scale on the surface of the
oxide layer. Only dark spots are visible that may be
related to coarse surface porosity, which is characteristic
of PEO coatings. In the cross-sectional OM images of the
substrates, the typical microstructure of hypoeutectic
aluminum-silicon casting alloy, including primary
aluminum dendrites separated with interdendritic
aluminum-silicon eutectic, is observed (Sabatini et al.
2010; XIE et al., 2017). On the A356 substrate, an oxide
layer is visible that grows with different thicknesses and
a rough surface. No signs of separation can be found at
the interface of the oxide layer with the substrate,
indicating a strong connection.

(@)

Intensity (a.u.)

20 30 40 50 60 70 80
20 (deg.)

Figure 1. (a) XRD pattern and FESEM image of SiC
nanoparticles

3.3. Response voltage changes during oxidation

e The formation of the oxide layer on aluminum-
silicon alloy substrates was investigated by
monitoring the response voltage at a constant applied
current during the process. The response voltage as
a function of oxidation time is presented in Figure 3.
All curves follow a similar trend, and their evolution
can be divided into three stages.

In the first stage, referred to as anodization, the
response voltage increases rapidly and reaches values
above 350 V after approximately 90 s. These changes
indicate the formation of a passive film due to the
interaction of aluminum and silicon cations from the
A356 substrate with electrolyte anions, accompanied by
the emission of small gas bubbles. As the passive film
grows and the penetration of oxygen anions through the
film becomes increasingly difficult, electrical charges
accumulate on the substrate surface, leading to the
occurrence of electrical micro-sparks simultaneously
with anodization. The onset of this stage, known as spark
anodizing, is indicated by a decrease in the slope of the
response voltage curve, resulting from electron flow
during the overall current cycle. At this stage, electrical
micro-sparks appear on the sample surface as tiny white
sparks that rapidly spread across the entire surface. The
occurrence of these micro-sparks promotes oxide layer
growth through the melting and solidification of material
in the vicinity of the discharge channels. As the number
and intensity of the electrical micro-sparks increase, the
oxide layer growth mechanism transitions to micro-arc
oxidation (MAO), and the formation of the oxide coating
continues in a stable manner. This stage, referred to as
MAQO, is characterized by a further decrease in the slope
of the response voltage curve and the attainment of
relative voltage stability (Erfanifar et al., 2017; Hoseini
etal., 2021; A. L. Yerokhin et al., 1999).

Comparison of the curves during the anodization stage
reveals that the addition of SiC nanoparticles causes a
relative increase in the slope of the response voltage-time
curve, indicating a change in the nature of passive film
formation. Given that the total current at this stage
consists exclusively of ionic currents, the increased slope
may be attributed to an increase in the electrical
resistance of the passive film resulting from the
incorporation of SiC nanoparticles. The effect of SiC
nanoparticles on increasing the formation voltage persists
throughout the process and becomes more pronounced
during the MAO stage. At this stage, the electrical
resistance of the system depends on both the oxide layer
and the electrolyte. The electrical resistance of the oxide
layer increases due to compaction resulting from the
embedment of SiC nanoparticles, leading to a reduction
in the ionic current contribution to the growth
mechanism. In addition, the electrolyte conductivity
measurements presented in Table 2 indicate an increase
in electrolyte resistance in the presence of SiC
nanoparticles. Therefore, the increase in the overall
electrical resistance of the system causes the response
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voltage to rise under a constant applied current and stronger electrical micro-sparks on the sample surface
promotes the occurrence of more energetic micro- (Hoseini & Yarmand, 2020; Matykina et al., 2007;
discharges due to the reduced contribution of ionic Sharifi et al., 2016).

current. This change in the oxide layer formation
mechanism can be observed through the appearance of

(a)

15 mm

o) -

15 mm

©) -

15 mm

(d)

15 mm

Figure 2. Appearance and OM images from the top and cross-section of (a) T0, (b) T0.5, (c) T1, and (d) T2
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Figure 3. The variations of response voltage versus
oxidation time during the PEO process

3.4. Morphology of oxide coatings

FESEM images of the sample surfaces are presented in
Figure 4. The morphology resembles resolidified molten
oxide with numerous pores distributed across the surface
of all oxide layers. This microstructure results from the
occurrence of countless electrical micro-sparks on the
A356 substrate during the MAO stage. With each micro-
spark event, a large number of electrons accumulated on
the surface of the oxide layer avalanche through the
discharge channel toward the substrate. The intense heat
generated along the discharge path causes rapid melting
of the channel wall materials. These molten materials are
expelled by the pressure of the escaping gases and
immediately solidify upon contact with the cold
electrolyte. Repeated electrical micro-spark events
continuously reshape the solidified material and facilitate
gas escape, resulting in the formation of pores of various
sizes (Dehnavi et al., 2015; Ebrahimi et al., 2019; A. L.
Yerokhin et al., 2000).

The surface porosity of the samples was calculated
from binary images obtained from the FESEM
micrographs. The total area of black regions within a
selected area was considered the relative surface
porosity. The relative surface porosity values were 20.9
+ 1.2%, 15.5 £ 0.9%, 12.7 £ 0.8%, and 9.6 + 0.5% for
TO, T0.5, T1, and T2, respectively. This decreasing trend
can be attributed to the presence of SiC nanoparticles at
the sites of electrical micro-sparks, where they absorb
part of the generated heat. As a result, a smaller volume
of material melts, leading to the formation of smaller lava
features with finer porosity during oxide layer growth.
Moreover, the adsorption of SiC nanoparticles into the
discharge channels due to electrophoretic forces, together
with their filling effect within these channels, can also
contribute to the reduction in surface porosity (Hoseini &
Yarmand, 2023; Sharifi et al., 2016).

EDS maps of the specimen surfaces, shown in Figure
4, reveal that oxygen is uniformly distributed alongside
aluminum and silicon, indicating the formation of an
oxide layer with the combined participation of the A356
alloy constituents. Carbon is detected in T0.5, T1, and T2
following the addition of SiC nanoparticles, and its
content increases together with that of silicon, confirming
the incorporation of SiC nanoparticles into the oxide
layer microstructure. The carbon signal corresponds to
embedded SiC nanoparticles. The presence of negatively
charged SiC nanoparticles during MAO causes them to
migrate toward the positively charged substrate under the
influence of electrophoretic forces, particularly within
discharge channels characterized by high surface energy.
As a result, these nanoparticles become entrapped within
the molten material during melt ejection and are
subsequently incorporated into the oxide layer through
repeated electrical micro-spark events.
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Figure 4. FESEM and binary images along with EDS maps from top of (a) TO, (b) T0.5, (c) T1, and (d) T2

FESEM cross-sectional images of the samples, along
with the corresponding EDS maps, are presented in
Figure 5. In all samples, the oxide layer grew uniformly
on the substrate without cracks or delamination,
indicating good adhesion strength. The interface between
the oxide layer and the substrate exhibits a wavy
morphology, resulting from the non-uniform dissolution
of the substrate caused by the presence of silicon in the
A356 alloy. This element can locally form oxide
compounds with lower melting points than aluminum
oxide, leading to localized melting of small regions on
the substrate surface. Similar to typical PEO coatings, the

microstructure of the oxide layers consists of two distinct
regions. First, a thin and dense layer grows directly on
the substrate during the initial stage of the process and is
referred to as the functional layer. Subsequently, a thicker
layer containing more structural defects forms on top of
the functional layer under the non-equilibrium conditions
of the MAO process and is known as the technological
layer. Comparison of the oxide layer thicknesses
indicates that the incorporation of SiC nanoparticles into
the coating microstructure promotes an increase in
coating thickness (Sabatini et al., 2010).




14 S. Rahimi et al. / Advanced Ceramics Progress: Vol. 11, No. 4, (Autumn 2025) 07-20

sozemastas
© Functional Jayer

(b)

i T LT

Functional Jayer

(c)

fuzzyaaessT

Functiopat layer

()

R

Functional layer

Figure 5. FESEM images along with EDS maps from the cross-section of (a) T0, (b) T0.5, (¢) T1, and (d) T2

3.5. Thickness and surface roughness of coatings

The wvariations in coating thickness and surface
roughness are presented in Figure 6. The average
thickness of TO is 33.4 = 1.4 um, which increases with
the addition of SiC nanoparticles and reaches 50.8 + 1.1
um for T2. This increase can be attributed to the
competition between oxide layer growth and layer
destruction processes. The oxide layer grows through the
oxidation of materials during the MAO process and may
be partially destroyed as a result of the effects of
electrical micro-sparks. Oxide layer growth occurs
through the reaction of electrolyte anions with aluminum
and silicon cations originating from the A356 substrate.
In addition, the melting and transport of material to the
surface during electrical micro-spark events contribute to
oxide layer development. Conversely, dissolution of the
oxide layer or its erosion under the severe conditions
generated by electrical micro-sparks can lead to layer
degradation.

The increase in coating thickness indicates that the
presence of SiC nanoparticles during MAO promotes
oxide layer growth and increases the deposition rate by
shifting the balance in favor of coating formation
processes (Sharifi et al., 2016). The incorporation of SiC
nanoparticles during MAO also causes the surface
roughness to decrease from 2.52 + 0.12 um for TO to
approximately 2 pum for the nanoparticle-containing
samples. This effect may be attributed to the absorption
of released heat by the SiC nanoparticles, which reduces
the volume of molten material and leads to finer surface
porosity. Furthermore, the entrapment of SiC
nanoparticles within the discharge channels and their
filling effect on surface pores reduce the height
difference between surface protrusions and depressions,
thereby decreasing the overall surface roughness
(Hoseini & Yarmand, 2024; Lu et al., 2016; Nasiri Vatan
et al., 2016; Sharifi et al., 2016).
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Figure 6. The thickness and roughness variations of the
samples

3.6. Identification of crystalline phases

The XRD patterns of the samples at two magnifications
are presented in Figure 7. In all patterns, the diffraction
peaks located at 38.5°,44.7°, 65.1°, and 78.3° correspond
to the (111), (200), (220), and (311) planes of aluminum,
respectively, according to JCPDS card No. 00-004-0787.
The peaks appearing at 28.3°, 47.4°, 56.3°, and 70.1° are
assigned to the (111), (220), (311), and (400) planes of
silicon, respectively, according to JCPDS card No. 00-
027-1402. The appearance of these peaks may result
from the penetration of X-rays through the oxide coating
and into the substrate. The intensity of these peaks
decreases  with  increasing  SiC  nanoparticle
concentration, which can be attributed to the increased
thickness of the oxide coating.

The peaks centered at 46.1° and 67.2° are attributed to
the (400) and (440) planes of y-AlOs, respectively,
according to JCPDS card No. 00-029-0063. This finding
confirms that oxidation of the A356 substrate occurred
successfully and that the desired oxide coating was
formed. Considering the thickness of the oxide layer, the
relatively low intensity of these peaks may be attributed
to the predominantly amorphous structure of the grown
oxides. Notably, peaks associated with crystalline silica
were not detected in the patterns, which may be due to its
low content or amorphous nature. Moreover, a-Al2Os3
was not formed in the oxide coating because the
temperature required for the transformation of y-Al:Os to
a-Al20s was not achieved. Since the presence of silicon
in the A356 alloy can absorb part of the heat generated
by electrical micro-sparks, it may hinder the
transformation or crystallization of amorphous phases.

With increasing SiC nanoparticle concentration in the
electrolyte, characteristic SiC peaks appear at 35.6°,
59.9°, and 71.8°, corresponding to the (111), (220), and
(311) planes, respectively, according to JCPDS card No.
29-1129 (Figure 7b). These peaks become more
pronounced in T2, which contains the highest

concentration of SiC nanoparticles. The presence of these
diffraction peaks confirms the successful formation of
the composite coating (Aljohani et al., 2022; Nasiri Vatan
etal., 2016; Sharifi et al.. 2016; Yang & Liu, 2010).

(@
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@ Silicon

®m Gamma alumina
# Silicon carbide

A

Intensity (a.u.)

20 30 40 50 60 70 80
20 (deg.)

(b)

Intensity (a.u.)

W, T A,M,J

20 30 40 50 60 70 80
20 (deg.)

Figure 7. XRD patterns of the samples at two magnifications
3.7. Hardness of oxide coatings

The hardness values of the coatings, together with that
of the A356 substrate for comparison, are presented in
Figure 8. TO exhibits a hardness of 498 + 2 HV, which is
approximately six times higher than that of the substrate
(73 £ 1 HV). This increase is attributed to the ceramic
nature of the oxide coating formed by the PEO process.
With the incorporation of SiC nanoparticles, the hardness
of the coatings increases further and reaches a maximum
value of 946 = 3 HV for T2. This upward trend results
from the high hardness of the SiC nanoparticles, which
reinforce the composite oxide layer after being embedded
within its microstructure. Furthermore, the participation
of these nanoparticles in the coating formation process,
together with their incorporation into the inherent defects
of the PEO coating, leads to a more compact coating
structure, consistent with the surface porosity and
roughness results presented in Sections 3.4 and 3.5
(Nasiri Vatan et al., 2016; Sabatini et al., 2010).
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Figure 8. The hardness variations of the samples
3.8. Tribological behavior of oxide coatings

The evolution of the friction coefficient as a function
of sliding distance for the samples and the A356 substrate
is presented in Figure 9. The friction coefficient of the
A356 substrate increases at the beginning of the sliding
motion and reaches a maximum value of approximately
1. It then stabilizes at about 0.6 after a sliding distance of
50 m. The initial increase is attributed to the plowing of
the substrate surface asperities by the AISI 52100 steel
pin, generating high frictional forces. At this stage, the
contact surfaces are exposed through the removal of
asperities and contaminants. Simultaneously, the
interaction between the pin and the A356 substrate under
dry sliding conditions causes the amount of debris
generated between the sliding surfaces to increase
rapidly, enhancing adhesion and resulting in a higher
friction coefficient. After approximately 50 m, a dynamic
equilibrium is established between the particles entering
and leaving the contact region, leading to a stable friction
coefficient.

The friction coefficient of TO is more stable throughout
the sliding distance and exhibits an average value of
approximately 0.4. Compared with the A356 substrate,
this behavior is attributed to the ceramic nature of the
oxide coating, which alters the interaction with the steel
pin. The tribological behavior of this sample is
synergistically influenced by the surface morphology,
roughness, and hardness of the oxide coating formed by
the PEO process. The friction coefficients of T0.5 and T1
increase relative to TO and, after exhibiting fluctuations
during the first half of the sliding distance, stabilize at an
average value of approximately 0.9. This increase may be
attributed to the incorporation of hard SiC nanoparticles

into the composite oxide layer, which enhances the
friction coefficient. The frictional behavior is also
influenced by the microstructural compactness, surface
porosity, and roughness of the oxide coatings. In contrast,
the friction coefficient of T2 initially increases and then
becomes nearly constant at approximately 0.5 after 60 m
of sliding. This reduction may result from the rolling
effect generated by the higher concentration of SiC
nanoparticles on the contact surfaces compared with the
other samples, causing them to act as solid lubricants
during the sliding experiment (Nasiri Vatan et al., 2016;
Sharifi et al., 2016; Yu et al., 2015).

The wear rates and wear track profiles of the samples,
together with those of the A356 substrate, are shown in
Figure 10. The A356 substrate exhibits the highest wear
rate, 2.64 + 0.02 x 10™* mm3-N~"'-m™, which decreases
markedly to 1.39 + 0.02 x 10 mm*N"'-m™ for TO
following the formation of the oxide layer. With the
incorporation of SiC nanoparticles into the
microstructure of the oxide coatings, the wear rate
decreases significantly and reaches a minimum value of
0.17 £ 0.01 x 10* mm*N"'m™ for T2. As shown in
Figures 10b and 10c, the wear track of the A356 substrate
exhibits the greatest width and depth, both of which
decrease following the formation of the oxide coating.
Subsequently, these values continue to decrease with the
incorporation of SiC nanoparticles and reach their
minimum values in T2.

In general, the tribological behavior of materials is
strongly influenced by their mechanical properties.
Therefore, the reduction in wear rate can be attributed
primarily to the increase in coating hardness, in
accordance with Archard's law. The formation of the
oxide layer substantially increases the surface hardness
of the A356 substrate, while the incorporation of SiC
nanoparticles further enhances hardness through
reinforcement of the composite microstructure. This
factor, together with the increased compactness and the
reduced surface porosity and roughness of the oxide
layers, improves the wear resistance of the coating and
decreases material loss. Moreover, the high concentration
of SiC nanoparticles in the reinforced coatings can alter
the wear mechanism from sliding to rolling by becoming
positioned between the contact surfaces. These
nanoparticles act as microscopic rolling elements within
the contact region, thereby transforming the frictional
interaction from sliding to rolling. Consequently, both
the friction coefficient and wear rate decrease, as
observed for T2 (Nasiri Vatan et al., 2016; Sharifi et al.,
2016; Yu et al., 2015).
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Figure 9. Changes in friction coefficient versus sliding distance of samples

The wear mechanism was determined by examining
the wear tracks using FESEM images, as shown in Figure
11. It can be observed that the wear track of the A356
substrate is wider and deeper than those of the PEO-
coated samples under identical wear conditions. The
worn surface exhibits wide plowing marks and grooves
parallel to the sliding direction, indicating the occurrence
of an abrasive wear mechanism. The grooves observed
on the A356 substrate originate from debris fragments
generated during the plowing of the contacting surfaces.
These detached particles penetrate the comparatively soft
alloy surface, giving rise to three-body abrasive wear.
The low hardness of the substrate promotes deeper
indentation by the hard debris, which in turn facilitates
the continuous detachment and re-entrainment of
particles throughout sliding. Concurrently, evidence of
crushing and tearing within the wear track indicates the
simultaneous operation of an adhesive wear mechanism,
likewise attributable to the substrate's limited hardness.
This adhesive action results in the removal of material
from the contact interface in the form of scale-like flakes.
In contrast, the wear track of the unmodified oxide
coating (T0) exhibits only shallow grooves and plowing
marks, presenting a markedly smoother worn surface
than the bare A356 substrate.

The superior wear performance of the unmodified
oxide coating (T0) can be attributed to its high hardness
and load-bearing capacity. Dark-colored spots present on
the worn surface indicate the detachment of small
particles from the oxide layer through mild adhesion,
revealing the concurrent operation of abrasive and
adhesive wear mechanisms. The wear track of sample
T0.5 exhibits grooves accompanied by sheet-like
fragments resulting from plastic deformation. Sample T1
displays a worn surface morphology similar to that of
TO0.5, although with less extensive plastic deformation.
Consequently, the wear mechanism for both specimens is
characterized by a combination of abrasive and adhesive
wear. In contrast, the wear track of sample T2 is notably
narrower and smoother than those of the other coatings.
Its worn surface contains small scratches similar to those
observed on TO, together with wear debris, indicating that
abrasive wear is the dominant mechanism. The increased
hardness of the oxide layer, combined with the presence
of an optimal concentration of SiC nanoparticles that
effectively reduces frictional shear stress, accounts for
the limited degradation of the oxide layer in this sample
(Nasiri Vatan et al., 2016; Sabatini et al., 2010; Sharifi et
al., 2016; XIE et al., 2017).
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4. CONCLUSION

In this study, PEO coatings, both pure and
incorporating  different concentrations of SiC
nanoparticles, were successfully grown on an A356
substrate, and their surface properties and tribological
performance were investigated. The findings revealed
that the PEO method can effectively produce
homogeneous oxide coatings on A356 alloy. The oxide
layer formed by this process exhibited a gamma-alumina
crystal structure. The incorporation of SiC nanoparticles
into the oxide coating increased the coating thickness and
hardness while reducing its porosity and surface
roughness. The formation of the oxide coating alone
reduced the wear rate by a factor of approximately 1.9,
whereas the incorporation of the highest concentration of
SiC nanoparticles resulted in a substantially greater
reduction, by a factor of approximately 15.5, relative to
the bare alloy. The formation of a pure oxide coating
reduced the friction coefficient throughout the sliding
distance; however, the incorporation of SiC nanoparticles
through the electrolyte at concentrations up to 1 g-L ™" led
to an unfavorable increase in the friction coefficient. In
contrast, the friction coefficient of the oxide coating
formed in the electrolyte containing 2 gL' SiC
nanoparticles decreased significantly. This improvement
was attributed to the presence of an appropriate
concentration of SiC nanoparticles at the contact
surfaces, which promoted a transition in the wear
mechanism from sliding to rolling. This coating, which
exhibited the best tribological performance by reducing
both the friction coefficient and wear rate, could be
considered a promising candidate for automotive
components exposed to wear.
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