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ABSTRACT: In this study, three different ceramic powders used as thermal barriers were coated on
AISI304 stainless steel by the atmospheric plasma spray method. A pin-on-disc apparatus was utilised
to investigate the wear characteristics of the coatings. The effect of wear behavior of the addition of
Al>O3 and titanium dioxide (TiO2) into the YSZ coating was investigated. Before the wear test,
sanding and polishing processes were carried out to ensure that the average surface roughness of the
coatings was less than 0.8 um. The wear test according to ASTM G99-04, was conducted on a pin-
on-disc device at a speed of 143 rpm. The test was performed in a dry condition, with a minimum of
8000 cycles. The wear test utilised a 4N load and 6 mm-diameter Al>Oz balls. The surface properties
and wear characteristics of the coatings were analysed using a scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscopy (EDS) after conducting coating and wear tests. The wear
rate of the samples was assessed using optical profilometry. A micro Vickers test equipment was
employed to assess the microhardness of the materials. The findings demonstrated that the inclusion
of Al203in YSZ led to an enhancement in wear resistance, but the incorporation of TiO> resulted in
a notable reduction in wear resistance.

Keywords: Wear, Ceramic coatings, YSZ coating, Hardness.

1. INTRODUCTION

Ceramic materials provide many advantages when coated on metal or plastic due to their
properties such as high hardness, high thermal-corrosion resistance, and low specific gravity. The
coatings produced have the potential to be used in many different areas due to their superior properties
such as high hardness, low density, high melting point, low thermal conductivity, and oxidation
resistance, for example; microelectronics, automotive, and wear parts (Thakare et al., 2021),(Ozgelik
et al., 2024). These coatings are utilised for safeguarding gas turbines and engine components that
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are subjected to high temperatures, particularly zirconium, because of their exceptional thermal
insulating properties, high density, strong resistance to abrasion, and low thermal conductivity. In
particular, gas turbines subjected to elevated temperatures utilise gearbox components, turbine blades,
rocket nozzles, exhaust systems, bearings, and rings. Similarly, internal combustion engines employ
piston cylinder heads, valves, internal combustion chambers, and exhaust systems (Noroozpour and
Akbari, 2023),(Igbal et al., 2024). Ceramic coating enhances engine efficiency, prolongs engine
lifespan, and diminishes fuel consumption and petrol emissions (Avci et al., 2018). Thermal barrier
coatings (TBC) typically include two distinct layers: a metallic bond layer and a ceramic layer. The
metal bond layer treated the thermal expansion disparities between the metal material and the ceramic.
A ceramic layer is a thermally insulated layer that is subjected to heat and often coated using the APS
process. The significant porosity of APS coatings enables the movement of oxygen from the upper
layer to the lower layer, resulting in the formation of a thermal-growing oxide between the bond layer
and the ceramic layer. As temperatures grow, the generation of TGO also increases, which might
result in damage. To enhance the durability of coatings and enhance their strength, it is necessary to
regulate the level of porosity, optimise coating parameters, employ laser modification techniques, and
utilise a suitable micro structure. Yitria stabilezed zirconium (YSZ), which is stabilised with 8% wt.
of yttrium, is commonly utilised as a ceramic layer material in TBC systems due to its exceptional
resilience to thermal shock and oxidation, corrosion, high thermal insulating capacity, and low
thermal conductivity (Avci et al., 2023). Nevertheless, the coating experiences an expansion in
volume due to the phase change of YSZ coatings taking place at temperatures over 1200 °C (Jun et
al., 2023). These powders enhance the resistance of calcium-magnesium-aluminosilicate (CMAS) to
corrosion caused by temperature and decrease structural damage resulting from phase change at
higher temperatures. Hot corrosion occurs due to chemical reactions between foreign chemicals, such
as vanadium pentoxide and sodium sulfate, present in gas turbine fuel, and the stabiliser phase of
ZrO (Javadi Sigaroodi et al., 2024). During operation, gas turbines may come into contact with
airborne particles that contain compounds of calcium, magnesium, aluminium, and silicon. When
these particles make contact with high-temperature components like the wings and blades of the
engine turbine, they adhere to the surfaces and lead to corrosion (Han et al., 2022), (Guo et al., 2024).
Researchers are always researching ways to enhance materials and coatings in order to minimize the
impact of CMAS corrosion and prolong the lifespan of turbine engines. In order to mitigate the
influence of corrosion, TiO2 and Al,Oz powders are incorporated into YSZ to enhance its volume,
and cover any faults, cracks, and porosities that may arise during manufacture. Wang et al. (Wang et
al., 2022) reported that the YSZ was mixed with 80% Al,Oz and 20% TiO2 powder by weight in a
mechanical mixer at a molar mass ratio of 1:3. Subsequently, an isothermal oxidation test was
conducted on both the traditional TBCs and the Al,O3-TiO2 composite coating. A morphological and
hardness examination was performed to assess the properties of the samples. The addition of Al.O3
in the coatings resulted in a higher level of resistance in comparison to traditional TBCs. The
interaction between TiO2 and liquid CMAS is responsible for this development, as it aids in the
concentration process of CMAS. Yuan et al. (Yuan et al., 2021) manufactured ceramic powders and
formed plates using various compositions of Al.Oz and TiO2, together referred to as ATYSZ. The
findings demonstrated that the addition of 10% mol Al>Osand 5% mol TiO2 (10A5TYSZ) to YSZ
resulted in a material that effectively endured CMAS corrosion and had suitable thermal conductivity.

The plasma spray technique yields coatings that exhibit favorable tribological properties and
exceptional resistance to wear. The wear and friction characteristics of plasma spray ceramic coatings
are primarily influenced by the coating's composition and microstructural properties, including
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porosity, morphology, microcracks, and distribution. Based on current literature, the tribological
performance of YSZ coatings is influenced by several factors such as different contaminants, dust
formations, and operational conditions, including applied loads and wear rates. Various techniques
can be employed to prevent metal surfaces from experiencing leakage, including mechanical,
chemical, electrochemical, or laser modification methods (Critchlow and Brewis, 1996). Lima and
Marple (Lima and Marple, 2005) incorporated TiO: into Al20z using the high-velocity oxygen and
fuel (HVOF) technique. The HVOF must be applied through spraying and have to demonstrate
exceptional resistance to wear and hardness. Bai et al. (Bai et al., 2023) investigated the abrasion
resistance of YSZ coatings over a temperature range of 25 to 800 °C. In addition, the wear and tear
of the equipment was exacerbated by the increasing temperatures. Nevertheless, the tribolayer, which
is facilitated by the creation of alumina tracks on the surface, provides protection against wear at
temperatures exceeding 200 °C. Ormanci et al. (Ormanci et al., 2014) examined the fracture strength
and stiffness properties by incorporating both YSZ and TiO2 into Al2Os. The researchers discovered
that Al,O3-YSZ compounds exhibit greater hardness compared to monolithic Al,O3. Furthermore,
they observed that the hardness of these compounds diminishes as the YSZ content increases. In order
to investigate the effects of wear on TBCs in the workplace, three distinct thermal barriers were coated
using atmospheric plasma techniques. These barriers included YSZ, YA, and YAT. A wear test was
conducted utilising the pin-on-disk method to investigate the wear characteristics of the coatings
under dry conditions. The deformation features and microstructure were investigated using electron
microscopy and EDS analysis.

2. MATERIALS AND METHODS

2.1 Materials

The investigation involved the use of AISI 304 austenitic stainless steel (SS) substrate materials,
which were precisely cut into circular shapes with a diameter of 1 inch using a laser technique. To
improve the mechanical adhesion of the bonding layer, the surfaces of SS coupons were abraded
using alumina a fine abrasive material called 200 grit alumina was applied. The alumina particles
were abraded from a distance of 30 cm at an angle of approximately 90°, and the spraying process
lasted for at least 1 minute. Figure 1a) depicts a three-dimensional representation of the surface
smoothness of SS following the process of sanding. The 3D pictures were quantified using the Veeco
WYKO NT1100 optical profilometer, resulting in a notable enhancement in smoothness following
the sanding process. The substrate material exhibited a Ra value of 358.68 nm in terms of surface
roughness, while the grit-blasted substrate material showed a Ra value of 2.69 um.

a) -3 b)

Figure 1. Surface roughness of a)AIS1304 before grit blasting, b) AISI304 after grit blasting (Bal et al., 2018)
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In the production of TBCs, Sulzer Metco AMDRY 997 (Ni 23Co 20Cr 8.5A1 4Ta 0.6Y) is used
for the production of bond layer coatings, and YSZ 204B-NS, commercially offered by Sulzer Metco,
is used for the production of ceramic top layer coatings, Al.O3 with a purity rate of 98.0%. Metco 105
NS White and TiO> powders were used. Figure 2 shows SEM images of the powders. The mixing
ratios of the composite composites produced are given in Table 1.

Table 1. Chemical composition of the deposited coating

Sample Name Feedstock powders
YSZ Al,O3 TiO2
YSz 100 - -
YA 83 17
YAT 80 17 3

Figure 2. Microstructure of deposited powders; a) Al,O3 /YSZ and b) AMDRY 997 bod coat c) TiO;

A three-axis CNC table supported a Metco DJ2700 HVOF gun that run at a 200 mm/min. The
nozzle utilised in the coating procedure was positioned along the central axis of the 3-axis CNC
machine, and the mobile nozzle facilitated the uniform coating of the samples on the revolving table.
The coupling layer is coated using the HVOF process, and the parameters specified in Table 2 are
maintained at a constant value. Within this method, precise control over the gun's movement and the
speed of the samples allows for the attainment of coatings with the necessary thicknesses. The energy
was derived from the combustion of the air-propane gas mixture with oxygen. In order to achieve the
requisite bond layer thickness of 85 + 15 pum using the HVOF approach, the metal subsurface was
coated with 12 passes.

Figure 3. Schematic view of the APS system
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Table 2. HVOF deposition parameters

Material Pressure (Bar) Flow rate (SCFH) Process parameters

Amdry 997 Oxygen Propane Air Oxygen Propane  Air Spray Feeding Spray

(Ni23Co20Crs8. distance speed angle

5Al4Ta 0.6Y) (mm) (g/s) (®)
10.3 6.2 7.2 24 40 50 250 50 90

Ceramic top layer coatings are produced by atmospheric plasma spraying (APS). The primary
and secondary gases and production parameters used in the APS method are shown in Table 3. Before
coating, YSZ, alumina, and TiO2 composite powders were mixed in alcohol for 4 hours in a mixer
(turbula). The dried ceramic powders were successfully coated by plasma spraying method using
Sulzer Metco 9 MBM plasma spray gun.

Table 3. APS deposition parameters

Parameters
Primary Secondary Carrier Spray Gun Rotation Voltage
Current (A) Gas, Gas, Gas Distance Speed Speed (V)g
Ar(scfh) Ha(scfh) Ar(scfh) (mm) (mm/s)  (Hz) rpm
500 90 15 135 75 200 40 60

2.2 Microstructural Characterization

The surface and cuts of the produced coatings were examined with an electron microscope. For
this purpose, the coatings were primarily subjected to metallographic grinding and polishing. For the
examination of the cuts, the coatings were cut with a diamond cutter and then mowed and
metallographic polishing. The microstructure tests of the samples were carried out with the optional
EDS Phenom XL SEM device in different sizes. The worn tracks were examined with an optical
microscope and SEM as well. In SEM studies, different detectors were used to understand the
characteristics of the type of wear. EDS analyses were carried out using the mapping method for wear
tracks.

2.3 Wear and Microhardness

The state of the surface is the primary determinant of the tribological performance of the
coatings. The samples' surface smoothness after coating ranges from 1.5 to 2.4 pm. The melting and
polishing procedures were performed to achieve an average surface roughness (Ra) of less than 0.8
um for the coatings. The surface roughness was quantified by taking measurements at a minimum of
five distinct locations on the surface, using a radius of 5 um. Next, the sample surfaces are thoroughly
cleansed using acetone to remove any oils or undesired debris and then dried using hot air. The weight
of the coatings has been measured both before and after wear using a precise track in order to
determine the amount of wear loss. The displacement test for each sample was conducted using a pin-
on-disk device (Tribo Tester, France) operating at a speed of 143 revolutions per minute (rpm) and a
minimum of 8000 cycles in a dry environment, following the guidelines of ASTM G99-04. The wear
test utilised 6 mm diameter Al,Oz balls under a fixed load of 4N. The thickness of the traces produced
during the wear test was measured using an optic microscope in order to estimate the amount of
deformation.
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Figure 4. Wear volume measurement

Figure 4 shows the 2D profile of the wear trace taken from the mechanical profilometer. For
area calculation, the area of the curve was redrawn with the help of Origin Lab Pro software, and the
amount of wear was found with the help of the formulas below.

mm3

. . Volume loss (mm?3
Equation:1 Volumetric wear rate = — ( .)
Nm Sliding Distance (m) x Applied load (N)

The volumetric wear rate was calculated from Equation 1 (Franco et al., 2024). The friction
coefficient was provided directly by the wear tester device. The wear volume was calculated with the
help of a profilometer as seen in Figure 4. In this study, the sliding distance was used as 250 m and
the applied load was 4 N for each sample. Since there is no obvious wear on the alumina abrasive
ball; the wear of the alumina ball is ignored in calculations.

The coatings produced in the atmospheric plasma spraying technology get increasingly tougher
as the spraying speed increases. The presence of oxides in the coating often enhances its hardness
while reducing its adhesive strength. The hardness of the coating layers fluctuates based on factors
such as porosity, the heterogeneous structure of the layer, and the applied stress values. The hardness
measurements were obtained from the surface of the coatings using the HVS1000 micro-vickers,
manufactured by Bulut Machine in Tiirkiye. The charging duration for a mass of 300 grams is
established as 15 seconds. The outcome was obtained by calculating the arithmetic mean of 10
hardness values that were randomly tested at 12 distinct points on the surface of the sample. The
highest and smallest measurement values were disregarded in this calculation. The measurement was
conducted with a minimum distance of 3 mm from the edges to prevent errors that could lead to the
building of tension on the edges and an uneven distribution of the applied load when the floating end
comes into contact with the sample. The surface roughness has been evaluated at a Ra below 0.8 pm
due to its impact on the mechanical characteristics of the material.

3. RESULTS AND DISCUSSION

3.1 Microstructural characterization
Figure 5 shows micro-SEM images of coatings deposited by the APS process. Figure 5a shows
a cross-sectional SEM image of YSZ coating. Upon examination of the cross-sectional SEM image,
it was found that there was a ceramic top layer measuring roughly 135 um and a bond layer measuring
75 um. The YSZ exhibits a laminar structure and contains some voids. Figure 5b presents a cross-
sectional of the YA coating. Deposition of lamellar alumina and YSZ plates has been achieved
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effectively. The dark regions depicted in the image correspond to alumina, whilst the white regions
correspond to YSZ. Figure 5c displays the cross-section and specific features of the YAT coating.
The grayscales in the microstructure of the plates are attributed to TiO,. Additionally, the slices
exhibited both porosity and inter-splat crackles. These structures are all created by the inherent
properties of the APS coating in TBCs. Porosities are formed from the consecutive deposition of
unmelted or partially melted particles during the coating process. Intersplat crackles are created
through a process of cooling and collision, where hot particles pass through a plasma flame and gather
as splats upon impact with a surface. In thermal barrier applications, the presence of porosity and
interplate fissures hinders the transport of phonons. This diminishes the layer's heat conductivity.
Porosity in TBC applications can reach a maximum of 20%. Coatings with a porosity exceeding this
amount exhibit reduced adhesion and cohesiveness. During the investigation of porosity using image
analysis, it was found that the YSZ coating has a porosity level of around 15%, while the YAT coating
has a porosity level of 4.5% and the YAT coating has a porosity level of 3.8%. The presence of Al.O3
and TiO; in YSZ greatly decreased the porosity rate of the coated layer (Ozgelik et al., 2024). The
combination of Al,03 2000 °C) and TiO2 (1850 °C) powders, which have a lower erosion point, led
to the development of a denser layer of splats during plasma spraying compared to YSZ 2700 °C).
The thickness of the binding layer is 8515 um. The addition of alumina and TiO> to YSZ resulted
in a reduction in porosity of around 65% and 70% respectively.

In Figure 5d, the surface SEM of the YSZ coating shows spaces with semi-melted or non-
melted particles. The areas shown as black in Figure 5e belong to alumina, whereas the areas seen as
YSZ are white. Similar microstructural defects were observed in Figure 5f above.

Bond coat 175 pm

Substrate

Figure 5. SEM |mages of coatlngs a) Cross sectional SEM |mage YSZ b) Cross sectional SEM image YA, ¢) Cross-
sectional SEM image YAT, d) Surface SEM image YSZ, e) Surface SEM image YA, e) Surface SEM image YAT

3.2 Hardness and wear behavior of coatings
The impact of incorporating Al20s and TiO> particles into YSZ on the mechanical
characteristics of the composite coating was assessed by a hardness test and a wear test. Figure 6a
displays a graph that shows the hardness test results of the coatings. The SS substrate was determined
to have the lowest hardness value. The YSZ coating exhibited a hardness of 1030+30 HV, which was
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enhanced by roughly 25% to 1294+34 HV upon the incorporation of 10% alumina particles.
Nevertheless, it was discovered that the inclusion of the TiO> addition had a substantial impact on the
hardness of the material, causing structural damage. The impact of adding TiO2 to YSZ on its hardness
is typically influenced by the composition, microstructure, and treatment factors. Wang et al. (Wang
et al., 2024) reported that the microhardness and porosity of Al;03-13 wt%TiO, coating are
856.6HV0.5 and 12.77 %, respectively. When the porosity of the coating decreased to around 8.21%,
the hardness value increased and became 1061.4HV/(0.5). This is a similar example of how decreasing
porosity increases hardness. However, in general, the addition of TiO2 into YSZ matrix can increase
the mechanical properties. This increase can often manifest itself in properties such as fracture,
fracture toughness, and wear resistance. The variation in material characteristics is likely due to the
essential role played by the quantity of TiO incorporated into the YSZ. Elevated quantities of TiO>
typically lead to an augmentation in hardness. Moreover, the mechanical properties of the material
are determined by the distribution and crystalline structure of TiO, within the YSZ. Probably, the
reduced TiO2 concentration resulted in a decrease in the hardness measurement. The enhancement of
microcirculation is a result of dispersion. When a good dispersion is achieved, the hardness and
mechanical characteristics of TiO: particles, which hinder plastic deformation, will increase (He et
al., 2022). When the cross-sectional SEM images are examined in Fig. 5c, the distribution of TiO2 is
largely understood. However, due to the nature of the APS technique, agglomeration during flow and
voids in the microstructure reduced the hardness value. The higher alumina particle size and being
more compatible with YSZ increased the hardness. The hardness value of SS material was found to
be 216 £19 HV. This value is compatible with the austenitic stainless steel mentioned in the literature
(Zhao et al., 2005). TiO- is utilised for its ability to enhance the resistance of TBCs against calcium-
magnesium-aluminosilicate (CaO-MgO- Al>Os -SiO2) and hot corrosion. Wang et al. (Wang et al.,
2022) conducted a study where they combined Y SZ with 80% Al,O3 and 20% TiO2 powder by weight
to create a composite coating. The YSZ hardness value of the composite coating was initially
measured at 920 HV. However, the inclusion of TiO2 resulted in a reduction of this value to 577 HV.
Nevertheless, the presence of the thermal barrier enhanced the coating’s resistance to CMAS and
thermal shock by facilitating the transformation from t-ZrO, to m-ZrO,. Shen et al. (Shen et al., 2019)
investigated the impact of TiO, and samarium-added serum oxide (SDC) supplementation on the
characteristics of YSZ electrolytes. The hardness results are highly similar. Luo et al. (Luo et al.,
2019) investigated the microstructure and the impact of TiO2 concentration on the mechanical and
wear characteristics of YSZ ceramics produced using pressure-free sintering. It was discovered that
the YSZ ceramics seen a drop in micro-hardness and wear resistance as the TiO level rose. The
researchers discovered that the TiO- ratio that induced the highest level of sleepiness was 5%. Yuan
et al. (Yuan et al., 2021) utilised the APS approach to coating YSZ with Al.O3 and TiO; particles at
various concentrations. They next examined the impact of CMAS corrosion on the mechanical
characteristics. The addition of Al.Oz and TiO. composite coatings has resulted in an increase in the
CMAS resistance and hardness levels. According to the literature, adding TiO2 in amounts less than
5% does not consistently lead to the required enhancement in mechanical characteristics. On the other
hand, TBCs enhance the expected resistance to thermal shock and CMAS. The method of
manufacture and the porosity rate of the coating have a substantial impact on this condition. In our
previous study, the hardness of the nano YSZ coating created using the electrophoretic deposition
technique was measured to be 729 + 78.6 HV. However, when we introduced TiO2 in the nanoscale,
the hardness decreased to 714.2 £ 92.3 HV.
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Figure 6. a) Hardness values, b) Wear rate, ¢), d) Coefficient of friction of coatings and SS

Figure 6b shows the rates at which the coatings and substrate experience wear and tear when
subjected to a load of 4N. The distortion rates were derived from Archard's equation. A profilometer
was employed to ascertain the magnitude of the displacement's volume. Based on these findings, the
YAT sample exhibited the most significant wear, measuring around 50 x 10°mm?® N*m. The YSZ
coating exhibits a wear resistance of 11.6 x 10°mm?3 N*m, whereas alumina has a lower wear rate.
The reduction in the porosity rate had a notable impact when a denser microstructure was achieved.
Franco et al. discovered that as the porosity of the YSZ coating decreased, the resistance to wear rose
(Franco et al., 2024). The inclusion of alumina resulted in a notable 26% enhancement in the wear
resistance of YSZ, but the addition of TiO, had a considerable detrimental effect on its wear
resistance. The friction ratio and hardness values of the coatings exhibited a direct correlation with
the degree of wear. Coatings that exhibit a lower average friction rate also demonstrate a
correspondingly lower wear rate. Furthermore, the presence of the newly formed Al0.1Zr0.901.95
(Chen et al., 2018) phase has significantly enhanced the durability of the coating. Enhanced toughness
can also enhance the coating's resistance to wear. The friction coefficients are provided in Figures 6¢
and 6d, based on the number of cycles of the sub-material and the coatings. The friction coefficients
acquired from the wear test equipment during the abrasion test are provided in Figure 6c. It was
observed that the friction coefficient of the SS substrate material fluctuated under 4 N load and 60
mm s speed conditions. The coefficient of friction (COF) exhibited a fluctuating pattern and
gradually rose until the 2000™" cycle. However, after the 2000™ cycle, it reached a stable value of the
3500" cycle. The mean COF value was 0.89 + 0.075. The coefficient of friction (COF) of the
Al>0s3/TiO2 coating reduced as the YSZ percentage increased. In Mehar's study (Mehar and Sapate,
2024) similar results were obtained, with the YSZ coating exhibiting the lowest friction coefficient.
The probable reason for this variation is the exhaustion of metallic components, as seen by the visible
signs of erosion in Figure 7. Additionally, it is recognised that the SS substrate, which has an
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austenitic structure, undergoes a partial martensitic transformation when subjected to a load. This
transformation leads to an increase in its hardness (Ozcelik et al., 2024). In this instance, it results in
an increase in the COF value (Zandrahimi et al., 2007). Upon examination of the YSZ COF chart, it
was found that the average coefficient of friction was 0.53+0.09. Additionally, the curve showed a
steady progression towards the end, which occurred after about 2000" cycles. The average coefficient
of friction between the YSZ and Al203 values rose from 0.53+0.09 to 0.91+0.01. The coefficient of
friction increased due to the presence of hard alumina particles surrounding the ZrO particles, similar
to the findings of microhardness tests. The YAT sample exhibited an average friction coefficient of
0.68 + 0.13. The addition of an extra 3% TiO2 by weight resulted in a fall in hardness and a reduction
in wear resistance. Like other coatings, the graphic in the YAT sample started to become less raised
around the end of the 2000 cycle. However, in contrast to others, the rate of friction decreased.

Figure 7. AISI, YSZ, YA, YTA Microscopic image of the marks formed after the wear test; a) SS, b) YSZ coating, ¢)
YA, and d) YTA

Figure 7 shows optical microscopic images of the traces that were created following the wear
test. The ceramic coatings exhibit wear marks and profiles that are distributed across the surface,
whereas the metal substrate leaves behind a single mark. The size of the SS sample was 0.75+0.0075
mm, whereas the ceramic coatings had measurements of YSZ 0.86+0.46 mm, YA 1.072+0.13 mm,
and YTA 1.714+0.05 mm, respectively. Figure 8 depicts the microscopic structure of the coatings that
have undergone wear. The SEM images display accurate wear surfaces, instances of pull-out defects,
and wear debris. Additionally, it has been noted that ceramic coatings exhibit indications of wear that
result from several wear mechanisms. The SEM picture of SS is depicted in Figure 8 a,e. The AISI
304 surface underwent scratching, leading to the production of straight grooves and plastic
deformation. Despite the low surface hardness, ceramics exhibit superior wear resistance compared
to SS because of two primary factors. The first transformation is the conversion of the austenitic phase
into martensite under load, as previously mentioned in the hardness section. Furthermore, the SEM
photos clearly demonstrate that the folding of the metal leads to an enhanced surface flatness
following a certain circuit. Upon examining the coated surface, it was seen that the presence of rigid,
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abrasive particles or a higher level of hardness on the top surface compared to the lower layer could
result in abrasive phenomena. The presence of solid corrosive particles is a result of the
transformation of austenite and the creation of martensite residues during the wear test (Zandrahimi
et al., 2007). For both coatings, ductile wear, deformation wear and brittle deformation, and finally
ductile deformation wear mechanisms were observed for ceramic coatings. These wear types have
been reported for YSZ and YA (Franco et al., 2021, 2019). Figure 9a displays the outcomes of the
mapping EDS examination conducted on the surface of the SS sample. The EDS analysis revealed
the existence of oxygen.

Figure 8b, f displays evidence of erosion on the YSZ coating. Tribofilm formation may occur
in the trace of dislocation. This phenomenon arises when the worn coating powder is retained on the
surface due to the applied load. The SEM pictures revealed the presence of worn grooves. At the
conclusion of each circuit of the bullet, various types of creases are created. Figure 9b shows the EDS
examination of the YSZ worn surface, which revealed the presence of acceptable levels of take and
oxygen elements. Adhesive wear was identified as the specific type of wear in this case. Adhesive
wear is a type of wear that occurs when materials make contact and rub against each other. Due to
this friction, thea atoms on the surfaces of the materials interpenetrate, resulting in surface damage to
the material. The SEM image data for the YA sample is represented in Figure 8 ¢, g. The SEM images
acquired indicated the presence of microcracks. The cracks originated from fatigue caused by
repeated use. The presence of micrometer-sized imperfections, such as fractures in the mechanism
and splinters in the coatings, could potentially be the cause of the cracking. The EDS analysis results
of the YA sample reveal the presence of Al and O elements, as depicted in Figure 9c. Both the
deceiver and the flock possess the presence of Al and O. However, SEM images showed that the
coating was in the correct direction. This can be explained by abrasion in case of abrasion, that is, the
wear of surfaces without contact with hard diseases or other hard surfaces that can damage their
surface. SEM images of the YTA sample are given in Figure 8 d,h. In the EDS results of the YAT
sample in Figure 9d, it was understood that the black areas where corrosion was allowed were
alumina.
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4 Element|Atomic|Weight | Oxide |Stoich.
Symbol |Conc. |Conc. |Symbol |wt Conc. |

21.25] 44.60]Fe 64.06 f=
| so05a] 3038] [ |
| 58| 1067/cc | 1533
|c | 2041] 9.21]C | 1323
Ni 2.33] S5.13|Ni 7.38

Figure 9. EDS mapping results a) SS, b) YSZ coating, ¢) YA coating, and d) YAT of samples after wear tests

4. CONCLUSION

The investigation involved applying atmospheric plasma spray to an SS substrate in order to
coat it with composite TBCs. These coatings included YSZ, YA, and YAT. A pin-on-disc tribological
test was conducted to investigate the wear characteristics of the coatings. The acquired results are
summarized below:

-The inclusion of Al.Osin YSZ resulted in a 25% increase in microhardness. Nevertheless, the
additional TiO> resulted in a reduction in hardness.

-As the discharge rate increases, the wear rate of the samples decreases. The YAT sample has
the highest wear rate.

-The YSZ sample exhibited abrasive adhesive wear upon the introduction of Al,Os.

-By incorporating alumina and TiOz into YSZ, the porosity was reduced by roughly 65% and
70% respectively.
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