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ARTICLE INFO ABSTRACT

Handling editor: M Meyers This study investigated nanostructured Al;O3 and Al,03-TiO, composite coatings (e.g., 3, 13 and 40% TiOo,
mass fraction) deposited by the oxygen fuel (OF) spraying technique. The coatings exhibited varying hardness
values, ranging from 705 HVj 5 for AlpO3-40%T to 1317.9 HV, 5 for Al,O3. To compare the behaviours of the
coated specimens, the mechanical properties and effects of hardness ratio on the lubrication regimes were
studied using the Stribeck curve. The higher TiO, content contained in the Al,03-TiO5 coating system yielded
relatively inferior mechanical properties but lower porosity (ranged between from 18.3% A to 0%T to 1.64% A-
40%T) and initial and final hardness ratio (16.2% Al,O3 to 9.2% Al,03-40%TiO3). Microstructural and phase
analyses showed that this finding can be attributed to the special phase, Al;TiOs, and to the pre-existing
microcracks in the coating. Thus, Al;03-13%TiO, exhibited better characteristics for mechanical applications
and oil film stability as compared with pure Al;03 and 3% and 40% TiO» coatings. This study provides a
reference for the design of AlyO3-TiO, ceramics with good wear resistance and a minimal friction coefficient
under lubrication conditions. The strain hardening produced on the surfaces of the worn discs and the hardness
ratio determined the tribological properties of the friction pairs. In summary, this work analysed the friction and
wear properties of four ceramic coatings and their counterpart metallic discs under lubrication conditions using
Stribeck curve, to provide an experimental basis for screening optimal materials for the key friction and wear
pairs of industrial design and applications. The proposed methodology may assist in predicting variations in
lubrication regime parameters (Stribeck curve) by controlling the hardness ratio.
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1. Introduction

Alumina-titania (AlpO3-TiO2) composite coatings deposited by
thermal spraying techniques are known for their high toughness,
remarkable abrasive and sliding wear resistance, high melting point,
good chemical stability, low density, low thermal expansion, and low
thermal conductivity. These properties make Al,O3-TiO» composites
desirable materials for construction and coatings for high-performance
applications in which thermal barriers are required [1]. Al,O3-TiOy
coatings are excellent candidates for providing protection against
abrasive wear and are helpful in various tribological applications such as
(include, namely); coating for machinery, oil, textile, chemical in-
dustries, sleeve shafts, thermocouple jackets, pump shafts and in any
other solicitation where it is necessary to combine high resistance to
wear, low friction coefficient and high surface temperature. They are
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also resistant to high-temperature erosion (depending on the TiO5 con-
tent) with cryogenic compatibility, are widely applied in surface engi-
neering, and have high resistance [2]. When TiO is added to Al,Os, the
wear and adhesion strength both increase, and the toughness of the
coating improves without altering its hardness [3]. This improves
coating performance.

Industrial thermal spraying is a well-established method for
enhancing tribological performance and corrosion resistance, thereby
extending the lifespan of machine components [4-7]. Coatings depos-
ited using the thermal spray process are created through multiple passes
of successive spray droplet impacts in fully and/or partially molten
states, followed by their flattening, rapid cooling, and solidification.
Aly03-TiOy coatings are usually deposited using plasma spray (PS)
techniques. This is because a high working temperature is necessary to
melt the ceramic feedstock particles, whereas a lower proportion of melt
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particles or smaller particles are often found when the high-velocity
oxygen fuel (HVOF) process is used [8,9].

Oxygen fuel (OF) is a versatile coating process that can be used to
deposit a wide range of materials, including metals, ceramics, polymers,
and their composites. In this process, the feedstock powder is introduced
into a high-velocity and high-temperature OF flame generated by the
combustion of the process gas (CoHy, O, and compressed air). The
feedstock powder is deliberately completely melted or semi-melted
during flight and re-solidified as it impacts the substrate surface, form-
ing a sputter-like structure. The quality of a surface workpiece signifi-
cantly affects its service life, wear resistance, fatigue resistance,
atmospheric and high-temperature oxidation, and corrosion resistance.

OF has been applied to several essential products and components in
the steel manufacturing, semiconductor, automobile, defense, and
aerospace industries [10-12].

As a representative engineering ceramic material, Al;Os is afford-
able, readily available, and has high strength, wear resistance, insulation
properties (thermal and electrical), and chemical stability, which have
promoted its widespread use in numerous applications. The high
melting-point temperature of these coatings makes them more difficult
to cast, and poor machinability induced by brittleness hinders the pro-
cessing of materials. Through OF, a thick AloO3 coating of approximately
several hundred microns can be deposited at a high deposition rate and
relatively low substrate temperature and under normal atmospheric
conditions. Because of these industrial advantages, several studies have
focused on the deposition of AlpO3-based OF, PS, and HVOF coatings in
terms of their microstructures and properties. Other studies have
investigated thermally sprayed Al,O3-TiO systems [13-18]. One study
reported that the addition of TiO; to the Al,O3 coating could affect the
coating quality, particularly its mechanical and corrosion properties,
including its hardness and toughness [8]. Other studies have examined
the impact of the number of layers and sintering temperature on the
microstructure, wear resistance, and corrosion resistance of Al,O3-TiO2
multilayer coatings deposited on AISI 316L plates using the sol-gel dip
coating technique [19]. The results indicated that an increase in the TiO5
content deteriorates hardness but is beneficial for toughness.

Friction under lubricating conditions varies significantly depending
on the corresponding lubrication regimes. The Stribeck curve illustrates
the relationship between the coefficient of friction and the lubrication
parameter or Hersey number (viscosity x speed/load). This curve clas-
sifieds the lubrication regimes into boundary, mixed, and hydrodynamic
(fluid film) lubrication. In recent years, enhanced tribological perfor-
mance, mechanical, wear mechanism as well as tribochemistry of the
fabricated NiAl/Nb/Ag coatings have been reported, leading to a
growing interest in the study and analysis of this type of coatings [20,
21].

Due to the excellent hardness and toughness of Aly03-TiO5 ceramic
coatings, they are suitable for various tribological applications. Exten-
sive research has been conducted on the wear resistance of Al;03-TiO5
coatings. However, prior studies on Al;O3-TiOy coatings deposited
using thermal spray techniques do not sufficiently address the influence
of the hardness ratio of friction pairs on lubrication regimes, as repre-
sented by the Stribeck curve, both before and after the friction process.
Furthermore, these studies lack an analysis of how optimizing the
hardness ratio of friction pairs and friction conditions affect lubrication
regime changes during bulk metal forming, which involves a certain
degree of plastic deformation of the counterpart metallic disc.

This study investigated and quantified the tribological behaviours of
various ceramic coatings (i.e., nanostructured AlyOs-based and
Al03-TiO3 coatings) deposited using thermal spray techniques. These
coatings were tested in contact with a hardened and tempered steel disc
(F-5220) under different surface distress conditions and under varying
combinations of surface hardness and hardness ratios. In this study, the
surface hardnesses of the ceramic coatings remained constant following
the tribological tests. Therefore, any differences in the surface hardening
of the metallic counterpart steel disc caused by the ceramic coated pins
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could be attributed to the contact hardness ratio and coating micro-
structure. The second aim of this study was to assess experimentally the
tribological behaviour (friction, wear losses and lubrication regime),
work hardening of metallic discs, and friction coefficients of various
Al;0O3-based ceramic coatings with different TiO, contents. These as-
sessments were performed under varying sliding friction conditions
using pin-on-disc testing with a focus on comparing the performances of
the different Al,O3 ceramic coatings under lubricated sliding conditions.
The experimental data evidence for how the Stribeck curve changes if
one surface in the contact is changed in hardness due to the working
conditions. Test data were fitted with regression models. The fitted
equations allow a robust assessment of the effect of the strain hardening
on the counterpart disc and working conditions on the friction coeffi-
cient in components that operate in the lubrication conditions. There-
fore, these equations may help to select the adequate coating and
tribological performance for specific technological applications. A Stri-
beck curve was utilised to determine the effects of the hardness ratio on
the lubrication regimes. This study offers insights into the design of
Al;03 and Al,03-TiO5 ceramic coatings (or/and any other friction pairs)
with enhanced tribological performance, improved wear resistance,
reduced friction, and increased efficiency. The study also attempts to
optimise the hardness ratio for specific industrial tribological
applications.

2. Experimental procedure
2.1. Materials and feedstock powder

Stainless steel AISI 304 was selected as the substrate material
because of its excellent mechanical properties and resistance to high-
temperature oxidation. The test samples consisted of rods with di-
ameters of 8 mm and lengths of 18 mm. The chemical composition (in wt
%) of the base metal substrate was 17.5-19.5% Cr, 8-10% Ni, 2% Mn,
1% Si, 0.11% N, 0.07% C, 0.05% P, and 0.03% S, where the rest of the
composition was Fe. In this study, agglomerated nanostructured high-
purity a-AloO3-based (99.98%) ceramic coatings were deposited via
the OF method using raw materials with different TiO2 contents (0, 3,
13, and 40%). The feedstock for the OF process consisted of agglomer-
ates formed from nanoparticles, as nanopowders cannot be directly fed
into spray guns. The powder and coatings were designated as A-0%T
(Al203), A-3%T (Alx03-3% TiO3), A-13%T (Al;03-13% TiO2), and A-
40%T (Al;03-40"% TiOy), although the manufacturers of the used raw
materials were different. Specifically, Ni-Al (Rototec 51000, Castolin
Eutectic), operating as a bond coat, was applied to the substrate to
improve the adhesion of the Al,03-based topcoat (finishing layer) and to
sustain thermal residual stress by utilising cyclic thermal loading, which
improves the adhesion properties of the total coating system. Scanning
electron microscopy (SEM) micrographs of the powders exhibited a
near-spherical shape with an agglomerated surface. The particle size
distribution was under a grain size of 13-40 pm. Fig. 1 shows the four
distinct types of Spray-dried agglomerated nanostructured powders used
in these experiments, which were ceramic finishing layers referenced as
Nanox S2603S, S2613S, and S2640S with three different chemical
compositions and nanostructured Al,O3 with 3, 13, and 40% TiO5
feedstocks. The ceramic powders were purchased from Inframat
Advanced Materials (USA).

2.2. Thermal spray procedure

Flame spraying of the bounding layer and four ceramic coating fin-
ishing layers (Al30s3, 3, 13, and 40% TiO2) was performed using OF with
aneutral flame of oxyacetylene CDS-8000 produced by Castolin Eutectic
(Switzerland). The specimens were coated with Al,O3 and Aly03-TiO4
on one end of each AISI 304 pin. Table 1 lists the parameters of the
thermal deposition process. Prior to the coating process, the surfaces of
the specimens were cleaned by a grit-blasting gun using corundum
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Fig. 1. SEM micrographs of spray-dried agglomerated nanostructured feedstock powders of Al;O3 and Al,03-TiO2 composite coatings with 3%, 13%, and 40% TiO,

mass fractions: a) low magnification and b) magnified view.

Table 1
Thermal spray parameters.
Torch Sprayed Preheating Spray Spraying Compressed
velocity alloy stroke N° stroke distance air pressure
(m/s) N° (mm) (bar)
67.5 Rototec 1 1 150 1.5
67.5 51000 0 85 3
A-0%T
67.5 A-3%T 0 6 85 3
67.5 A-13%T 0 6 85 3
67.5 A-40%T 0 6 85 3

particles of 99.6% purity and 36-mesh grit size at a distance of 0.2 m.
The cleaning was conducted under an air pressure of 6 kg/cm? for nearly
1 min at an incident angle of approximately 45°. The purpose was to
remove any possible surface oxides and create a surface roughness
profile to ensure a strong bond between the deposited coating (bounding
layer) and the substrate base metal. Prior to the tests, the ceramic
coatings were ground and polished using a profilometer (Pethometer MI,
Mahr GmbH, Germany) to maintain the R, of the free surface below 2.0
+ 0.08 um. The average thickness of the coating after thermal spraying
was approximately 0.85 mm. The specimens were then ground and
polished to obtain a ceramic coating of approximately 0.75 mm. Five
measurements of the initial surface roughness (R,) of the hardened and
tempered disc F-5220 were conducted, and then the average and stan-
dard deviation were determined (1.79 + 0.081 pm). The average surface
roughness (R,) of the deposited ceramic coating was 2.0 + 0.08 pm. The
mean roughness depth, defined as the vertical distance between the
highest peak and deepest valley, was measured using a profilometer
(Pethometer MI, Mahr GmbH, Germany) and determined to be 28.3 +
2.4 pm.

2.3. Characterization of ceramic coatings

The microstructures of the alumina-based ceramics sprayed with OF
on AISI 304 were investigated. Cross sections of the samples were
mounted on resin and polished using conventional metallographic
methods. These cross sections were prepared by epoxy mounting,
grinding, and polishing with AlyO3 powder. The specimens were then
cleaned in an ultrasonic bath at room temperature with acetone for 15
min and with distilled water. The specimens were then dried under hot-
compressed air flow. The effects of TiO2 on coating porosity were
observed in the cross-sectional optical micrographs of the Al,O3-based
coatings with different TiO, content (0, 3, 13, and 40%) in the deposited
coating layers. The morphologies, compositions of the formed phases,
and microstructures of the sprayed cross sections of a hot-mounted
sample in epoxy resin were analysed by SEM (JOEL 7001F EDX-WDX
Oxford) and energy-dispersive spectroscopy (EDS). The SEM cross
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sections of the coatings were analysed using Image-Pro Plus software to
calculate the porosities of the different ceramic coatings.

The feedstock powders and deposited coatings were measured using
X-ray diffractometry (XRD, D5000D by Siemens, Germany) with
monochromatic Ni filtered Cu-Koa radiation at 20 mA and 35 kV to
identify the crystalline phases. The scanning speed and goniometer
range were 2°/min and 2°-70°, respectively. A SEM (IT-300, JEOL)
equipped with EDS was used to characterise the microstructures of the
coatings. The microhardness of the coatings was measured using an
HMV Shimadzu microhardness tester according to ISO 6507 under an
applied load of 200 gf (HV( 2). The final Vickers microhardness value of
the ceramic-deposited coatings was the mean of 10 random
indentations.

The tribological properties of the four distinct types of top-finish-coat
nanostructured Al,O3-TiOy ceramic coatings were investigated in a
rotating unidirectional configuration using a TE79/P pin-on-disc multi-
axis tribometer (Plint and Partners) under laboratory conditions. Ten
drops/min of mineral oil (CUT-MAX 7-26 with viscosity = 3.2 + 0.1 cSt
at 40 °C and density = 0.820 g/cm® at 15 °C) were introduced to the
contact area. Lower oil viscosity has been selected to highlight the effect
of the hardness ratio of friction pairs on tribological behaviour. The
other parameters used for testing were a relative sliding speed of 0.1 m/
s, wear track radius of 36 mm, and a normal applied load of 20 N.
Table 2 lists the wear-test parameters. The sliding speed was increased at
each 75 m test run, and the mass loss was determined over a total sliding
distance of 450 m. The wear loss (mg/s) of the ceramic pins was
determined gravimetrically using a microbalance, and ultrasonic
cleaning was performed on each of the pins. Three wear tests were
performed for each type of ceramic coating, and the results were
reproducible within 5%.

The pin-on-disk tests are preferably used to determine two-body
sliding wear in lubrication conditions (after Stribeck curve). The pin is
coated with the different ceramic material (A-0%T, A-3%T, A-13%T and
A-40%T) that is slid against the metallic disk. The wear rates were
calculated using the mean measurement value of steel disc in terms of
the volume of the material removed per unit load and sliding distance, in
unit of mm3>N~! m™!. At least 5 wear tests were performed for

Table 2
Tribological tests parameters of the different friction pairs.

Parameters Friction Stribeck curve & wear

Load (N) 20 20

Truck radius (mm) 35 35

Sliding velocity (m/s) 0.07 0.04, 0.07, 0.11, 0.14, 0.18 and 0.21
Sliding time (s) 1800 1980

Distance (m) 252 450

Temperature (°C) 20 20

Relative humidity (%) 52 52
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counterpart steel disc and their results were reproducible within 5 %.
The counterpart disc used for the pin-on-disc tribology test in this study
was made of hardened and tempered F-5220 steel (100 mm in diameter
and 5 mm in thickness), in accordance with A68a (01), with an average
microhardness of 930 HVqqgt. This choice aimed to emphasize the effect
of ceramic coatings with varying hardness on the work hardening of the
metallic disc while minimizing the potential for contrary effects.

3. Result and discussion
3.1. Microstructure study

Fig. 2 shows a cross-sectional SEM image at low magnification (x60)
of the four samples (A-0, 3, 13, and 40% TiO5), revealing the successful
selection of thermally sprayed processing parameters for multilayered
samples with distinct ceramic finish layers. The adherence between the
bonding layer and ceramic finish layer was observed to be highly
dependent on the TiO, content. This was because the melting point of
TiO3 (1843 °C) is less than that of Al;03 (2072 °C). Thus, the melting
degree of the feedstock was higher for higher TiO, content [22]. The
average thickness of the Ni-Al bond layer was approximately 176 + 14
pm, and the ceramic topcoat was approximately 879 + 110 pym. A
Ni-based bond coat was used to sustain the residual thermal stress and
ensure the adhesion properties of the coating system. A cross-sectional
overview of the Ni-based bonding layer shows highly homogeneous
bond interfaces with no visible voids and microstructural features like
splat boundaries, intersplat gaps, oxides, and porosities of metallic
coatings [19,23]. For Al;O3-based ceramic coatings deposited using the
OF technique, SEM observation showed no evidence of delamination.
However, porosity formation occurred in the ceramic layers, and the
coalescence of the pores led to cracking in the ceramic topcoats. Still, the
size and intensity of these porosities depended on the TiO, content.

The porosity percentage of the ceramic layer was measured in five
instances in various zones using image analysis. The average porosities
of the A-0%T, A-3%T, A-13%T, and A-40%T ceramic finish layers
fabricated by OF were 18.1%, 4.6%, 3.2%, and 1.64%, respectively. The
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Al,03 coatings exhibited higher porosity, and an increase in TiO, con-
tent significantly reduced the coating porosity. The higher porosity of
the Al,O3 coating finish layer could be attributed to the poor layering of
insufficiently melted particles during the build-up of the thermally
sprayed coating with the lower thermal energy of the OF technique (see
Fig. 2a). Similarly, the lower porosity of the Al,03-40% TiO; coating as
compared with those of A, A-3%T, and A-13%T was due to the lower
melting temperature, where its composition was close to that of the
eutectic point (see Fig. 2b-d).

Fig. 3 shows cross-sectional SEM images at higher magnification of
the microstructures of different nanostructured AlyOs-based finish
layers with varying TiOy content (0, 3, 13, and 40%). The fabricated
coatings showed a complex microstructure of partially melted particles,
pores, inter-splat gaps, inherent pores, and vertical cracks. These
microstructural features are common in ceramic coatings deposited via
OF (thermal spraying) [8]. Unmelted and partially melted particles can
remain inside the coating due to the powder injection trajectory,
deposition in inhomogeneous turbulent flows, particle dispersion during
thermal spraying, and particle size distribution of feed stock powder,
which, for prospective researchers, is challenging to control. Resolidi-
fied or unmelted particles that are trapped in the coating microstructure
are common sources of coating porosity, which severely affects the
coating properties. Notably, the volume shrinkage of liquid droplets (or
splats) caused by solidification and rapid cooling could generate pores,
inter-splat gaps (grain edge), and vertical cracks inside the coating [24].
The nanostructure pure A-0%T finish layer shown in Fig. 3a contained
only Al and O under different proportions and revealed an absence of
contamination during OF deposition. In the case of the nanostructured
A-3%T layer, as shown in Fig. 3b, the Ti content of zones D-F were 1.43,
19.39, and 1.53%, respectively. The figure shows that when the TiO»
content increased, the colour changed from dark grey to white. In the
case of the A-13%T finish layer with more homogenous distribution of Ti
in the microstructure, as shown in Fig. 3c, the Ti content of regions G-I
was 6.85, 6.86, and 6.63 wt%, respectively. In general, the lighter re-
gions contained a higher concentration of Ti. In addition, the lamellar
multilayer structure was produced by flame spraying in conjunction

Fig. 2. SEM low magnification micrographs of cross section displaying the thickness of ceramic coatings and porosity evaluation: a) A-0%T, b) A-3%T, c¢) A-13%T, d)

A-40%T.
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Fig. 3. High magnification cross-section SEM micrograph of nanostructured Al,O3-based with different TiO, content and EDX microanalysis.

with the impact, subsequent flattening, and successive stacking of splats,
consistent with the findings in a previous study [25]. The stacking of
melted particles enhanced diffusion at the grain boundaries and
increased with TiO3 concentration, thereby improving the homogeneity
of Ti atom distribution in the A-13%T coating microstructure. In addi-
tion, the molten particles may form a single bath during the spraying
process. This behavior occurs because the addition of TiOy lowers the
melting point of the composite powders, enhancing the spreading effect
of molten droplets. Consequently, this facilitates the movement of hot
gases within the deposited ceramic layer, promotes a more uniform ti-
tanium distribution, and reduces porosity content [8,40]. In the case of
the nanostructured A-40%T topcoat, as shown in Fig. 3d, the Ti contents
of regions J-L were 20.05, 29.29, and 21.80 wt%, respectively. In
addition, the nanostructured A-40%T coating exhibited a relatively
higher number of vertical cracks due to the crystallographic anisotropy
of the thermal expansion of the Al;TiOs phase. Previous studies have
reported the pseudobrookite structure of Al,TiOs with an orthorhombic
unit cell containing an AI*" or Ti** cation surrounded by six oxygen
ions, which forms a distorted oxygen octahedral. In our study, these
structures induced crystallographic anisotropy, where the thermal
expansion of the single crystal for crystallographic axes oy, ap, and o
were 11.8 x 107%/°C,19.4 x 107%/°C, and —2.6 x 107%/°C, respectively
[26]. In addition, the formation of the single crystal was promoted by
the fine size of A-40%T particles and characterised by a larger surface
area [27-29]. In the agglomerated powder, the total contact surface area
between AlyO3 and TiO was very high due to the small primary
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particles. In this case, Al,O3 and TiO, reacted as a unit and formed
Al,;TiOs. Due to the oxidation and decomposition into Al,TiOs, a sig-
nificant reduction in the intermediate phase Aly-xTi 1+ xOs was also
observed [30]. As the small-sized Al,O3 and TiO, feedstock melted
because of thermal spraying and resolidified during the cooling process,
the microcracks formed and thermal stress was generated. These were
inevitable with the drastic shrinkage difference in the various crystal-
lographic axes, which caused the abrupt change in surface geometry
[23]. The growth of Al,TiOs by solid-solid reaction was due to the
interdiffusion between Al;03 and TiO, during cooling after the deposi-
tion process. These cracks appeared after the formation of Al;TiOs,
which was brittle to the point that cracking occurred in the diffusion
interface.

3.2. XRD analysis

XRD analytical results of the as-delivered feedstock powder and as-
sprayed coatings are shown in Fig. 4. The phase of the OF coating was
distinct from that of the as-delivered feedstock nanostructured powder.
During deposition of the nanostructured feedstock, melting and rapid
solidification visibly transformed the phases of the material. Phase
composition of pure alumina (A-0%T) feedstock consisted of only stable
a-AlpO3, whereas the. Coatings after deposition were primarily
composed of y-Al;03 and the small remaining amounts of a-Al;O3 (see
Fig. 4a). As reported in previous research, a-AlO3 manifests as a stable
Hexagonal Close-Packed (HCP) structure. However, y-Al;O3 forms
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metastable cubic structures [17,31,32]. As the cooling rate of the Al,O3
splat was reasonably expeditious, it could not be transformed into
a-Al0s3. Instead, metastable phases (y) readily formed. The A-3%T and
A-13%T coatings, as shown in Fig. 4b and c, respectively, presented
typical spectra of a-Al,O3, y-Al,O3, and TiO, as powder in the
after-spraying process (as-sprayed), and no phase modification was
observed. In addition, the A-40%T coating exhibited a different phase
composition than that of the feedstock powder, Fig. 4d. Following the
thermal spraying process, the dominating phase was metastable tialite
Al,;TiOs with a pseudobrookite structure, which is clearly related to the
Al;03-TiO; phase diagram [33,34]. Tialite is formed from the reaction
of Al;03 and TiO3 in hot OF plums. In this case, AloO3 and TiO; react to
form Al,;TiOs, and the smaller alumina and TiO5 particle sizes enhance
the advanced reaction processes to form this phase [35]. In addition, the
XRD pattern of this coating indicates the formation of Al,Tiz with a
trigonal bipyramid geometry (equatorial flatness) that includes three
titanium atoms. Here, the atoms of aluminium are located at the vertices
[36]. According to previous studies, TiO; exists in many polymorphs, of
which rutile is the most thermodynamically stable. Bulk anatase TiO3 is
usually a metastable phase at room temperature (present in the initial
powder of A-40%T). Accordingly, the phase transformation of bulk
rutile TiO, to anatase TiOy occurs during the thermal spraying and
cooling processes. However, the stability of TiO, polymorphs is depen-
dent on the particle size and doping levels. Al;03-TiO5 has a high ten-
dency to form different phases and undergo crystallographic structure
changes depending on the material spray conditions, deposition tech-
nique, cooling process, proportion of each component, thermally
sprayed parameters, and characteristics of the bounding layer [29].

3.3. Microhardness evaluation

Fig. 5a shows the microhardness of the Al;O3-based coatings under
varying TiO, contents, and Fig. 5b shows a histogram of the average
microhardness values and standard deviation of the ceramic topcoats.
The Vickers microhardness along the cross section of the deposited
coatings from the substrate base metal to the ceramic topcoat was
measured for 10 instances. The average hardness values of A-0%T, A-3%
T, A-13%T, and A-40% TiO, were 1317.9 + 76.5, 1135.6 + 51.4, 1021
+ 37.5, and 705 + 96.4 HV, 5, respectively. The comparable hardness
values of A-%T, A-3%T, and A-13%T could be attributed to the identical
same phase structure (a-AlyO3 matrix) of these coatings. The presence of
unmelted particles in the coatings and the higher amount of a-Al;O3
than that of y-Al;O3 helped to increase the microhardness [37,38].
Moreover, their hardness ranges were consistent with those reported in
previous studies on Al;O3-based coatings [8,39]. The full melting of the
powder is believed to help in the formulation of homogeneous distri-
bution of Ti and O and to increase their toughness. The hardness of the
A-40%T topcoat diminished significantly. This decrease in microhard-
ness could be attributed to the formation of the Al;TiOs phase (700
HVi00), which contained numerous microcracks and poor plate
adhesion.

3.4. Friction coefficient and energy dissipation

The friction coefficient curves for the examined A-0%T, A-3, A-13,
and 40% TiO5 coatings under lubrication conditions were recorded
during the friction tests at a normal load of 20 N and sliding speed of
0.07 m/s and are plotted as a function of time in Fig. 6. The friction
coefficient was found to change with increasing TiO2 content. Specif-
ically, the initial friction coefficient increased rapidly but with unsteady
oscillation, mainly because the movement of the friction pair was hin-
dered by many microprotrusions on the contact area, leading to vibra-
tion and irregular noise. This caused an increase in the true contact area
with a reduction in the initial surface roughness of the friction pairs. The
variations in the curves then became approximately constant, and the
friction coefficient values stabilised (to the steady state).
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Fig. 5. a). Variation of microhardness in ceramics coating with different proportion of TiO, content and b) histogram of the average microhardness values and
standard deviation of ceramic topcoats.
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Fig. 6. Friction coefficient as a function of sliding time for nanostructures A-0%T, A.3%T, A-13%T and A-40%T, histogram of the average friction coefficient values
and the standard deviations for different friction pairs.
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The specimens behaved differently depending on the percentage of
titania under the investigated conditions. In fact, the A-0%T, A-3%T,
and A-40%T coatings recorded maximum friction coefficient values of
approximately 0.184 + 0.007, 0.171 + 0.011, and 0.172 + 0.004,
respectively, whereas the coating reinforced with 13 wt% TiOy
demonstrated a lower friction coefficient value of approximately 0.128
+ 0.007 as compared with other compositions (0, 3 and 40%).

The higher friction coefficients of the A-0%T and A-3%T coatings can
be attributed to their higher hardness values (1317.9 HV and 1135.6 HV,
respectively), with hardness ratios of HVp/HVg; = 1.42 and 1.22, as
compared to the disc’s hardness (930 HV). Thus, high frictional resis-
tance was expected. whereas the high friction coefficient of A-40%T
with a lower hardness (705 HV) and hardness ratio of 0.76 could be
linked to the high cracks and weak cohesion between splats due to the
formation of the Al,TiOs brittle phase. Fig. 7 shows that the excessive
fracture and detachment of loosely bonded particles were dominant
during the friction process (removal of the coating splats) and may have
contributed to the enlargement of the real contact area, hindering the
sliding movement of the mating pair. The reduced stability of the
lubrication layer was probably due to a lower lubricant supply, which in
turn increased the friction by the mechanism of third-body particles at
the friction pair interface. Our results indicate that the A-13%T samples
achieved a low coefficient of friction (~0.128), with a hardness of 1021
HV and a hardness ratio of 1.1. which was lower than those of the pure
A-0%T, A-3%T, and A-40%T samples.

This low-friction behaviour could be related to the microstructure.
Microstructural analysis as conducted in previous studies showed that
the A-13%T coating with a hardness ratio of 1.1 has a relatively uniform
(homogenous) distribution of TiO in the Al;03 matrix, a dense micro-
structure with splats that strongly bond to each other, and a higher
coating toughness [8,40]. In our study, this may have helped to reduce
the tangential or frictional forces, thus leading to a lower friction coef-
ficient. In addition, the relatively high hardness and strong cohesion
between the splats of this coating may have affected its deformability,
resulting in a reduced ability of the counterpart disc material to adhere
to the coating.

Table 3 shows that the energy dissipation (tribocontact friction loss)
should exhibits an inversely proportional relationship with TiO5 content
for the A-0%T, A-3%T, and A-40%T coatings. According to Chen et al.
[41], energy dissipation during the friction test can be evaluated as
follows:

E:Fnov/ydt @

Fig. 7. The surface damage during friction process of A-40%T coating.
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Table 3
Polynomial model constants and value of frictional energy losses.
Sample a b c Energy (J)
A —0,0007 0,0226 0,0179 3035.42
A-3%T —0,0009 0,0248 0,0178 2939.33
A-13%T —0,0005 0,0153 0,0115 1972.32
A-40%T —0,0007 0,0223 0,0118 2851.97
Fo=peF, 2)
F= / wf (Fn 3
E:/ﬂf(Fn)d_Fnov/dt (€)]
U f(Fy)= —aF? +bF, + ¢ 5)
B P
E:<7a§"+b5”+an>ovot 6)

where Fj, is the applied friction load (20 N), v is the linear velocity (0.07
m/s), and i is the average kinetic friction coefficient during a travel time
of 7200 s. The energy consumed by the A-0%T, A-3%T, A-13%T, and A-
40%T coatings were 3035.42 J, 2939.33 J, 1972.32 J, and 2851.97 J,
respectively. With the A-13%T coating, the energy consumed was
reduced to approximately 1972.32 J.

The average values of the friction coefficient evolution as a function
of the applied loads for Al,O3 under different percentage of TiO, are
displayed in Fig. 8. The friction coefficients of all the ceramic coatings
increased abruptly at the beginning of the sliding test. This may have
been due to the topography of the initial surface roughness or the fresh
surface, which influenced the contact intensity of the friction pairs. The
variations in the curves then became relatively stable when the applied
load exceeded 9 N. This occurred because when the applied load was
increased, a higher number of asperities on the surface of the friction
pair experienced contact and/or were embedded (depending on the
hardness ratio). Therefore, the time required for the friction coefficient
to achieve a stable state decreased, and the running-in period increased.
However, a clear polynomial of degree 2 trend was observed in the
relationship between the coefficient of friction and normal applied load.
In the A-0%T, A-3%T, and A-40%T coatings, the average coefficient of
friction depended on the load and differed for individual sliding couples
only within a narrow range of values. The results confirmed that the
coefficient of friction remained constant under an increasing load.
Higher friction coefficient values for the A-0%T and A-3%T coatings
were probably due to reduced lubricant supply, which was the result of
the boundary layer film being adsorbed onto the contact surface to a
certain degree. For the A-40%T sliding couple, the higher friction co-
efficient could be attributed to the large number of ceramic particles
trapped in the contact area, which absorbed the lubricating oil and
hindered the formation of a continuous lubrication layer between
sliding contact surfaces. In addition, the friction and load action caused
abrasive wear of the softer parts of friction paris. Notably, for all the
contact loads, the friction coefficient of A-13%T was significantly
reduced as compared with those of the other samples. This may have
been due to the enhanced stability of the boundary-layer formation over
the surfaces of the friction pair, which significantly affected the reduc-
tion in asperity contact. In addition, the pre-existing porosity and
microcracks that were well distributed on the coating surface may
improve the management of the friction coefficient of this type of
coating in lubrication condition [42].

Fig. 9 illustrates the effects of the initial hardness ratio (HV,/HVg) on
the friction coefficient under different applied loads and its obvious
dependence on the type of coating (A-0%T, A-3%T, A-13%T, and A-40%
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Fig. 8. Variation of coefficient of friction as a function of normal load for the different nanostructured coatings, A-0%T, A-3%T, A-13%T and A-40%T.
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Fig. 9. Dependence of the friction coefficient on the hardness ratio under varying applied loads.

T) based on the different hardness ratios of 1.42, 1.22, 1.1, and 0.76,
respectively. However, no correlation was observed between the coef-
ficient of friction and the hardness ratio. As observed, when the applied
load increased from 6 to 15 N, the friction coefficient increased from
0.120 + 0.011 to 0.180 =+ 0.2 (50%) for Al-0%T and to 0.123 + 0.007
for A-3%T (49.98%), and from 0.120 + 0.20 to 0.172 + 0.004 for A-40%
T (40.88%). In addition, with the increase in the applied load to 20 N, a
slight variation was observed in the friction coefficient of 0.0917 +
0.007 to 0.128 + 0.007 (27.38%). No drastic changes were observed in
the friction coefficient for the thermally sprayed A-13%T with an in-
crease in the normal load. This enhancement could be attributed to the
stability of the lubricant layer in its ability to withstand the load on
moving surfaces (boundary layer), reduce friction between rubbing or
sliding surfaces, and improve the load-carrying capacity of the thermally
sprayed A-13%T coating under a hardness ratio of 1.1, thus revealing an
exponential augmentation in its performance and stability at applied
loads. Alternatively, boundary lubrication may be characterised as a
regime in which the load is borne by the surface roughness rather than
by the lubricant itself [43].

3.5. Stribeck curve study

3.5.1. Analysis of lubrication regimes

The Stribeck curve is used to analyse the friction behaviour as a
function of oil viscosity (), speed (v), and applied load (P,) (Hersey
number) [19,44,45]. To determine the effects of TiO5 on the tribological
properties of Al,O3-based materials, exploring the lubrication regimes of
nanoscale AloO3 and Al,O3 samples with different TiOy contents is
crucial. The variations in the friction coefficient () and lubrication
regime as functions of different sliding speeds are plotted in Fig. 10. The
figure shows that the lubrication regime changes as the sliding speed
increases under a constant load. To clarify the effects of TiO, content on
the transition between lubrication regimes, the average friction coeffi-
cient was determined by calculating the average value of all instanta-
neous friction coefficients when the friction was relatively stable.

For Al,O3-based coatings with different TiO, contents (0, 3, 13, and
40%), the coefficient of friction decreased from 0.21 to 0.186 for pure A-
0%T, from 0.2 to 0.182 for A-3%T, and from 0.194 to 0.161 for A-40%T
as the sliding speed increased from 0.03 to 0.21 m/s (see Fig. 10). This
could be explained by the lubricant’s ability to slightly reduce friction,
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Fig. 10. The Stribeck curve at constant load and different sliding velocities for the friction pair F-5220 hardened steel and Al,O3-based coatings.

which slowed the flow of lubricant oil at microscopic levels. The A-13%
T coating exhibited the lowest friction coefficient (0.146-0.106) over
the same range of sliding speeds. This could be attributed to the coating
microstructure and optimal hardness ratio between the ceramic pin and
steel disc, which aid in generating a thin adsorbed lubricant film on the
frictional surface, thereby reducing the friction coefficient during con-
tact. In addition, the Hersey number remained constant for all deposited
coatings, varying from 2.41 x 107° to 1.45 x 1078,

3.5.2. Hardness evolution

The evolution of the Vickers microhardness indentation of the
hardened and tempered steel disc counterpart (F-5220) was investigated
after 450 m of lubricated sliding distance, where the sliding speed (0.04,
0.07, 0.11, 0.14, 0.18 and 0.21 m/s) was increased by 0.036 m/s after
each 75-m interval by means of work hardening (i.e., strain hardening).
A minimum of eight microhardness measurements were conducted in
different zones of the steel disc wear track for each friction pair, and the
average values were considered in this study. The experimental data
indicate that the area within the wear track of the counterpart disc
experienced an increase in hardness compared with the unworn surface
of the disc (initial hardness) following the running-in period, which was
consistent with previous studies [46,47]. Strain hardening evidently
occurred during the friction process for the counterpart steel disc with
different ceramic coatings. The results are listed in Table 4. The hardness
gain of the counterpart steel disc decreased with the TiO; content of the
Aly03-based pin coatings, where the contact friction pair of the A-0%T
coating versus steel disc showed an approximately 18% hardness gain,
with A-3%T at 11%, A-13%T at 3%, and A-40%T at approximately 7%.
This suggests that the observed gains in hardness were more pronounced
in the friction pair with the A-0%T coating, which exhibited a higher
surface hardness against the steel disc as compared with the hardness

Table 4

measured with the A-3%T, A-13%T, and A-40%T coatings. The increase
in microhardness in the wear tracks further supported the occurrence of
extensive plastic deformation, and the higher microhardness values
corresponded to higher hardness ratios.

3.5.3. Relationship between initial and final hardness ratios

A key feature of our study is the use of the final hardness ratio of each
friction pair to evaluate the tribological behaviour of the system. The
final hardness ratio serves as a more accurate indicator of friction and
wear effects and the useable life of components in practical applications.
Previous studies have incorporated an initial hardness ratio into the
Hersey number [38]. To enhance our understanding of the tribological
behaviour of different friction pairs, assessing the relationship between
the strain hardening induced by plastic deformation after friction tests
and its effects on the hardness ratio of the friction pair and the lubri-
cation regime is critical. This knowledge enables us to estimate lubri-
cation regimes under specific working conditions for a given type of
lubricant and specific materials in contact.

To account for the effects of the initial and final hardness ratios (Hp/
Hjy) on the Stribeck curve parameters, we first determined the evolution
of the final microhardness over the wear track surface of the counterpart
metallic disc following sliding friction tests of each friction pair. These
pairs included ceramic pin coatings with varying TiO; contents (0, 3, 13,
and 40%) after a sliding distance of 450 m. The results indicate a linear
relationship between the initial and final hardness ratios before and
after the friction tests, as shown in Fig. 11. A good correlation between
the two variables was observed.

Directly measuring the final hardness ratio in industrial applications
or in the design of kinematic pairs is difficult. Therefore, establishing a
mathematical relationship between the initial and final hardness ratios
of friction pairs (under 20 N and at speeds of 0.04, 0.07,0.11, 0.14, 0.18

Parameters of Stribeck curve for each hardness ratio H,/Hq after 450 m tests distance.

Sample Hmax Kmin Pmin Kmax Rar (pm) Hp/Hae mg/s Hardness A ceramic pin/disc
A-0%T 0,209542 1,987 0,186042 1,14E-08 3.5 1.27 2.27.1072 388

A-3% T 0,200083 2,2E7%° 0,181792 1,32E-08 2.5 1.1 2.57.1073 206

A-13% T 0,146292 2,44E°%° 0,106 1,46E-08 2.2 0.99 2.02.1072 91

A-40% T 0,193583 3,5E% 0,161333 2,1E-08 2.35 0.69 3.98.1072 —225
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Fig. 11. Relationship between initial and final hardness ratio of friction pairs with different pairing materials; A, A-3%T, A-13%T and A-40%T ceramic coatings

against hardened and tempered steel disc.

and 0.21) during the engineering material selection and design process
would be useful. The relationship between the initial and final hardness
ratios can be expressed as:

H,

H,
P_C,eLyC
Hyf I.Hdi+ 2

7
In this linear relationship, C; simply amplifies or reduces the value ob-
tained for HVp/HVy; (initial hardness ratio), and C; is a constant. This
work presents the equation derived from the experimental data as
follows:

HP

8
Hy (8)

=0.883 ¢ B +0.0205
Ha

This study proposes incorporating the relationship between the

initial and final hardness ratios into the Schipper’s lubricant number,

replacing the initial surface roughness. By integrating this fitted Equa-

tion (8) into the expression for the lubrication parameters (Hersey

number, Z), we derived the following expression:

- A-0%T ——A-3%T

_ nv
Pa~0.883-% +0.0205

)

A very strong correlation was observed between the final (Hp/Hap)
and initial (H,/Hg;) hardness ratios. To further refine our analysis, we
propose an alternative method for assessing the Stribeck curve param-
eters by examining the relationship between the hardness ratios of
various ceramic coatings and the final hardness ratio (H,/Hqp).

As Fig. 12 shows, the correlation coefficients (R?) indicate the valid
dependence on the final hardness ratio. The generic model is linear and
expressed as:

ﬂ-f(%’)zm-

Moreover, the two terms that comprise the linear correlation model
are the dependent term (m), which represents the slope, and the

nv
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Fig. 12. The effect of new lubrication number (K) on friction coefficient for the A, A-3%T, A-13%T and A-40%T coatings sliding against hardened and tempered F-

5220 steel disc friction pairs with different hardness ratio.
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independent term (li,), which signifies the maximum friction coefficient
(boundary lubrication) when the lubrication number K equals O, thereby
intercepting the y axis. This linear relationship clearly illustrates a
qualitative increase in the coefficient of friction as a function of the final
hardness ratio. By contrast, the friction pair consisting of A-13%T
ceramic coating and F-5220 disc shows a steeper decline toward the x
axis because of its high slope (m) of 3, resulting in a friction increase of
approximately 33% as compared with the other friction pairs of A-0%T,
A-3%T, and A-40%T.

The Stribeck curve represents the effects of incorporating the final
hardness ratio (after a distance of 450 m) in the Hersey number for
ceramic coatings. Fig. 12 shows the Stribeck curves for the ceramic
coatings with different TiO, contents and contacts with hardened and
tempered discs when utilising the new lubrication number.

The Stribeck-like curves all exhibited a linear plot tendency.
Consequently, mixed lubrication regimes can be easily distinguished for
each ceramic friction pair coating but with different slopes and lubri-
cation numbers (see Table 4). Notably, an increase in the negative slope
of the linear regression equation from (—2 E+6) for the A-0%T, A-3%T,
and A-40%T coatings to (—3 E+6) significantly enhanced the lubrication
conditions of the A-13% TiO; coating, resulting in reduced wear losses
(mg/s). Therefore, to better control friction and wear, this criterion
enables the prediction of the lubrication conditions of each friction pair,
which depend on both the TiO; content and hardness ratio.

3.5.4. Wear behaviour

The results of the sliding wear tests on the sprayed coatings are
summarised in Table 4. After each test, the wear rate (mg/s) was
determined for different ceramic specimens. Mass losses were measured
under an applied load of 20 N at different sliding speeds for the A-0%T,
A-3%T, A-13%T, and A-40%Ti coatings. The results showed that the
lowest wear occurred at an optimal hardness ratio (HVpin/HVgisc) of
approximately 1.1 under the different test conditions. The A-40%T
samples, which had lower initial (0.76) and final (0.69) hardness ratios,
demonstrated higher material loss, as reflected by their higher wear
rates (mg/s). The higher material loss in these samples could be attrib-
uted to their fine microstructure, reduced splat adherence, and inter-
splat crack patterns that developed from successive domain division due
to sequential cracking during splat cooling [18,48,49]. These cracks
tended to propagate through the splats, easily reaching the boundary
between the ceramic coating and bond layer, thereby exacerbating
material damage by complete spalling. The results underscore the
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significance of hardness ratio in evaluating a material’s wear resistance.
The identified wear mechanisms include abrasive wear, the formation of
debris particles in the contact area, load, abrasive particle size, the
mechanical properties of ceramic coatings, and as-sprayed defects. In
addition, when correlating the wear results with the XRD phase analysis
conducted in Ref. [50], we found that coatings rich in the a-Aly03 phase,
such as (like) A-0%T, A-3%T, and A-13%T, exhibited lower wear.
Among these, the A-13%T coatings displayed the best overall tribolog-
ical performance, characterised by a denser structure, an optimal
hardness ratio (1.1), and better performance.

To better understand the differences in the tribological behaviour of
the nanostructured coatings (A-0%T, A-3%T, A-13%T, and A-40%T), we
examined the evolution of surface roughness on the wear track surfaces
of the counterpart metallic disc after 450 m (see Table 4). Fig. 13 shows
the highest surface roughness value of the counterpart metallic disc,
recorded at 3.5 + 0.11 pm, occurred under lubrication conditions
against the A-0%T ceramic coating. By contrast, the surface roughness
values of the A-3%T and A-40%T coatings were 2.5 + 0.1 and 2.35 +
0.04 pm, respectively. The lowest surface roughness of the metallic disc,
at 2.2 + 0.06 pm, was observed after it was rubbed against the A-13%T
coating. The final surface roughness of the metallic disc increased by
93.6% after it was rubbed against the pure alumina coating (A-0%T). For
the A-3%T and A-40%T coatings, the increases were 40.6% and 30.7%,
respectively, whereas for the A-13%T coating, the increase was 21.1%.
The variations in hardness ratios significantly affected the final topog-
raphy and surface profile roughness (R;) of the metallic disc. As the
figure shows, the relationship between the wear track roughness of the
metallic disc and the final hardness ratio was not linear. The results
indicated that the A-3%T and A-40%T coatings exhibited higher wear
than that of the A-0%T coating under the same experimental conditions.
The wear behaviour of these ceramic coatings was influenced by the
hardness ratio, microstructure, and defects including porosity, micro-
cracks, and inter-splat boundaries. Notably, the A-13%T coating
demonstrated significant differences in wear and coefficient of friction,
benefiting from an optimal final hardness ratio of 0.99. This optimal
ratio effectively inhibited crack initiation and propagation under stress
during the friction and wear processes, resulting in an optimal increase
in friction and wear for this coating.

Optical microscopy images of the wear track on the hardened and
tempered F-5220 disc, after rubbing against the A-0%T pin, indicated an
increase in surface roughness and wear rate (5.79E-03 + 1.00E-03 mm?®/
N.m). This was evidenced by a extensive number of wear scars and
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Fig. 13. Evolution of disc final roughness as a function of final hardness ratio H,/Hgs.
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N
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Fig. 14. Optical images of surface topography of steel counterpart disc in contact with ceramic coating pins; A-0%T, A-3%T, A-13%T and A-40%T (200X).

microgrooves and by plastic flow of the steel disc in a direction
perpendicular to the sliding motion, as shown in Fig. 14a. The micro-
grooves were aligned parallel to the sliding direction. Plastic shearing of
asperities was observed as extruded fins at the edges of the grooves
formed during the rubbing process. These fins can detach to form sec-
ondary chips when cracks coalesce. In addition, the worn surface
revealed step-sided grooves that corresponded in size to the abrasive
particles and hard asperities that closely resembled cutting by a series of
contact asperities. For the friction pairs contacting asperities A-3%T and
A-40%T against a hardened and tempered disc, as shown in Fig. 14b and
d, respectively, the wear rate (3.1 E-03 + 9.9 E—04 and 2.11E-03 £ 3.9
E—04 mm>/Nm, respectively) and the wear surface of the disc showed
less damage and reduced plastic flow as compared with pure Al,O3

under identical sliding conditions. The friction pair containing A-13%T
against the steel disc revealed that the wear rate (1.29 E-03 + 5.77
E—04 mm3/Nm) and the wear surface damage on the steel disc was
relatively smoother, with less plastic flow and thus lower surface
roughness, as shown in Fig. 14c. However, the relatively large variation
in the experimental values of the surface roughness was attributed to a
proportional increase in surface roughness with abrasive particle size
until reaching the critical particle size. It was also determined by factors
such as microstructure, lubrication condition, and the hardness ratio of
each friction pair. Initially, we believed that abrasive wear was caused
by grit and/or hard asperities that closely resembled cutting by a series
of contacting asperities under lubrication conditions. In addition, the
reduction in the debris size resulted in a lower surface roughness of the

® A-0%T BA-3%T ®A-13%T A A-40%T

_ 9.00E-03 7
= ]
Z ]
E 4
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Final hardness ratio (H,/Hy)

Fig. 15. Wear rate vs. final hardness ratio for the counterpart hardened and tempered steel F-5220 in lubrication conditions.
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counterpart disc. The higher scratching (surface roughness) observed in
the friction pairs with a higher hardness ratio of the nanostructured A-
0%T and A-3%T coatings against the steel disc could be attributed to
limited movement of debris particles derived from the higher protrusion
of abrasives into the surface. This led to deeper penetration and a higher
contact area that removed material from the steel disc surface via
ploughing and microcutting [51,52]. A previous study demonstrated
that the effects of debris on the tribological behaviour depend on vari-
ations in the size and distribution of wear debris [53]. Fig. 15 showed
the evolution of disc wear rate influenced by the final hardness ratio. A
optimal final hardness ratio (0.99) results in a lower friction coefficient
and contributes to an decreased wear rate in lubricated conditions.

3.5.5. Evolution of the surface roughness of the counterpart steel disc

The surface roughness of the counterpart steel disc was analysed
both inside and outside the wear track. The initial surface roughness was
measured as 1.79 + 0.081. Table 5 illustrates how the surface roughness
changed after sliding 450 m against the four ceramic coatings (A-0%T,
A-3%T, A-13%T, and A-40%T). In general, an increasing trend in surface
roughness of the counterpart steel disc was observed, correlating with
the hardness ratio between the four ceramic coatings and the steel disc
(with a negative ratio indicating that the steel disc was harder). For the
A-0%T and A-3%T coatings, significant changes in surface roughness of
approximately 93% and 40%, respectively, were observed for positive
hardness differences of 388 and 206, and final hardness ratios of 1.27
and 1.1, respectively. In these cases, the roughness of the counterpart
disc increased to 3.5 + 0.11 and 2.5 + 0.1, respectively. By contrast, the
lowest roughness value (21%) was observed with the A-13%T coating,
which had a positive hardness difference of 91 and a final hardness ratio
of 0.99. Here, the surface roughness of the counterpart disc increased to
2.2 £ 0.06 during the friction test. Although the hardness difference
between the ceramic coating and counterpart disc was negative for the
A-40%T sample, a significant change (approximately 30.7%) was
detected, with a negative hardness difference of approximately —225
and a final hardness ratio of approximately 0.69, where the disc surface
roughness increased to 2.35 &+ 0.04. No clear trends or effects were
observed on the surface roughness of the disc when various ceramic
coatings were used for the pins. This lack of consistent results may relate
to the A-40%T topcoat, which has a microstructure that is likely influ-
enced by a brittle Al,TiOs compound phase formed during thermal
spraying and cooling. This phase affects crack development and, in turn,
the mechanical properties of the coating. In addition, work hardening
occurs due to plastic deformation, and evidence of work hardening can
be observed by the increase in disc wear track hardness [54].

Table 5 summarises the results obtained from the friction tests and
highlights the effects of the hardness ratio on the roughness and strain
hardening of the steel disc investigated in this study.

4. Conclusion

The following conclusions were drawn from this study.

The deposited coatings exhibited typical OF-sprayed characteristics,
including cracks, pores, and voids, with TiOy content affecting
powder melting. Higher TiO5 improved porosity but decreased
microhardness and negatively impacted mechanical and tribological
properties. The A-13%T coating, with its uniform Ti distribution and
low porosity, showed excellent friction and wear performance under
lubrication, while the A-40%T coating, despite its low porosity,
suffered from microcracking, grooving, and particle detachment
during testing.

The surface roughness of the ceramic samples reflected the effects of
(OF) spraying, with R, values of the steel disc counterpart increasing
by 1.96, 1.4, 1.23, and 1.3 times when tested against A-0%T, A-3%T,
A-13%T, and A-40%T coatings, respectively. Wear marks were
deepest for A-0%T, A-3%T, and A-40%T coatings, while A-13%T
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Table 5
Surface hardness and surface roughness of the hardened and tempered F-5220
steel disc used in this study, measured before and after the tribology tests.

Sample Disc final AR, Initial Final A disc
Ra hardening
(pm) (%) hardness hardness (%)
ratio ratio
A-0%T 3.5+0.11 93.6 1.42 1.27 18
A-3%T 25+0.1 40.5 1.22 1.1 11
A-13% 22+006 21 1.1 0.99 3
T
A-40% 235+ 30.7 0.76 0.69 7
T 0.04

produced shallower marks due to reduced abrasive wear. Detached
fragments from the coatings acted as abrasive particles, impacting
the steel disc surface. The wear track hardness significantly influ-
enced lubrication conditions and Hersey numbers in the friction
pairs.

No significant differences in friction coefficients were observed for
the A-0%T, A-3%T, and A-40%T coatings, indicating that neither
chemical composition nor porosity substantially influenced the
friction mechanism. The A-13%T coating demonstrated the best
tribological performance due to its optimal hardness and «-Al,O3
matrix reinforced with y-Al,O3 particles.

The tribological properties of the coatings correlated with the
hardness ratios of the friction pairs. The A-40%T coating suffered
progressive damage and lubrication failure due to wear debris. A-0%
T and A-3%T coatings, with hardness ratios of 1.27 and 1.22, showed
higher friction coefficients and wear losses, leading to poor lubri-
cation. In contrast, the A-13%T coating, with an optimal final
hardness ratio of 0.99, achieved superior lubrication conditions and
wear resistance, enabling the prediction of the K value for the onset
of hydrodynamic lubrication based on pressure, sliding speed, and
coating microstructure.

A systematic approach to material selection is essential for identi-
fying the most suitable materials for engineering applications. Our
experiments classified the coatings into three categories based on
their tribological performance: A-0%T and A-3%T exhibited the
highest hardness, hardness ratios, friction coefficients, and wear; A-
40%T showed the lowest hardness, hardness ratio, and the highest
friction coefficient along with significant wear; while A-13%T
demonstrated optimal initial and final hardness ratios (1.1 and 0.99),
minimal friction, and reduced wear. This approach provides a novel
framework for selecting friction pairs and coatings, improving per-
formance and extending the lifespan of industrial components.
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