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ARTICLE INFO ABSTRACT

Keywords: Conventional Ni- and Co-based aerospace alloys continue to face tribological challenges at elevated tempera-
Fretting tures, including frictional losses, oxidation-assisted damage, and wear degradation. High-entropy oxides (HEOs),
High entropy oxides (HEOs) as a class of high-entropy ceramics, offer a promising pathway for developing thermally stable protective
Frlmon‘and wear coatings for extreme environments where conventional surface materials and lubricants can degrade. In this
Suspension plasma spray (SPS) . .

Tribology study, a suspension plasma-sprayed (SPS) (Yo.2Ndg 2Gdg.2Smg 2Dy 2)2Zr207 HEO topcoat deposited on an IN625
substrate with an Amdry 386-2.5 bond coat was evaluated under high-temperature fretting against a SiC
counterface. The novelty of this work lies in investigating the fretting response of an SPS-deposited rare-earth
zirconate HEO coating at 600 °C and 800 °C, where limited studies have addressed the combined effects of
temperature, fretting motion, third-body formation, and coating damage evolution in high-entropy ceramic
coating systems. The coating showed competitive low-friction behaviour compared with conventional high-
temperature metallic alloys and several reported ceramic-based tribological coatings, reaching steady-state co-
efficients of friction of approximately 0.1 at 600 °C and 0.25 at 800 °C. At 600 °C, the low and stable friction
response was associated with the formation and retention of fine oxide-rich third-body debris, resulting in a
shallow wear depth of approximately 7 um. At 800 °C, the coefficient of friction remained relatively low but
became more unstable, while the wear depth increased to approximately 43 um. SEM/EDS and FIB analyses
revealed microcracking, chipping, pull-out features, and debris accumulation, indicating reduced tribolayer
stability and increased damage accumulation at the higher temperature. Overall, this study highlights the po-
tential of HEOs within the broader family of high-entropy ceramics for high-temperature fretting applications,
while also showing that wear resistance is strongly governed by temperature-dependent adhesion, debris sta-
bility, and fracture processes.

that mainly focus on high-entropy oxides for thermal barrier ap-
plications or high-entropy coatings under conventional sliding,

Summary of Novel Conclusions. . . © e
this work identifies the temperature-dependent transition in fret-

This study investigates the high-temperature fretting behaviour of
a suspension plasma-sprayed high-entropy oxide coating,
(Y.2Ndp 2Gdg.2Smp 2Dy 2)2Zr207, against a SiC counterface. The
novelty lies in evaluating an SPS-deposited high-entropy rare-
earth zirconate coating within the broader family of high-
entropy ceramic coatings under fretting conditions at 600 °C
and 800 °C. Although the starting suspension had a pyrochlore
structure, the as-deposited coating transformed into a defect-
fluorite structure after SPS processing. Unlike previous studies
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ting response from stable third-body-assisted low friction at 600
°C to adhesion- and fracture-assisted wear at 800 °C.

The coating exhibited a dense and relatively uniform microstruc-
ture with interspersed vertical cracks. At 600 °C, the coating
showed better tribological performance, with a low coefficient of
friction of approximately 0.1 and a shallow wear depth of about
7 um. This behaviour was associated with the formation and
retention of oxide-rich debris within the contact, which acted as a
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third body and helped reduce direct interaction between the
coating and counterface. The pre-existing vertical cracks did not
develop into severe chipping or secondary cracking under this
condition. In contrast, at 800 °C, the coefficient of friction
remained below approximately 0.3, but the wear depth increased
significantly to about 43 ym. The worn surface showed stronger
evidence of adhesion, micro-cracking, pull-out, localized chip-
ping, and coating transfer to the counterface. Overall, the study
shows that while the SPS-deposited HEO coating can maintain
relatively low friction at elevated temperatures, its wear resistance
is strongly governed by temperature-dependent debris stability,
adhesion, and fracture processes.

1. Introduction

Next-generation aero gas turbines continue to push the boundaries of
higher temperatures, pressure ratios, and power densities to improve
efficiency and reduce emissions. This also intensifies friction and wear
challenges at critical interfaces, such as blades, disks, dovetails, shrouds,
rubbing surfaces, splines, fasteners, and bearing-related contacts [1].
Conventional binary and ternary Ni- and Co-based alloys, which are
widely used in the aerospace industry, have demonstrated certain per-
formance limitations under demanding operating conditions [2,3].
Therefore, the search for materials capable of operating under severe
thermo-mechanical and tribological conditions has led to growing in-
terest in high entropy material systems.

The concept was first introduced through high-entropy alloys [4,5],
where several principal elements are combined in comparable amounts
rather than relying on a single dominant base element. The similar
concept has now been extended to include alloys, carbides, nitrides,
borides, silicides, and oxides [6—9]. This broader family of materials
offers a large compositional design space, where phase stability, hard-
ness, oxidation resistance, thermal stability, and wear response can be
tailored through multi-component chemistry and lattice disorder. The
formation of single-phase high-entropy carbides, high-entropy dibor-
ides, and entropy-stabilized oxides has demonstrated that configura-
tional disorder can be extended successfully to several ceramic crystal
structures, not only metallic solid solutions [10-13]. This is important
for high-temperature contact applications, where metallic systems may
undergo oxidation-assisted degradation during sliding or fretting
[14-17]. Therefore, high-entropy ceramic coatings are attractive for
harsh contact environments because they combine ceramic-like hard-
ness and thermal stability with the chemical tunability of high-entropy
design.

High-entropy carbides and diborides have been investigated as ultra-
high-temperature ceramics because of their high melting points, phase
stability, and mechanical robustness. High-entropy nitrides and car-
bonitrides have also shown promising hardness, adhesion, and wear
resistance, making them relevant for protective coating applications
[10,18-20]. However, their performance in high-temperature fretting
contacts in air is not governed by hardness alone. Under oxidizing
sliding conditions, these non-oxide ceramics can undergo surface
oxidation, oxide-layer growth, cracking, and debris formation [21,22].
Their friction and wear response may therefore depend on the stability
of the oxide layer formed during contact. In addition, very hard ceramic
debris can promote abrasive damage if it is not effectively accommo-
dated within the interface. Recent studies on high-entropy carbides and
diborides also show that oxidation resistance remains
composition-dependent and is often controlled by the formation of
protective oxide scales [23-25]. This creates a need to explore
oxide-based high-entropy coatings that are chemically stable in
oxidizing environments from the beginning of contact.

High-entropy oxides (HEO) provide such a route. Unlike metallic
alloys or non-oxide ceramics, HEOs are already chemically complex
oxide systems, where several cations are incorporated within a common
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oxide lattice [12,26]. Therefore, their high-temperature response might
not rely primarily on the in-situ formation of an oxide scale during
sliding. This is especially relevant for high-temperature fretting in air,
where chemical stability, thermal compatibility, and resistance to
degradation are required. HEOs are single phase solid solutions that
contain five or more cation species. Here, the high configurational en-
tropy contributes to phase stability, while multi cation nature and
lattice-distortion effects enable combinations of properties that are
difficult to achieve otherwise [27]. Recent studies have shown that
HEOs with pyrochlore [28], fluorite, perovskite, and multiphase struc-
tures can exhibit low thermal conductivity, tunable thermal expansion,
sluggish sintering, and excellent high-temperature phase stability
[28-31]. These properties are attractive for high-temperature protective
coatings because the surface must remain stable during thermal cycling,
oxidation, and mechanical contact. This has already prompted their
investigation as thermal barrier coating (TBC) topcoats on turbine
components [32-35].

These same characteristics could also potentially be beneficial for
tribological coatings in gas-turbine environments. However, their fric-
tion and wear response is still much less explored than their thermal
barrier behavior. Recent studies have begun to examine the elevated-
temperature tribological performance of HEO and related high-
entropy ceramic coatings [21,32,36]. However, many of these studies
rely on pin-on-disc or reciprocating sliding tests with relatively large
stroke lengths, moderate contact pressures, simplified counterface ma-
terials, and a single or narrow temperature range [32,36,37]. Therefore,
limited information is available on how HEO coatings behave under
service-relevant high-temperature fretting conditions. This is particu-
larly important for gas-turbine contacts involving small-amplitude mo-
tion, high contact stress, oxidizing atmospheres, and ceramic interfaces
such as SiC-based CMC components. As gas turbine architectures
continue to incorporate more CMC components and operate at higher
temperatures, it becomes important to investigate whether HEO coat-
ings can provide a low-friction protective response across such
interfaces.

The novelty of the present work lies in examining an SPS-deposited
high-entropy rare-earth zirconate coating, (Y(2Ndy.2Gdp.2Smg2
Dyo.2)2Zr207, under high-temperature fretting against a SiC counterface.
Previous high-entropy coating studies have largely focused on metallic
HEA coatings [8], thin-film high-entropy ceramic systems, or rare-earth
zirconate HEOs developed primarily for thermal barrier coating func-
tionality [27]. In this study, controlled high-temperature fretting ex-
periments were employed to investigate friction evolution, wear
morphology, and debris formation over temperature ranges relevant to
hot-section contacts (e.g., 600-800 °C). Post-test microstructural and
chemical characterization was performed to elucidate the underlying
wear mechanisms and to relate these to the observed friction and wear
responses subsequently.

2. Experimental procedure
2.1. Powder synthesis

A  bond coat of composition Ni—22Co—17Cr—12Al—
0.5Hf—0.5Y—0.4Si (Amdry 386-2.5, Oerlikon Metco) was applied with
a nominal particle size (D50) of 37.9 um using the HVOF process as
discussed here [34]. In addition, HEO with the chemical formula
(Yo.2Ndg.2Gdg.2Smg 2Dy 2)2Zr207 was synthesized using the solid-state
reaction technique. High purity rare rare-earth oxide powders
(C99.9%, by Stanford Advanced Materials) of Y203, NdoOs, Gd2Os,
Smy03, Dy203, and ZrO,, with particle sizes ranging from 2 to 10 pm,
were measured in stoichiometric ratios, homogenized via ball milling
(PQ-N2 Planetary Ball Mill, Across International), and subjected to heat
treatment in air at 1500 °C for 25h. The resultant powder displayed a
pyrochlore crystal structure. After the heat treatment, the powders were
ball-milled (PQ-N2 Planetary Ball Mill, Across International) for an
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additional 10 h to reduce particle size to make the suspension for sus-
pension plasma spraying (SPS), as reported elsewhere [34].

2.2. Coating deposition

Ni-based superalloy (IN625) measuring 5.4cm in diameter and
0.5 cm in thickness (High Performance Alloys Inc., USA) was utilized as
a substrate. Before coating, the substrates were grit blasted with alumina
(Al,03) to achieve a line roughness of 6 + 0.5 um (Ra) and subsequently
ultrasonically cleaned in acetone. Line roughness was quantified using a
Mitutoyo SJ—210 profilometer (Japan) with a 2.5 mm cutoff length. A
minimum of ten measurements was recorded for each sample, and the
average Ra value was documented.

To remove residual moisture, HEO powder was dried for 24 h before
preparing the suspension. Each suspension was formulated in 99.99%
pure anhydrous ethanol, with a solid loading of 10 wt% and 1 wt%
polyvinylpyrrolidone (PVP) (Sigma-Aldrich) as a surfactant. The mean
particle size (D50) of the HEO powder was 0.9 um as determined by
Spraytec laser diffraction analysis.

The total coating system thickness, including the bond coat and HEO
topcoat, was ~350 +5um, while the HEO topcoat thickness was
approximately 195um. Before deposition, the substrates were pre-
heated to approximately 400 °C using the plasma torch. As discussed
by Vakilifard et al. [34]. A 100 um bond coat was applied using a
high-velocity oxy-fuel (HVOF) process utilizing a Diamond Jet™ 2700
gun (Oerlikon Metco). Table 1 presents an overview of the spray pa-
rameters used for the bond coat production. The HEO topcoat was
deposited via SPS. Ceramic coatings were sprayed with a Mettech Axial
III torch (Northwest Mettech Corp., Surrey, BC, Canada), which has
three converging plasma jets generated by separate cathode-anode pairs,
together with axial injection of the suspension into the core of the
plasma plume. A NanoFeed 350 liquid feeder (Northwest Mettech Corp.,
Surrey, BC, Canada) was employed for continuous suspension injection.
The parameters for the SPS-sprayed HEO are presented in Table 2.
Additional information on both HVOF and SPS processes can be found in
the authors’ previous work [34].

The in-flight particle velocity and temperature were recorded using
Accuraspray diagnostic system (Tecnar Automation Ltée, Saint-Bruno,
QC, Canada). The errors given in the table represent standard de-
viations from three independent measurements. [34].

2.3. Coating characterization

Differential scanning calorimetry (DSC) was carried out on the as-
sprayed coatings in air with a heating rate of 10 K/min over the tem-
perature range of 25 °C—800 °C, using a Steline DSC + (Setaram KEP
Technologies, Geneva, Switzerland). Raman spectroscopy and mapping
were conducted with an InVia Reflex Raman microscope (Renishaw plc.,
UK) using a 532 nm excitation wavelength and a laser power of 50 mW
(100%). A 100 x lens was used, yielding a spot size of approximately
1 um. Each spectrum was acquired with an integration time of 2s,

Table 1
Spray parameters for HVOF-sprayed MCrAlY (Amdry
386-2.5) bond coat.

Parameters Values
Air pressure, kPa 690
Air flow rate, NLPM 446
Propylene pressure, kPa 690
Propylene flow rate, NLPM 102
Oxygen pressure, kPa 1035
Oxygen flow rate, NLPM 183
Carrier gas flow rate, NLPM 14
Powder feed rate, g/min 50
Spray distance, mm 225

Torch traverse speed, mm/s 1000
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Table 2
Spray parameters for SPS sprayed HEO ((Y.2Ndg 2Gdo.2Smg 2Dy 2)2Zr207)
topcoat.

Spray Parameters Values
Plasma gas composition (Ar/N2/H2), % 60/20/20
Plasma gas flow, L/min 300

Arc Current, A 220
Electrical power, kW 115
Plasma enthalpy, kJ/L 10.6
Suspension feed rate, mL/min 45
Atomizing gas flow, L/min 15
Standoff distance, mm 100
Torch traverse speed, mm/s 1000
Substrate Temperature, °C 400
Particle Velocity, m/s 592 + 24
In-Flight Particle Temperature, °C 3404 + 142
Deposition Efficiency, % 25+5

consisting of two accumulations of 1 s each. Raman maps were collected
over a 20 x 20 um area with 20 points per line, giving a total of 400
spectra per map.

X-ray diffraction (XRD) analysis was carried out on the initial feed-
stock powders, and after spraying using a Bruker D8 Advance diffrac-
tometer (Bruker, Billerica, MA, USA) equipped with a Cu source (A =
1.5418 A), operating at 40 kV and 40 mA. Data were collected over a 20
range of 20°—70° with a step size of 0.02° and an integration time of 1 s
per step. The Vickers microhardness testing was performed on a polished
cross section of the coating. The microhardness testing equipment
(Multitoya, Japan) was used. Employing a Vickers indenter with 100 gf
of applied load. Indentations were placed within the topcoat while
avoiding pores, cracks, and interfacial regions. A minimum of 10 valid
indentations was used to measure the mean microhardness and standard
deviation. Indents were spaced approximately five times the indenter
size to avoid the overlapping of affected zones, as reported here [34].

2.4. Tribological testing and post test characterization

High-temperature fretting tests were performed using a Bruker UMT
TriboLab TL, high-temperature chamber in a ball-on-flat configuration,
following ASTM G204 with modifications for elevated temperatures.
Before testing, the samples were ground with #320, #500, and #800
grit paper, followed by polishing with 9 ym, 3 um, and 1 um polishing
pads, respectively. The final surface roughness achieved was < 1 pm for
all the samples. A SiC ball (10 mm diameter) was used against the flat
specimen under a normal load of 15N and other testing parameters as
noted in Table 3. SiC was selected as the counterface to represent a hard,
high-temperature ceramic counterbody relevant to advanced gas-
turbine material systems. Consequently, SiC/SiC ceramic matrix com-
posites and ceramic barrier coatings are increasingly used or are
currently being considered for hot-section components. Not only that,
but ceramic barrier coatings are also considered essential for protecting
SiC-based components under harsh combustion conditions [38]. In
addition, SiC is widely recognized as a high-hardness, high-stiffness,
chemically resistant, and wear-resistant ceramic suitable for tribological

Table 3

The Fretting test parameters of the ball on flat tribometer.
Parameters Values
Counterface SiC
Counterface Hardness, HV 2500-2800
Frequency, Hz 60
Track Length, pm 300
Velocity, mm/s (avg sliding speed) 36
Load, N 15
Temperature, °C 600 and 800
Cycles 200,000
Surface Roughness, um <1
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applications [39]. Therefore, SiC provides a relevant and stable ceramic
counterface while minimizing complications associated with metallic
counterfaces, such as softening, oxidation, and adhesive metal transfer
at 600 °C—800 °C. This allows the observed friction and wear response
to be correlated more directly with the HEO coating and the stability of
its wear debris/tribolayer. The use of SiC is also consistent with recent
high-temperature fretting studies that used SiC as a ceramic counterface
to simulate gas-turbine-relevant tribological interfaces [40]. Tests were
conducted at 600 °C and 800 °C under dry conditions in air within a
covered high-temperature chamber (with an atmosphere not actively
controlled). Before sliding, the samples (substrate/coating) were heated
to achieve a surface temperature of 600 °C and 800 °C, as measured by a
thermocouple on the surface. The specimens were held at the target
temperature for 20 min to stabilize the thermal condition. The two
temperature ranges were chosen to represent practically relevant and
mechanistically distinct regimes for high-temperature fretting regimes
rather than to fully map the transition over the entire temperature range,
based on the published literature [41,42]. Fretting wear in gas turbine
components is commonly associated with high-temperature cyclic
micro-slip contacts, and temperatures in the several-hundred-degree
range are frequently used to reproduce these conditions in laboratory
studies [43]. A lower temperature of 600 °C was chosen as an entry point
into the high-temperature fretting behaviour, where oxide-rich third--
body formation and retention can begin to influence friction and wear.
This temperature is also relevant as conventional solid lubricants such as
graphite become increasingly limited in air due to oxidation at elevated
temperatures, with oxidation reported to begin around 400 °C and
CO/CO: formation becoming significant above 500 °C [44]. A higher
temperature of 800 °C was chosen to investigate the stability of
oxide/third-body tribolayer and the coating’s mechanical integrity
under more severe thermal-cyclic shear conditions [45,46]. Similarly,
recent high-temperature fretting studies have reported that tribolayers
formed by compaction and tribo-sintering of wear debris can signifi-
cantly affect friction fluctuations and wear rate at temperatures such as
550 °C and 750 °C [14]. Thus, 600 °C and 800 °C were chosen to
compare two distinct regimes: a lower high-temperature condition
where retained oxide-rich debris may stabilize the contact, and a higher
temperature condition where the same third-body process may become
unstable due to increased debris generation, coating damage, and ma-
terial transfer. It should be noted that additional intermediate temper-
atures would be required to precisely define the transition boundary
between these regimes which will be incorporated in the future studies.

In the present study, each fretting condition was repeated twice
using the available coated specimens. For each temperature condition,
both repeat tests were performed on the same coated sample at separate
wear locations while maintaining the target temperature throughout the
test sequence. This approach was used to avoid repeated thermal cycling
of the coating, which could alter the microstructure, residual stress state,
and damage response prior to subsequent testing. Therefore, the results
are interpreted as a comparative assessment of the temperature-
dependent fretting response, while additional repetitions would be
required for broader statistical validation and would be incorporated in
the future studies.

A confocal microscope was used to evaluate the wear depth at the
conclusion of the test, and the coefficient of friction was continually
recorded. The CoF was recorded for each temperature condition. The
average CoF was calculated by averaging two trials to ensure reliability.
Confocal laser microscopy (Olympus LEXT 4000, Houston, USA) was
used to assess the wear track and calculate wear depth. The wear depth
profile was derived from the average of one horizontal and one vertical
profile corresponding to the maximum depth as assessed by the wear
scar. Origin software was used to graph the friction curve, specific wear
rate and the wear depth profile. The wear volume was estimated from
the confocal wear profile by integrating the cross-sectional wear area.
The integrated area obtained from the profile perpendicular to the
sliding direction was multiplied by the reciprocating wear track length
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to estimate the wear volume. The calculated volume was then normal-
ized by the applied load and total sliding distance to obtain the specific
wear rate. The wear tracks and counter balls from the post-sliding wear
test were analyzed by scanning electron microscopy (SEM), and their
chemical composition was assessed by energy-dispersive X-ray spec-
troscopy (EDS). The sub-surface analysis was performed by Focus Ion
Beam Scanning (FIB) (FEI Helios 600 NanoLab 660, Thermo Fisher
Scientific, USA). A thin layer of Ga/Pt was deposited on top to protect
the surface.

3. Results
3.1. Coating characteristics

Fig. 1(a) shows a schematic of the HEO sample, which was produced
using HVOF for the bond coat and SPS for the topcoat. Fig. 1(b) to (d)
show the cross-sectional SEM images of SPS-sprayed HEO coatings. The
coating exhibited a dense, homogeneous microstructure with minimal
porosity and interspersed vertical cracks throughout the coating thick-
ness, as evident from SEM image 1(b). The HEO topcoat thickness was
measured to be approximately ~195 pm (See Fig. 1(c)). The vertical
crack density was quantified as ~11 cracks/mm, and the porosity level
was measured to be ~5% as reported by Vakilifard et al. [34]. Fig. 2
shows the EDS elemental mapping across the coating cross-section. This
confirmed the presence of the constituent elements associated with the
HEO (Y(.2Ndg 2Gdg 2Smg 2Dy 2)2Zr07. The table in Fig. 2(d) represents
the atomic percentage of each element present in the HEO Topcoat. The
elemental distribution reported in the table confirms a uniform distri-
bution of the rare-earth species and Zr within the topcoat. No pro-
nounced elemental segregation was evident within the analyzed region.

The Vickers hardness of the HEO coating was 465 + 21 HV,
measured on the topcoat using 10 valid indents. This value represents
the apparent hardness of the SPS-sprayed coating rather than the
intrinsic hardness of a fully dense bulk HEO ceramic. Therefore, it
should be interpreted considering the coating microstructure, including
inter-splat boundaries, residual porosity, and vertical/branching cracks,
which can reduce the measured indentation hardness even when pores
and cracks are avoided during indentation.

The crystal structures of the synthesized HEO powder and the as-
sprayed coating were examined by XRD, shown in Fig. 3. The synthe-
sized powder exhibited a pyrochlore-type ordered structure. Since
pyrochlore is an ordered derivative of the fluorite structure, its main
diffraction peaks overlap with fluorite-related fundamental reflections,
while the weak superstructure reflections are used to identify long-range
pyrochlore ordering. In the present powder, weak but identifiable
pyrochlore superstructure reflections, including the (115), (133), and
(135) peaks, were observed. These reflections confirm the presence of
pyrochlore-type ordering in the powder. Rietveld refinement of the
powder XRD pattern gave a refined lattice parameter of 10.52 A with a
weighted profile R-factor, Rw, of approximately 15%. This level of
agreement is acceptable for complex multicomponent oxides and sup-
ports that the weak superstructure reflections are associated with
pyrochlore-type ordering. The refined lattice parameter is also close to
the value reported by Hutterer et al. for a similar high-entropy zirconate
composition [47]. After SPS deposition, these weak pyrochlore super-
structure reflections were no longer detected in the coating, indicating a
reduction or loss of long-range pyrochlore ordering during spraying. No
additional secondary phases were detected within the resolution of XRD.

Hardness was used as an initial indicator of the coating’s mechanical
response. However, additional characterization would be required for a
more complete mechanical correlation. Elastic modulus, fracture
toughness, and adhesion strength should also be evaluated, and it would
be incorporated in future studies. Therefore, in the present work, the
wear mechanisms were primarily interpreted from direct experimental
observations. To supplement the discussion, friction evolution, wear
depth and specific wear rate, debris morphology, SEM/EDS analysis,
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Fig. 1. (a) Schematic representation of the sample as sprayed. (b-d) Cross-sectional SEM images of SPS-sprayed HEO coatings at different magnifications.

(a)
IT
(© Dy Lat
Element Atomic%
o 56.1
Zr 24.6
Y 4.4
~=m
N Lat Dy 3.9

Gd 3.8
Nd 3.7
Sm 35

L=

f 25pm TEum

Fig. 2. (a) Backscattered image of the HEO coating cross section, (b) layered elemental distribution, (c¢) EDS maps, and (d) Tabulated chemical composition of the
studied area in the coating, with the atomic percentage of elements.
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Fig. 3. XRD patterns of the synthesized HEO powder and the as-sprayed SPS
HEO coating.

and coating damage were considered.

3.2. Fretting wear behavior

Fig. 4 presents the coefficient of friction (CoF) as a function of time,
averaged over two trials, for SPS-sprayed HEO coatings tested against a
SiC ball under a 15 N normal load at 600 °C and 800 °C. The coating
tested at 800 °C shows noticeably higher friction, nearly twice that at
600 °C, particularly during the running-in stage. At 600 °C, the running-
in phase extends to roughly the first 500 s. During this period, the CoF
typically lies in the ~0.15-0.20 range, with an initial spike at the start
and another spike near the end of the running-in interval. After this
break-in, the friction transitions smoothly into a steady-state regime and
stabilizes at approximately 0.09-0.10, remaining consistent for the rest
of the test. In contrast, at 800 °C, the running-in period lasts longer, up to
about 1000 s, with CoF values averaging around ~0.27-0.30. Beyond
the first 1000 s, the friction begins to decrease and gradually stabilizes
by ~2000 s, settling at an average CoF of ~0.25. Compared to 600 °C,
the 800 °C curve shows more pronounced fluctuations before reaching
steady state. Despite differences in running-in behavior and steady-state
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Fig. 5 illustrates the wear depth profiles of the SPS-sprayed HEO
coatings evaluated at 600 °C and 800 °C. The wear profile plotted here is
the average of the maximum wear depth along the horizontal and ver-
tical profiles. The findings suggest that the wear depth under 800 °C
testing conditions is significantly greater than that under 600 °C con-
ditions. The wear depth at 800 °C is around 43 =+ 2 ym, which is
significantly higher than the wear depth at 600 °C (7 + 2 um). Corre-
sponding to the wear depth profiles the specific wear rate calculated at
600°Cis ~3 = 2 x 107 mm?® /N-m and for 800 °C its ~2.6 = 0.6 x 10
mm?® /N-m. The fluctuations in the wear profile at 800 °C are a result of
microchips and brittle fracture, which generate the peaks and valleys, as
discussed in the subsequent sections.

3.3. Comparison with reported high-temperature tribological studies

To qualitatively compare the present fretting results, in Table 4 we
have compared the coefficient of friction and wear behaviour of the
present defective-fluorite HEO coating with previously reported selected
high-temperature tribological coatings. The table reported HEO/high-
entropy ceramic systems, MoSz-based adaptive coatings, and oxide-
based lubricious coatings. It should be noted that the comparison
should not be interpreted as a direct ranking because the reported
studies differed in contact geometry, counterface material, load, sliding
mode, and test environment.

The Table 4 compares the present fretting response with the pub-
lished high-temperature tribological coatings and oxide based lubricious
systems. The comparison is intended to provide a contextual benchmark
rather than a direct ranking as the reported studies differ in testing
conditions (such as contact geometry, counterface material, siding mode
and testing environment etc). Nevertheless, the comparison shows that
the present HEO coating exhibits a competitive low-friction response at
600 °C, with a CoF of ~0.1 and a wear depth of ~7 um with wear rate of
~3 x 107 mm?® /N-m. This is comparable to the recent oxide assisted
lubricious system. However, the response at 800 °C highlights an
important limitation and that is, despite a moderate CoF of ~0.25, the
wear depth (consequently wear rate) increased substantially (wear
depth increased to ~43 ym and wear rate to ~2.6 x 10 mm®/N-m).
Along with this, there was a significant transfer of coating to the coun-
terface which will be discussed in the subsequent sections.

levels, the average CoF value remains below ~0.3 for both
temperatures.

1.0

0.9 _ HEO Coatings

0.8

o
3
I

o
)
1

Coefficient of friction (p)
o o o
w B (4]
L | |

o
N
L

o
-
I

o
o

g S

— 600 °C
— 800 °C

T T T
0 500 1000

T
1500

T T T
2000 2500 3000

Time (sec)

Fig. 4. Coefficient of friction (CoF) versus sliding time (sec) for SPS-sprayed HEO coatings tested at 600 °C and 800 °C.
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Fig. 5. Maximum Wear depth profile of SPS-sprayed HEO coatings at 600 °C and 800 °C.

Comparison of present HEO fretting response with recent high-temperature tribological coating/lubricious systems.

Coating/material system Test condition Temperature CoF Wear metric
HEO coating (present study) Fretting against SiC, 15 N, 600 °C ~0.10 ~3 x 107 mm?® /N-m
300 um stroke, 60 Hz
HEO coating (present study) Fretting against SiC, 15 N, 800 °C ~0.25 ~2.6 x 10®* mm® /N-m
300 pm stroke, 60 Hz
Mo2N/MoS:z/Ag adaptive coating Sliding against SisNa in air 600 °C ~0.10 for optimized coatings ~8 x 10°to 1 x 10° mm?® /N-m
[48]
PS304 self-lubricating coating [49] Thrust-washer tests against 538 °C ~0.4 1.5-3 x 10 mm® /N-m
Rene 41/Inconel X—750
NiCoCrAlYTa/Ag/Mo composite Sliding against Al-=Os 800 °C ~0.22 1.1 x 10° mm® /N-m
coating [50]
Spinel-oxide-enabled self-lubricating ~ High-temperature tribological 600 °C—900 0.10-0.32 Not directly comparable
Inconel surface [51] testing °C
SPS CuO coating [52] Dry sliding 300 °C ~0.46 32 x 1075 mm3/N.m
SPS Taz0s coating [53] Dry sliding 300 °C ~0.8 54 x 10° mm® /N-m
Carbon-deficient high-entropy High-temperature sliding in 900 °C 0.31 + 0.01 < 10° mm?® /N-m
carbide ceramic [54] vacuum
High-entropy sublattice nitride Dry ball-on-disk against Al20s 700 °C CoF dropped from ~0.9 to Wear track nearly indistinguishable at 700 °C
coating, (Al,Cr,Nb,Ta,Ti)N [37] ~0.3 after ~10 m sliding
High-entropy sublattice oxide Dry ball-on-disk against Al2Os 20 °C-700 °C Not valid; coating failed Not comparable
coating, (AL,Cr,Nb,Ta,Ti)Oz [37] prematurely
APS NiCrAlY-MoOs/CoO composite High-temperature sliding 800 °C 0.30 8.32 x 10° mm*® /N-m
coating [55]
MoS2-TiO2-Ag composite [56] High-temperature sliding 450 °C ~0.26 1.2 x 10”° mm® /N-m
Plasma-sprayed NiCr-CrsCz-BaFz/ High-temperature sliding Up to 800 °C CoF decreased with increasing ~ Wear rate decreased from 600 to 800 °C, but
CaF: coating [57] temperature oxidation exposure reduced wear resistance

3.4. Ex-situ analysis of wear track and counterface

The top-down SEM images of the wear tracks as well as EDS maps

have been presented in Fig. 6 For 600 °C (See Fig. 6(a)& 6(b)), from the
image, the wear track was extremely minor and hard to notice. It
remained largely intact and appeared to be covered by a powder-like
oxide layer, uniformly distributed across the scar. This appearance is
consistent with the formation of a stable third-body layer. Notably,
despite the presence of pre-existing columnar cracks in the as-deposited
coating (See Fig. 1(b, ¢, & d)), no evidence of secondary cracking or
chipping was detected within the 600 °C wear track. This suggests that
the coating likely retained sufficient hardness and maintained low
adhesion at this temperature. Hence, minimizing the material transfer to
the counterface. It could also be inferred that the loose oxide debris may
have infiltrated and cushioned the columnar gaps, consequently

minimizing the CoF and supporting low wear depth.

At 800 °C, the coating maintained an average value of ~0.25 as its
CoF, as discussed in previous sections, but the wear track morphology
changed significantly. The SEM images (See Fig. 6(c)& 6(d)) illustrate
that the wear track morphology became significantly more damaged,
with the presence of microcracks, pits, chipping, and a substantial
amount of loose debris. The corresponding increase in wear depth to
~43 um (See Fig. 5) at this temperature suggests that the coating
became less mechanically stable under repeated thermo-cyclic shear.

To further elucidate the wear mechanism, the SiC counterfaces were
analyzed via SEM and EDS mapping (Fig. 7&8). At 600 °C, the SiC
surface remained relatively clean, with SEM observations revealing only
a sparse distribution of fine, loose particulates. From the EDS mapping,
it was confirmed that these are oxide fragments, primarily showing
signals for O and Zr, which correlated to the HEO coating composition
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Fig. 6. SEM images and EDS mapping of the wear track for SPS-sprayed HEO coatings: (a, b) 600 °C (c, d) 800 °C.

(see Fig. 7(a) & 7(b)). There was no evidence observed of continuous or
smeared transfer film on the counterface at 600 °C. Hence, it could be
inferred that there was no significant adhesion between the counterface
and the coating. On the other hand, the counterface morphology at 800
°C underwent an interesting shift, exhibiting a dense accumulation of
both powdered debris and sticky transfer patches. The EDS analysis in
these regions also revealed the expected presence of HEO elements,
which could be attributed to the localized spallation of significant
coating segments, which then consequently adhered to and smeared
across the SiC counterface (see Fig. 8(a) & 8(b)). The effective contact

between the counterface and the wear track also increased at 800 °C.
This transition from the third body rolling mechanism at 600 °C to a
more pronounced adhesive-transfer regime at 800 °C could explain the
almost five-fold increase in wear depth and the higher frictional resis-
tance. Not only that, the intermittent spikes as are observed in the
friction curve for 800 °C (see Fig. 3) could be likely due to this
phenomenon.
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Fig. 8. SEM images and EDS maps of the counterface for SPS- sprayed HEO coatings at 800 °C ( a & b).

3.5. Sub-surface analysis of wear track

The subsurface material properties and microstructure beneath the
wear track are generally altered during sliding under demanding con-
ditions due to stress transfer and contact loading, which influence fric-
tion and wear mechanisms. To evaluate these effects, FIB/SEM analysis
was conducted on both the worn regions (within the wear track) and

adjacent unworn regions for tests performed at 600 °C and 800 °C. At
600 °C (see Fig. 9(a)), the unworn subsurface showed pre-existing pores
along with vertically oriented cracks and occasional near-surface
microcracks. It is likely that during fretting, due to the higher contact
stresses between the coating and counterface in the running-in stage, the
interconnection and coalescence of smaller pores and vertical cracks,
accompanied by asperity pull-out during sliding, contributed to the
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Fig. 9. FIB/SEM images for SPS- sprayed HEO coatings at 600 °C (a&b); and 800 °C (c&d).

formation of wear debris. This debris likely rolled between the con-
tacting surfaces, reducing direct contact between the coating and the
counterface, as confirmed by counterface analysis, and resulted in
relatively low material removal after the initial sliding cycles. Impor-
tantly, no microcracks or significant defects were observed beneath the
wear scar (see Fig. 9(b)), indicating that the coating subsurface
remained largely intact and provided effective resistance to deformation
under high contact stresses. In contrast, at 800 °C (see Fig. 9(c) & 9(d)),
both the worn and unworn subsurface were characterized by a higher
density of pores, and more frequent pore linking was evident. Under
continued thermo-mechanical shearing, such a pore-dense microstruc-
ture provides multiple sites for crack initiation and facilitates crack
linking and material pull-out, promoting progressive material removal,
as observed in the higher wear depth (see Fig. 5) at this temperature. As
was also evident from the SEM analysis of Counterface (see Fig. 8) and
wear scar (see Fig. 6(c) & 6(d)), the brittle fracture, microchipping, and
subsequent damage on the contact region could be attributed to the
pore-dense microstructure.

4. Discussion
4.1. Coating characteristics

The cross-sectional SEM observations (see Fig. 1(b, ¢, & d)) revealed
that SPS-sprayed HEO coatings deposited on an Amdry 386-2.5 bond
coat exhibited a dense and relatively uniform microstructure with
interspersed vertical cracks throughout the coating. Branching cracks
were also observed within the coating (see Fig. 1(d)). This dense
segmented microstructure could be attributed to the high-energy axial
SPS deposition conditions, as discussed by Vakilifard et al. [34]. In SPS,
the in-flight particle temperature and impact velocity strongly influence
particle melting, splat flattening, inter-splat bonding, and overall
coating build-up, as has been extensively discussed in the work done
elsewhere [34,58,59]. The relatively high plasma enthalpy of 10.6 kJ/L,
together with the measured in-flight particle temperature of 3404 + 142
°C and particle velocity of 592 + 24 m/s, suggests that a large fraction of
the fine HEO particles was sufficiently molten before impact. This pro-
moted effective splat flattening and bonding, resulting in the dense
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microstructure and low porosity observed in the as-sprayed coating.

Similar behaviour was reported in our previous work on SPS high-
entropy zirconate coatings, where higher plasma enthalpy and higher
particle temperature and velocity promoted denser vertically cracked
microstructures, while lower-energy conditions favored more porous
columnar microstructures [34]. In the present coating, the vertical crack
density was approximately 11 cracks/mm, with cracks mainly oriented
through the coating thickness and with some branching features. The
formation of this crack network is likely related to the dense coating
build-up and the accumulation of residual stresses during deposition and
cooling.

The measured hardness is lower than values often reported for dense
pyrochlore-structured high-entropy oxide ceramics. This difference is
expected because the present value was obtained from an SPS-sprayed
coating, not a fully dense sintered bulk material. Plasma-sprayed
ceramic coatings typically contain microstructural features such as
porosity, interlamellar pores, incomplete inter-splat bonding, and ther-
mal stress-relief cracks formed during the rapid solidification of splats.
These features can lower the measured coating hardness compared with
that of dense bulk ceramics [60]. Moreover, the XRD results showed that
the as-sprayed coating exhibited a fluorite-type structure after SPS
deposition, while the starting powder was pyrochlore. Therefore, the
reported hardness should be regarded as the effective hardness of the
as-sprayed fluorite-type HEO coating, rather than the intrinsic hardness
of a dense pyrochlore HEO ceramic.

4.2. Fretting wear behaviour and worn surface morphology

Fretting is high-frequency, small-displacement oscillatory sliding
that occurs at the interface between two contacting solid surfaces.
Because the motion is repetitive and confined to a very short stroke, the
resulting damage is typically multifactorial, with contributions from
adhesive junction formation and rupture, debris-driven abrasion, tri-
bochemical/oxidative reactions, and cyclic fatigue-related cracking or
delamination [61]. Under normal loading, intimate asperity contact can
facilitate the formation of adhesive junctions. During oscillatory motion,
these junctions are repeatedly sheared, which can initiate surface
cracking and generate wear debris. Because fretting involves very small
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displacement amplitudes, the generated debris is often retained within
the contact, where it can participate in tribochemical reactions (e.g.,
oxidation) and influence subsequent wear [62].

In this study, the fretting experiments were performed at 600 °C and
800 °C, and the average CoF remained below 0.3 at both temperatures.
However, the friction response was clearly temperature dependent, with
lower and more stable friction at 600 °C than at 800 °C. At 600 °C, the
running-in period lasted approximately 500 s. During this stage, friction
was likely controlled by direct asperity interactions, removal of surface
contaminants, and the initial formation of wear debris. The compara-
tively smooth initial surface, with roughness below 1 ym, may also have
contributed to the early low-friction response before the contact evolved
under repeated sliding [53,63]. During the initial running-in period,
surface contaminants were likely removed from the contact, which
increased direct adhesion between the SiC counterface and the coating.
This contributed to the gradual increase in friction observed toward the
end of the running-in stage [64]. Interestingly, during fretting at 600 °C,
a pronounced decrease in CoF was observed at approximately 500 s,
followed by a stable low-friction regime. As fretting progressed, debris
generated by local asperity removal and limited material pull-out was
retained within the contact. With continued sliding, this retained debris
likely formed a more continuous third-body layer between the coun-
terface and the coating. As a result, direct interaction between the SiC
counterface and the coating was reduced, and shear was increasingly
accommodated within the interfacial debris layer. This transition ex-
plains the sudden decrease in CoF after the running-in stage and the
subsequent stable friction response. This interpretation is consistent
with third-body concepts of friction and with fretting studies that
associate CoF reduction with a transition from two-body contact to
three-body accommodation, and in some cases, with the formation of
protective oxide or glaze-like layers [65-69].

This interpretation is also supported by the worn-surface
morphology (see Fig. 6(a) & 6(b)) and sub-surface observations re-
ported in Fig. 9(a) & 9(b). The wear scar in Figs. 6(a) and 6(b) is covered
by a loose powder like debris layer. No clear secondary cracking, chip-
ping or severe fracture features were observed. This suggests that the
debris layer helped in reducing the direct contact stresses and limited
material removal. The subsurface observations (see Fig. 9(a) & 9(b))
support this mechanism. From the images it could be observed that re-
gion beneath the wear scar remained largely intact after testing at 600
°C, indicating that the damage did not propagate deeply into the
coating.

It's important to note that the as-deposited coating contained inter-
spersed vertical cracks (See Fig. 1(b,to d)). At 600 °C, these pre-existing
crack features did not appear to evolve into visible chipping within the
wear track. Therefore, under this relatively milder condition compared
to 800 °C, these cracks likely acted mainly as strain-accommodation
features rather than active damage paths. Vertically segmented micro-
structures are widely recognized for improving strain tolerance in
thermal-sprayed ceramic topcoats [34,70]. In the present case, these
cracks may also have provided local sites for debris retention, support-
ing third-body stabilization and contributing to shallow wear and stable
friction.

On the other hand, at 800 °C, the CoF showed a longer, more dy-
namic running-in response than at 600 °C. The curve exhibited a higher
initial friction level, followed by fluctuations before reaching a more
stable regime at approximately 0.25. This behaviour suggests that a
third-body layer also formed at 800 °C, but it was repeatedly disrupted
before becoming sufficiently stable, as discussed elsewhere [69,71,72].
The initial decrease in friction could be attributed to the initial surface
conditioning [53,63] and the onset of third body accommodation. While
the subsequent intermittent spikes likely reflect repeated breakdown,
displacement, and reformation of the debris layer. In fretting contacts,
such repeated formation and destruction of debris beds during
running-in has been widely reported [67,69,72]. Beyond the initial
running-in period, the gradual decrease in CoF can be attributed to
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progressive compaction and partial stabilization of oxide debris within
the contact. At elevated temperature, retained oxide debris can become
more compacted under repeated shear, allowing part of the sliding to be
accommodated within the tribolayer and reducing friction [73-75].

These observations could be correlated with the SEM images for the
worn surfaces (see Fig. 6(c) & 6(d)). Although the CoF at 800 °C
remained below approximately 0.3, the wear damage was substantially
more severe than at 600 °C. As is evident from the SEM images, the wear
track underwent substantial disruptions marked by micro chipping,
crack formation, and abundant loose debris. The SEM images and EDS
mapping for the counterface (see Fig. 7) also showed adhesive transfer
patches and accumulated debris containing HEO-related elements.
These observations indicate that the contact at 800 °C involved stronger
adhesive interactions and less stable third-body protection than at 600
°C. Under these conditions, the localized fracture and pull-out could
intermittently expose fresh coating material and introduce larger frag-
ments into the contact, producing short-lived CoF spikes superimposed
on the overall friction trend [72-74]. In addition, the subsurface FIB
images at 800 °C (see Fig. 9(c) & 9(d)) showed a pore-dense micro-
structure in both worn and unworn regions. Pore coalescence under
cyclic thermo-mechanical shear provides crack initiation sites and pro-
motes fragment detachment, which is consistent with chipping and the
higher wear depth at this temperature. Under this more severe condi-
tion, two factors are therefore inferred to be more influential (i) Stronger
adhesive interaction, which increases the real contact area and promotes
larger junctions, and (ii) interaction of cyclic shear with the pre-existing
vertical cracks, which can act as preferential paths for inter-columnar
cracking, local delamination, and material pull-out at higher severity.
A schematic of the operating wear mechanism for the SPS-sprayed HEO
samples is shown in Fig. 10.

The different wear responses at 600 °C and 800 °C can be understood
as a balance between third-body stabilization and coating damage
accumulation. At 600 °C, frictional energy was likely dissipated mainly
through shear within the retained third-body debris layer. This stabi-
lized debris layer reduced direct interaction between the SiC counterface
and the coating, thereby limiting material removal and supporting the
low-wear response. At 800 °C, debris was still generated and may have
helped maintain a relatively low CoF. However, the tribolayer was less
stable, and the coating underwent more extensive crack linking, local-
ized pull-out, and adhesive transfer. As a result, a larger fraction of the
frictional energy was likely dissipated through damage-related pro-
cesses rather than through stable interfacial shear. Under this more se-
vere condition, the pre-existing vertical cracks and pores may have
played a dual role. While they can improve strain tolerance and assist
debris retention, they may also act as stress concentrators and prefer-
ential paths for cracking and material removal when the contact be-
comes more aggressive.

The possible contribution of coating chemistry should also be
considered. EDS mapping of the counterface after testing at 800 °C
showed HEO-related elements within the transferred debris, Fig. 8. This
suggests that the interfacial third body was chemically complex and
originated, at least partly, from the HEO coating. Such multi-cation
oxide debris may contribute to shear accommodation once a com-
pacted tribolayer is formed. However, the present study does not isolate
the specific role of each cation, Y, Nd, Gd, Sm, and Dy. Therefore, the
low-friction response is interpreted here in terms of the collective
behaviour of the HEO chemistry and the debris-mediated third-body
layer, rather than assigning individual lubricating roles to specific ele-
ments. Future studies using simplified reference oxides or systematically
varied HEO compositions are needed to clarify the contribution of each
constituent element to tribolayer formation, shear accommodation, and
wear resistance.

Since the as-sprayed coating exhibited a fluorite-type structure
before fretting, the difference in wear response between 600 °C and 800
°C is not attributed here to a pyrochlore-to-fluorite transformation
during testing. Instead, the transition from stable third-body-mediated
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Fig. 10. Schematic of operating wear mechanisms of SPS sprayed HEO sample tested at (a) 600 °C, and (b) 800 °C.

wear at 600 °C to more severe adhesive transfer, crack linking, and pull-
out at 800 °C is mainly associated with the temperature-dependent
stability of the debris/tribolayer and the mechanical response of the
dense vertically cracked coating. Nevertheless, localized tribo-induced
structural changes inside the wear track cannot be fully excluded
based only on the present XRD result. Post-wear micro-XRD or TEM
analysis would be useful to confirm the local phase state after fretting
and would be incorporated into future studies.

The thermal stability of the HEO coating within the fretting tem-
perature range was also assessed by DSC. The DSC curve measured up to
800 °C, Fig. 11, did not show a pronounced thermal event associated
with major phase decomposition or phase transformation. This supports
the interpretation that the HEO coating remained thermally stable
within the tested temperature range. However, DSC represents the bulk
thermal response and does not directly confirm the local phase state
inside the wear track after fretting. Therefore, post-test phase analysis of
the worn region would still be required to fully determine whether
localized tribo-induced structural changes occurred during sliding and
would be a part of future studies.

Overall, this work highlights the potential of SPS- sprayed HEO
coatings as protective, low-friction surfaces for high-temperature
tribological applications. To strengthen their wear resistance further,
future studies should focus on tailoring composition and processing to
achieve a better hardness-toughness balance, including exploring the
incorporation of additives (e.g., Ag and Co) that have been reported to
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Fig. 11. DSC heat flow curve of the SPS-sprayed HEO coating measured from
room temperature to 800 °C.
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improve mechanical response and tribological performances. Additional
work is also needed to evaluate long-duration reliability and stability
under more severe working conditions. Additionally, further studies on
the effect of varying coating deposition parameters for the SPS process,
which may influence the coating microstructures, and subsequently
testing them under service-related conditions, could provide deeper
insights into the working of these HEO-based coatings.

5. Conclusion

In this study (Y.2Ndo.2Gdg.2Smg 2Dyg.2)2Zr207 high-entropy oxide
(HEO) coatings were deposited by suspension plasma spraying (SPS) and
evaluated under high-temperature fretting conditions at 600 °C and 800
°C. The as-deposited coatings exhibited a dense and relatively uniform
microstructure with interspersed vertical cracks and a room-
temperature hardness of 465 + 21 HV. The coatings showed moder-
ately low-friction behaviour at both temperatures, with steady-state CoF
values remaining below approximately 0.3. However, the wear response
and damage severity were strongly temperature dependent.

At 600 °C, the coating showed better overall tribological perfor-
mance, with a limited wear depth of 7 + 2 um and a wear rate of
approximately 3 x 1077 mm?® /N-m. This response was associated with
the formation and retention of fine oxide-rich third-body debris within
the fretting contact. The retained debris likely helped accommodate
shear, reduce direct interaction between the SiC counterface and the
coating, and maintain stable low friction. The vertical and branching
cracks may have also contributed by improving strain tolerance and
providing local sites for debris retention, thereby supporting shallow
wear.

At 800 °C, the wear depth increased significantly to 43 + 2 pym, with
a wear rate of approximately 2.6 x 10~® mm® /N-m. The worn surface
showed micro-cracking, pull-out, localized spalling, and coating transfer
to the counterface. Under this more severe condition, the crack and pore
network likely acted as stress concentration sites, promoting crack
linking and localized material removal. In addition, the higher tem-
perature may have enhanced adhesive interactions between the SiC
counterface and the coating while reducing the stability of debris ac-
commodation within the contact. As a result, the dominant wear
mechanism shifted from stable third-body accommodation at 600 °C to
adhesion- and fracture-assisted material removal at 800 °C.

Overall, this study highlights the potential of SPS-deposited HEO
coatings as protective surfaces for high-temperature fretting applica-
tions, particularly where stable third-body debris formation can be
maintained. However, the increased wear at 800 °C shows that low
friction alone is not sufficient to ensure coating durability under more
severe thermal and mechanical conditions. Future work should focus on
longer-duration fretting tests, intermediate-temperature studies, addi-
tional repeat testing for broader statistical validation, and high-
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temperature mechanical characterization, including hardness, elastic
modulus, and fracture toughness. Detailed tribolayer chemistry and
transfer-film analysis would also help clarify the interfacial mechanisms
controlling the transition from stable low-friction behaviour to damage-
dominated wear.
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