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Abstract This study deals with Al,O3-13wt.%TiO,-rein-
forced CoCrFeMnNi high-entropy alloy (HEA) composite
coatings prepared by plasma spraying. The effect of the
Al,O3-TiO, ceramic phase on the microstructure,
mechanical properties and high-temperature tribological
performance of the as-sprayed composite coatings was
investigated. The results showed that the composite coat-
ings consisted of a HEA phase with a FCC (face-centered
cubic) structure and an Al,03-TiO, ceramic phase with a
three-dimensional network structure. The coatings pre-
sented a typical layered structure with less porosity than
pure HEA coatings. The three-dimensional network struc-
ture was mainly due to partially melted Al,Os-
13wt.%TiO2 particles during the spraying process. The
composite coating with Al,O3-TiO, ceramic phase had an
improved plastic deformation resistance and a reduced
elastic recovery resistance. Its wear rate was lower than
that of the pure HEA coating. The main wear mechanisms
included oxidation, wear and adhesive wear. The Al,O3-
TiO, ceramic phase reduced the adhesive wear and
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promoted the tribological behavior of the HEA composite
coating at low temperature. The excellent wear resistance
of the as-sprayed coating at high temperatures was mainly
due to the formation of an oxide layer on the worn surface.

Keywords Al,O3-13wt.%TiO, - high-entropy alloy
coating - high-temperature tribological performance -
microstructure - plasma spray

Introduction

High-entropy alloys (HEAs) are advanced solid solution
alloys that contain five or more principal elements in
equimolar or nearly equimolar ratios. Recently, HEAs have
developed into the most promising novel metal materials
because of the advantages of structural stability, mechanical
properties, corrosion resistance and wear resistance (Ref 1-
3), which are directly related to the effects of high entropy,
sluggish diffusion, severe lattice distortion and combined
effects. However, it is difficult to control the homogeneity of
bulk HEAs due to the properties of the multiple principal
elements, and the bulk HEAs are mainly prepared by arc
melting technology or casting methods. Thus, the size of the
bulk HEAs is limited. Recently, large-area HEA coatings
(HEAC:S) have attracted attention with the possibility of the
critical applications in industrial engineering due to their
good corrosion resistance and wear resistance (Ref 4-6).
Plasma spraying is a versatile and widely applied technique
to prepare all kinds of coatings due to the higher spraying
temperature and efficiency (Ref 7-9), and some researchers
have fabricated HEA films and coatings by this technique. The
flattening and rapid cooling process can promote the densifi-
cation of coatings with lamellar structures and produce high
adhesion strength (Ref 10). Ang et al. (Ref 11) successfully
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prepared the lamellar-structure CoCrFeMnNi HEACs by
plasma spraying and found that the coatings showed an ani-
sotropic mechanical response due to the unique lamellar
microstructure. Wang et al. (Ref 12) reported that a plasma-
sprayed CrMnFeCoNi HEA coating exhibited a single-phase
face-centered cubic (FCC) solid solution with appropriate
spraying parameters, and the overall porosity percentage of
the coating was calculated as ~ 2.9%. Xiao et al. (Ref 10)
prepared single-phase FCC CoCrFeMnNi HEACs by plasma
spraying with different spraying parameters, and found that
the wear resistance of the CoCrFeMnNi HEACs was
enhanced by the high cohesive strength among splats and the
increase in oxides in the coating. However, some studies
indicated that the hardness value of single-phase FCC CoCr-
FeMnNi HEACs was only 212 HV ~ 423 HV (Ref 13, 14),
and the application of the CoCrFeMnNi HEA coatings is
limited by their low hardness values.

Most studies show that high hardness improves wear
resistance of HEA coatings (Ref 15, 16). The coating hard-
ness can be significantly enhanced by the in situ synthesis
and addition of ceramic phases or intermetallic compounds
(Ref 17). Al,O3 with a hexagonal structure is easy to be
produced at the friction interface, which is beneficial for
increasing the plastic deformation resistance of an HEA
coating during sliding at elevated temperatures (Ref 18). In
addition, Al,O5 and TiO, promote the formation of a dense
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oxide film at high temperatures (Ref 19, 20). Therefore, the
TiO, and Al,O3 ceramic phases are the most promising
reinforcement phases to enhance the wear resistance of the
HEA coatings at elevated temperatures. Moreover, some
studies on the high-temperature wear behaviors of HEAs
present different wear mechanisms compared to those at
room temperature (Ref 21, 22). The phase structure of the
HEA coating was stable during high-temperature sliding,
and the oxide films on the worn surface significantly
improved the wear resistance (Ref 23, 24). Furthermore, the
grain refinement of the subsurface layer caused by dynamic
recrystallization under thermal-mechanical stress sliding at
high temperature has a significant effect on the wear resis-
tance (Ref 25). Herein, conventional Al,Os-13wt.%TiO,
ceramic powders were introduced into CoCrFeMnNi coat-
ings by plasma spraying, and the microstructure, mechanical
properties and high-temperature wear behavior of the com-
posite coating were analyzed.

Materials and Methods
Coatings Preparation

Figure 1(a) and (b) shows the scanning electron micro-
scopy (SEM) morphology of CoCrFeMnNi HEA powders
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Fig. 1 (a) Al,05-13wt.%TiO, powders, (b) CoCrFeMnNi HEA powders and (c, d) the chemical composition of the powders
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Table 1 Detailed parameters of plasma spraying

Parameters Values

Spraying system Sulzer Metco 7 MB, USA

Spraying current, A 600
Spraying voltage, V 75
Primary gas (Ar) flow rate, L min™"' 70
Secondary gas (H,) flow rate, L min~' 7
Carrier gas(Ar) flow rate, L min~! 12
Powder feed rate, g min~" 30
Spraying distance, mm 150
Scanning rate, mm g1 1000
Spraying times (passes) 21

(~ 25 pm) and Al,03-13wt.%TiO, powders (abbreviated
to ATI13 hereafter, ~ 15 pm). The size of powders is
uniform, and the spherical particles facilitate the flow of
powders. The chemical analysis of the CoCrFeMnNi HEA
and ATI3 powder via energy-dispersive spectrometer
(EDS, shown in Fig. 1c and d) was almost identical to the
elemental composition given by the supplier. In this
research, the HEA powders were mixed with 10 wt.%
AT13 powders for 4 h in a 3D motion mixer to prepare the
feedstock powders, and the motion frequency of the mixer
was 50 Hz. The pure CoCrFeMnNi coating (denoted as the
HEA coating) and the CoCrFeMnNi/(Al,03-TiO,) com-
posite coating (denoted as the HEA-10 coating) were
deposited by plasma spraying. The substrate was com-
mercial mild steel with a chemical composition of C: 0.2,
Mn: 0.45, Si: 0.15, P: 0.03, S: 0.05, and Fe: balance, wt.%.
Table 1 shows the detailed plasma spraying parameters.

Characterization Methods

A field emission transmission electron microscope
(FETEM, FEI TECNAI G2 F20, USA) and field emission
scanning electron microscope (FESEM, Zeiss Merlin
Compact, Germany) equipped with an EDS were used to
investigate the coating cross section morphology and
structure. X-ray diffraction (XRD, Ultima IV, Rigaku)
using Cu Ko radiation at 40 kV and 40 mA at a scan rate of
4°/min, ranging from 20° to 100°, was used to study the
phase composition of the as-sprayed coatings. An Agilent
G200 nanoindenter (USA) equipped with a Berkovich
diamond tip (TB21090) was used to perform nanoinden-
tation on the coatings at room temperature. The constant
loading rate was 0.5 mN 57! the maximum load was 50
mN, and the holding time was 10 s. The unloading rate was
the same as loading rate. The hardness of the as-sprayed
coatings was tested by a Vickers hardness tester (Future-
Tech FM-700). The hardness measurements were
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conducted with a load of 300 gf and a spacing of 50 pm
between each measuring point, and the measuring points
were mainly the HEA matrix.

Friction and Wear Performance

The wear behavior of the as-sprayed coatings was tested by
a multifunctional tribometer (Rtec, MFT-3000, USA) with
rotary ball-on-disk dry sliding from 25 to 600 °C, respec-
tively. A Si3N4 ceramic ball (diameter of 9.5 mm) slid
against the prepolished coating surfaces. The surface
roughness (Ra) before the tribological tests of the wear
specimens was 0.058 um. The constant applied normal
load was 50 N, the rotating speed was 300 rpm, the rota-
tion radius was 3 mm, the linear velocity at wear marks
was approximately 94 mm/s, and the sliding duration was
1200 s. The wear rate (W) was determined by the formula:
W, = V/FS, where V is the wear volume measured by a 3D
profiler (Rtec, Micro-XAM, USA), F is the loading force,
and S is the sliding distance. Tribological tests of each
sample were repeated three times under the same condi-
tions, and the average results were reported.

Results and Discussion

Microstructure and Mechanical Properties
of Coatings

Figure 2 shows the XRD patterns of the powders and the
as-sprayed HEA coatings. The AT13 powders displayed
the a-Al,O3 phase (JCPDS No. 10-0173) and rutile TiO,
phase (JCPDS No. 21-1276). The diffraction peaks of the
as-sprayed coatings corresponded to the face-centered
cubic (FCC) HEA solid solution (JCPDS No. 47-1417),
which was the same as those reported in previous studies.
This reveals that the as-sprayed HEA coating matrix both
was composed of an FCC single-phase solid solution. Thus,
the addition of AT13 powders had no effect on the HEA
matrix structure. The a-Al,O5 phase (JCPDS No. 10-0173)
and y-Al,O3 phase (JCPDS No. 10-0425) were present in
the HEA-10 coating. Therefore, some o-Al,O5 transformed
to metastable y-Al,O5; during plasma spraying due to the
lower critical nucleation free energy of y-Al,Os, than of o-
Al,O3, which promoted the formation of the nano-Al,O3-
TiO, phase (Ref 26). The diffraction peaks of TiO, were
not prominent because of the low content of TiO, in the
composite coatings. The diffraction peaks of the oxides,
also shown in Fig. 2, corresponded to the in-flight oxida-
tion of the HEA particles during spraying. The peaks of
oxides corresponded to AB,O, (A, B = Ni, Co, Fe, Cr or
Mn)-type mixed oxides, and the results were supported by
previous experiments. (Ref 10-12, 27)
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Fig. 2 XRD patterns of powders and coatings

Figure 3 shows the cross-sectional microstructures of
the as-sprayed coatings. Figure 3(a) and (b) shows the
overview images of the coatings. The overall porosity
percentages of the pure HEA coating and the HEA-10
composite coating were calculated to be 3.79 and 1.25%,

Coating

Substrate

respectively. Figure 3(c) and (d) shows the local magnifi-
cation microstructures of the HEA coating and HEA-10
composite coating, respectively. The cross-sectional
microstructures indicate that the pure HEA coating and the
HEA-10 composite coating both presented flat and bent
layered structures. Therefore, both HEA and Al,Os-
13wt.%TiO, particles can be well melted during the plasma
spraying process. These high-speed flying molten particles
splattered and fragmented during deposition to form the
layered structure. Additionally, a few microcracks were
present in the coatings. Table 2 shows the chemical com-
positions of different areas of the as-sprayed coatings. The
EDS results indicate that a large amount of Mn and a small
amount of Cr were lost during burning and oxidation in the
spraying process. The EDS maps of the HEA-10 composite
coating (Fig. 4) show that Fe, Co and Ni were uniformly
distributed mainly in the coating matrix, while some Mn,
Cr and O elements were enriched together. The above EDS
analyses show that Mn and Cr elements were more sus-
ceptible than the other elements to oxidation during the
plasma spraying process. Combined with the XRD results
(Fig. 2), it was found that the oxides in the as-sprayed
coating were MnCr,O, and MnO. Furthermore, the EDS

Fig. 3 Cross-sectional SEM images of the coatings: (a) and (c) pure HEA coating; (b) and (d) HEA-10 composite coating
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Table 2 Chemical

. . Coatings Elements (0] Al Ti Cr Mn Fe Co Ni

compositions of different Regions
regions in Fig. 3 (wt.%) Blon

Pure HEA A 1.63 14.36 6.32 24.32 26.61 26.76

B 18.88 14.05 4.19 19.36 21.40 21.56

HEA-10 C 2.79 0.81 11.98 3.95 23.34 28.15 28.98

D 21.65 1.26 18.39 4.98 18.76 17.76 17.20

E 42.21 43.87 10.15 0.74 0.01 1.37 0.79 0.86

Fig. 4 EDS maps of the HEA-10 composite coating corresponding to Fig. 3(d)

results indicate that the addition of Al,O3-13wt.%TiO,
powders did not change the composition of the CoCr-
FeMnNi HEA matrix.

Figure 5(a) shows a high-magnification image of the
HEA-10 composite coating. Figure 5(a) indicates that the
microstructure of the Al,O5-TiO, layer was three-dimen-
sional (3D) network structure. The submicron grains (ap-
proximately 500 nm) and thin net walls (thickness less than
50 nm) combined to form the 3D network structure. Some
studies have shown that the particulate structure in plasma-
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sprayed coatings was formed by the partially melted
Al,03-13wt.%TiO, powders, and the 3D network structure
may enhance the toughness of the coating by increasing the
resistance of crack propagation (Ref 28, 29). Furthermore,
Fig. 5(a) shows that the layered HEA matrix was tightly
bound by the Al,03-TiO, phase, and the gaps and vacan-
cies between the layers were filled, which contributed to
the obvious improvement in coating densification (Ref 30).
Figure 5(b) shows the TEM micrograph of the Al,03-TiO,
phase in the HEA-10 composite coating. The selected area
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Fig. 5 (a) High magnification of the HEA-10 coating and (b) TEM micrographs of the Al,05-TiO, phase in the HEA-10 coating

diffraction (SAD) patterns in Fig. 5(b) illustrated that the
nanoparticles were mainly o-Al,O3, which was consistent
with the XRD patterns. Additionally, the EDS results (in
Fig. 5b) show that some Ti was dissolved in the Al,O3
phase (Ref 31), which indicated that the Al,O3-
13wt.%TiO, powders were melted during the spraying
process.

Figure 6(a) shows the indentation-load curves of the
substrate, the pure HEA coating and HEA-10 coating.
Compared with those of the pure HEA coating, the maxi-
mum indentation depths of the HEA-10 coating decreased
from 640 nm to 591 nm. Figure 6(b) shows the hardness
(H) and elastic modulus (E) of the substrate, the pure HEA
coating and the HEA-10 coating. The hardness of the HEA-
10 coating was 7.525 GPa, which is an improvement of
28.92% compared with the pure HEA coating due to the
reinforcement of the 3D network of the Al,O3-TiO, phase.
There was no significant difference in the elastic modulus
values of the substrate and the as-sprayed coating. Thus,
the interface of the substrate and coatings was well bonded.
Figure 6(c) shows the H/E ratio and H>/E? ratio of the as-
sprayed coatings. The H/E ratio is widely used as a valu-
able measure in determining the limit of elastic behavior in
a surface contact. A higher H/E ratio can promote the
material to elastically recover the deformation induced by
external stress (Ref 32). H/E? is also related to the wear
characteristics, representing the resistance to plastic
deformation in the loaded contact (Ref 33). Thus, the HEA-
10 composite coating with high H/E and H*/E? values may

present high wear resistance during sliding wear contacts.
Figure 6(d) shows the # of the as-sprayed coatings, where x
is the ratio of the elastic work (E,j,;, area of S; in Fig. 6a)
and total work (E, area of S; + S, in Fig. 6a) per-
formed during the indentation, representing a measure of
the surface elastic property of a material (Ref 34).
Accordingly, 1 can be used to analyze the elastic effects of
the composite coating on the wear resistance. Cheng et al.
(Ref 13) reported that the wear resistance of the coatings is
proportional to the H/E ratio and mn value. Fig-
ure 6(d) indicates that the n value of the HEA-10 coating
was 1.26 times that of the pure HEA coating, meaning that
the elastic recovery of the HEA-10 composite coating was
better than that of the pure HEA coating. Figure 7 shows
the microhardness measured across the cross sections of the
as-sprayed coatings and the substrate. The results indicated
that the Al,O3-TiO, phase significantly enhanced the
hardness of the CoCrFeMnNi HEA coating. Therefore, the
nanoindentation results and the microhardness of the as-
sprayed coatings demonstrated that the Al,O5-TiO, phase
had a positive effect in decreasing the friction coefficient
and enhancing wear resistance of the composite coating.

Friction and Wear Behaviors of the Coatings
Figure 8 shows the friction coefficient variation in the as-
sprayed coatings under different sliding temperatures. All

the friction coefficient curves can be divided into running-
in and steady-state periods (Ref 35). The friction
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Fig. 6 Nanoindentation test results of the coatings: (a) the load—displacement curves; (b) H and E; (c) H/E and H3/E% and (d) the mean elastic

performance of indentation

coefficients of the as-sprayed coatings were in the range of
0.20-0.30.The friction coefficients of both the pure HEA
coatings and HEA-10 coatings showed a trend of first
decreasing and then increasing with increasing sliding
temperature. The decrease in the friction coefficient was
mainly due to the oxide film that was formed on the surface
(Ref 25). However, the hardness of the as-sprayed coatings
decreased with sliding temperature, which led to high
adhesion between the wear surfaces and SizN, sphere.
Thus, the friction coefficient increased with the sliding
temperature. Additionally, the high hardness of the HEA-
10 coatings caused by the Al,O3-TiO, phase (Fig. 7) can
reduce adhesion during friction. Thus, the friction coeffi-
cients of the HEA-10 coatings were lower than those of the
pure HEA coatings under the same sliding conditions.
Furthermore, the fluctuation in the friction coefficient curve
of the HEA-10 coating was smaller than that in the pure
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HEA coating during the steady wear stage at 600 °C.
Figure 9 presents the 3D surface topographies of the worn
scars of the pure HEA and HEA-10 coatings under sliding
motions at different temperatures. The width and depth of
the wear scars of pure HEA coatings decreased with the
wear temperature. However, the width and depth of the
wear scars for HEA-10 coatings were stable at elevated
sliding temperatures. Moreover, the width and depth of the
wear scars of the HEA-10 coatings were smaller than those
of the pure HEA coating. Figure 10 shows the wear rates of
the as-sprayed coatings under sliding motions at different
temperatures. The pure HEA coating exhibits a significant
reduction in wear rate with increasing temperature. The
wear rates of the HEA-10 composite coating under ele-
vated temperature were appreciably lower than those of the
pure HEA coating, which corresponded to the above
nanoindentation and microhardness test results (Fig. 6 and
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Fig. 7 Microhardness distributions along the depth direction in the
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7). Additionally, the wear rates of HEA-10 decreased first
and then increased with increasing temperature. The lowest
wear rate of the HEA-10 coating was 9.86 x 10~° mm®
N~'m~" at 200 °C. The lower friction coefficient of the
HEA-10 coating at 200 °C (Fig. 8b) indicated that the
oxide film on the friction surface was stable. In addition,
the higher hardness of the HEA-10 coating than the pure
HEA coating reduced the adhesion and spallation of the
oxide film during sliding at 200 °C. The stable oxide film
had a good protective effect on the coating. However, for
ceramics, the reduction effect on adhesion decreased with
increasing sliding temperature. Thus, the spalling of the
oxide film was increased, and the wear resistance of the
coating was decreased.
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Fig. 9 3D surface topographies of worn surfaces sliding underp
different temperatures, (a)-(d) the pure HEA coatings and (e)-(h) the
HEA-10 coatings

Worn Surface Morphology and Wear Mechanism

Figures 11 and 12 shows the worn surfaces of the pure
HEA coating and HEA-10 composite coating, respectively.
The low-magnification images of worn surfaces (the inset
in Figs. 11 and 12) show that the worn surfaces of the two
HEA coatings contained adhesive layers (Ref 36). The
small amount of Si on the worn surfaces (the EDS results
shown in Tables 3 and 4) illustrated that there was some
material transfer between the friction samples and the
opposite grinding part during the wear process. Thus, the
adhesive wear process occurred during sliding at different
temperatures. Figures 11(a)-(c) and 12(a)-(c) displays
some oxidation sheets, craters and a few cracks on the worn
surface. Figures 11(d) and 12(d) presents some grooves,
small oxidation sheets and some debris that were present
on the worn surfaces subjected to sliding at 600 °C.
Therefore, the wear mechanisms of the as-sprayed coatings
can be regarded as adhesive wear, oxidation wear and
abrasive wear (Ref 37, 38). Furthermore, Fig. 12 reveals
smoother worn surfaces of the HEA-10 coating than of the
pure HEA coating, and this effect was caused by the
reinforcement of the Al,03-TiO, phase.

Figure 13(a)-(d) and (e)-(h) shows SEM photographs of
cross-sectional wear tracks of the pure HEA coatings and
HEA-10 coatings subjected to sliding at different temper-
atures. The oxide films on the worn surfaces were obvious,
and the oxide film thickness of the HEA-10 coatings was
smaller than that of the pure HEA coatings. Moreover, the
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Fig. 8 Friction coefficient (COF) curves of coatings sliding under various conditions: (a) pure HEA coating and (b) HEA-10 composite coating
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oxide films on the worn surfaces of the two coatings
showed loose sliding characteristics at 25-400°C, and the
oxide films were dense at 600 °C. Figure 13(d) and

16
14 [ 7 JHEA coating
- | T HEA-10 coating
EnlZ
e X
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S s
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< 6
H b
H T
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Fig. 10 Wear rate of the coatings under sliding at different
temperatures

(h) shows that a plastically deformed zone appeared under
the worn surface when sliding at 600 °C. The local mag-
nification image of the cross-sectional wear tracks for the
HEA coating and HEA-10 composite coating sliding at
600 °C was characterized to further clarify the wear
mechanism, which is presented in Fig. 14. The EDS results
of the oxide layers on the worn surfaces and the unaffected
areas in the coating are shown in Fig. 14(a) and (c). The
comparison of the elemental compositions of the different
regions in the two coatings indicated that the wear surfaces
were covered with a dense oxide film and some Al,Oj
phases were contained in the oxide layers of the HEA-10
coating. The Al,O; phase may enhance the protective
functions of the oxide layers (Ref 19). Moreover,
Fig. 14(b) and (d) indicates that the grains in the coatings
were refined in plastic deformation zone due to dynamic
recrystallization during sliding at 600 °C (Ref 37), which
was beneficial for improving the resistance to plastic
deformation.

In the composite coatings, the Al,0O5-TiO, ceramic
phase played a load-bearing role and served as a lubricant,

‘cracks

S0 um-;.f- :

Fig. 11 Worn morphology of pure HEA coatings under sliding at different temperatures
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Fig. 12 Worn morphology of HEA-10 coatings under sliding at different temperatures

Table 3 Chemical composition
of various worn regions for the
pure HEA coating (wt.%)

Table 4 Chemical composition
of various worn regions for the
HEA-10 coatings (wt.%)

Na

0.jim

‘e

: Dol
b —

Elements C (6] Si Cr Mn Fe Co Ni
Temperature
25 °C 5.63 25.66 0.93 13.88 4.32 16.16 16.53 16.27
200 °C 6.28 24.01 0.81 13.54 4.82 16.37 16.66 17.00
400 °C 4.56 22.84 0.76 14.59 4.85 16.60 17.44 17.84
600 °C 3.04 25.20 12.68 5.05 17.60 18.72 17.21
Elements C (0] Al Si Ti Cr Mn Fe Co Ni
Temperature
25 °C 5.23 25.26 5.38 0.84 0.84 13.08 491 14.99 14.42 15.04
200 °C 7.63 22.13 7.60 0.52 1.10 11.70 3.13 14.47 15.40 16.31
400 °C 3.37 25.62 4.45 1.48 0.81 12.80 4.56 15.46 15.59 15.86
600 °C 2.86 25.79 3.27 0.24 13.56 4.68 16.60 16.28 16.72

and it reduced the real contact area and adhesion (Ref
23, 39). The results of the wear rates (Fig. 10) and the
morphologies of the cross-sectional wear tracks of the as-
sprayed coatings (Fig. 13 and 14) illustrated that the
Al,03-TiO, phase in the composite coating contributed to
the low and stable friction coefficient and enhanced the

@ Springer

wear resistance at low temperatures. However, the excel-
lent wear resistance of the as-sprayed coating at high
temperatures was mainly due to the formation of oxide
layer on the worn surface.



J Therm Spray Tech (2021) 30:772-786

- odidelayer

) Springer




784

J Therm Spray Tech (2021) 30:772-786

<«Fig. 13 Cross-sectional morphology of the worn subsurface that was
sliding under different temperatures, (a)-(d) the pure HEA coatings
and (e)-(h) the HEA-10 coatings

Conclusions

In this study, CoCrFeMnNi/(Al,O5-TiO,) composite coat-
ings were prepared by plasma spraying. The tribological
behavior of the coatings was analyzed by sliding wear
testing in the temperature range of 25-600 °C. The main
findings of the study are as follows:

1. The CoCrFeMnNi/(Al,03-TiO,) composite coatings
consisted of HEA layers with a single-phase FCC structure
and an Al,O3-TiO, phase with a 3D network structure. The
Al,O3-13wt.%TiO, ceramic powders did not significantly
affect the composition and structure of the HEA matrix.
The hardness of the composite coating was enhanced 1.29
times compared with that of the pure HEA coating due to
the reinforcement by the Al,O3-TiO, phase. Nanoinden-
tation experiments revealed that the Al,03-TiO, phase

o p

—_ A(Wt\‘%))B(Wt{’./o)
O: 2450 8:80
10:54" - 0.80;
2 Cre 1313101832
o Min: =467

A

51967

improved the plastic deformation resistance and reduced
the elastic recovery resistance of the composite coatings.

2. The wear mechanisms of the CoCrFeMnNi/(Al,O5-
TiO,) composite coatings were adhesive and have oxida-
tion and abrasive wear. The 3D network of the Al,05-TiO,
phase reduced the adhesion wear. The wear rates of the
composite coating were lower than those of the pure HEA
coating under the same sliding conditions. The Al,03-TiO,
phase contributed to the low and stable friction coefficient
of the composite coatings and enhanced the wear resistance
at low temperatures. The formation of an oxide layer on the
worn surface contributed to the excellent wear resistance of
the as-sprayed coating at high temperatures.
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Fig. 14 Local magnification cross-sectional wear tracks of the pure HEA coating and HEA-10 composite coating at 600 °C: (a, b) pure HEA

coating and (c, d) HEA-10 coating
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