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High-entropy alloys (HEAs) have been deliberated as potential matrix material for self-lubricating com-
posites due to their excellent mechanical properties. In this study, the Aly,Co, sCrFeNi, sTi HEA powders
with a face-centered cubic structure were prepared by mechanical alloying. Then, the alloyed HEA powders
were sintered at 700 °C to achieve sprayed powder with suitable particle size. Next, the Aly,Co; sCrFe-
Ni, sTi HEA-based composite coating was plasma sprayed on carbon steel by combining Ag. Dry friction
experiment was applied in order to investigate the tribological properties of HEA — Ag composite coating
at temperatures ranging from 25 to 750 °C. The composite coating that was sprayed with HEA — Ag
exhibited a low friction coefficient (0.253) and a relatively low wear rate (8.9 x 10°¢ mm3/Nm) at 750 °C.
Furthermore, the HEA + Ag coating obtained an increased hardness and superior tribological properties
after high temperature annealing. The dense, continuous oxide layer that was formed tightly covered the
coating surface and combined with the lubrication of Ag clusters to protect the underlying materials from

wear loss at high temperatures.
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1. Introduction

The exploration of self-lubricating materials over a wide
temperature range has been an urgent task for decades that has
not yet been completely accomplished (Ref 1-3). Until now,
due to the good mechanical properties and thermal stability of
metals or alloys, it has been an effective solution to achieve
lubrication over a wide temperature range by taking them as
matrix material in self-lubricating composite (Ref 4). Research-
ers have studied numerous metals or alloys at high tempera-
tures, and they have obtained excellent tribological properties.
This is especially true for the metal Ni (Ref 5-7) and its alloys
(Ref 8-10). Additionally, metal-based materials play the role of
load carrying and oxidation/wear resistance in composite
materials, making the selection of matrix materials very
important to improve the performance of self-lubricating
composites.

Recently, a new alloy with multiple principal elements has
led to the formation of ‘‘high-entropy alloys’’ (HEAs), which
show many outstanding properties, such as high oxidation
resistance (Ref 11, 12), high strength and hardness (Ref 11, 13),
and excellent wear resistance (Ref 11, 14, 15). Furthermore, it
is possible to take HEAs as matrix materials of self-lubricating
composite. Previous researchers have reported that the HEAs
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show various microstructures and mechanical properties, and as
one of the simplest HEAs, the CoCrFeNi alloys with an FCC
structure have been widely investigated (Ref 16, 17). On the
basis of this information, researchers have also widely studied
AlCoCrFeNiTi alloys (Ref 18-20) due to their enhanced
mechanical properties. It has been reported FCC-based alloys
show better higher workability but lower strength compared
with BCC-based alloys (Ref 12). Additionally, by adding Ti
atoms, the hard secondary phases that are formed can greatly
increase in hardness and strength, like the Ni-Ti- and Ti-Co-
rich phases. Also, the Al atom, which has a small atomic radius,
can induce the formation of hard but brittle BCC phase and B2
compounds; the hardness can be reinforced due to the solution
strengthening and hard phases. In addition, Al can easily
generate a dense oxide film on alloy surfaces, and Ti has good
corrosion resistance (Ref 20). Based on those facts, in this
study, Aly,Co; sCrFeNi, sTi HEA was selected as the matrix
material for designing self-lubricating composite coating,
which has a high content Co and Ni to retain FCC structure
and contains the addition of Al and Ti to improve the hardness
of coatings.

It has been reported that thermal spraying is one of the
effective methods to prepare high-entropy alloy coatings (Ref
21-23). Additionally, researchers have widely used the
mechanical alloying process to synthesize HEA powders, from
which the nano-crystalline can be easily obtained (Ref 24, 25).
However, the powders obtained from the mechanical alloy have
small particle sizes and poor flow abilities, making it difficult
for them to be deposited during plasma spraying. Thus, the fine
alloyed powders should be agglomerated to a larger particle to
meet the requirement of spray powders. In this experiment, we
used the sintering method as a common powder treatment to
obtain suitable particle size for spraying (Ref 26-28). After
sintered or thermal sprayed, whether or not the phase stability
of sprayed Ag-HEA coating can be sustained is still ambiguous.
The structure evolutions of alloyed powders and HEA coatings,
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including phase transformation, grain size variation, and
intermetallic phase segregation during plasma spraying and
high temperature heating, both inevitably affected the tribolog-
ical performance of composite coatings. It can be expected that
the HEA powders and HEA coatings possess high structure
stability during the preparation process and the tribology test,
making the performance of HEA coating more reliable.

In this study, Alp,Co; sCrFeNi; sTi HEA was selected as
matrix material for designing self-lubricating composite coat-
ing, and Ag was used as lubricant. The high-entropy alloy
powders were prepared by mechanical alloying. The vacuum
sintering process was adopted to obtain agglomerated powders
with suitable particle size for spraying. Then, the composite
coatings were prepared by plasma spraying technology. The
tribological properties of HEA — Ag composite coating from
25 to 750 °C were investigated. And also their wear and
lubrication behaviors were analyzed and discussed. For com-
parison, the tribological properties of Aly,Co; sCrFeNi; sTi
coating, SUJ51, and Q125 steel were also tested at the same
conditions.

2. Experiment Details

2.1 Materials and Methods

Al, Co, Cr, Fe, Ni, and Ti powders (99.5% < 45 um) with
an atomic ratio of 0.2:1.5:1:1:1.5:1 were ball milled under
argon atmosphere (purity 99.99%, pressure 0.5 MPa). The
milling process was carried out in a high energy planetary ball
miller with a 250 rpm rotating speed. The weight ratio of the
ball to the powder was 10:1. The stainless steel balls with
diameter of 5 mm and 10 mm as milling media were utilized.
During ball milling, the powder samples at 0, 4, 8, 15, 30, 45,
and 60 h were extracted for characterizing their structure by
SEM. After milling for 60 h, the alloyed powders were sintered
in a vacuum furnace (5.5 x 107> Pa) at 700 °C. Then, the
powders were ground and sieved to obtain suitable particle size.
The mass fraction of 95 wt.% Aly,Co; sCrFeNi; sTi and
5 wt.% Ag as-sprayed powders were mechanically blended,
and then, subsequently the coatings on carbon steel were
deposited by PS-1080 atmospheric plasma spray system. The
spraying parameters are shown in Table 1. The Aly,Co; sCr-
FeNi, sTi coating was also prepared at the same conditions.
The phase structures of powders and coatings were character-
ized by x-ray diffraction (XRD, D8 Bruker, Germany). The
microstructure and chemical compositions of alloyed powders

Table 1 Plasma spraying parameters of the HEA and
HEA — Ag composite coatings

Items Value
Current 300 A
Voltage 28-32° V
Spray distance 100 mm
Argon flow rate 2600 L/h
Hydrogen flow rate 50 L/h
Powder feed rate 1 kg/h
Powder gas flow rate 0.4 m*h
Spray gun walking speed 15 mm/s
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and sprayed coatings were observed using scanning electron
microscope (SEM, Quanta 250F, FEI, America) and the
attached x-ray energy-dispersive spectrometer (EDS).

2.2 Hardness and Tribological Test

Before the wear test, the sprayed composite coatings were
mechanically grounded with 600-grit emery paper and cleaned
in acetone for 10 min. The tribological properties were
investigated by a ball-on-disk high temperature tribometer with
SizNy ball (¢ = 6 mm) as upper specimen. The tests at a load
of 5 N and a rotating radius of 5 mm were conducted, and the
rotating speed was 300 r/min (around 0.157 m/s). Each friction
test was sustained for 60 min (distance of 565.2 m), and the test
temperatures were 25, 200, 400, 600, and 750 °C. Then, the
morphologies of coatings’ worn surface were observed by
SEM, and a laser scanning confocal microscope (SM-1000)
was used to calculate wear volume loss. The wear rates were
calculated by W = V/SF, where V was the wear volume loss in
mm3, S was the total sliding distance in m, and F was the
applied load in N. Then, the chemical compositions and phases
of worn surface were detected by EDS and Raman spectrum
(HORIBA Scientific, Japan; laser wave number 532 nm). After
the wear test at RT, 200, 400, 600, and 750 °C for 60 min in air
atmosphere, the hardness of surface and unworn surface of the
composite coatings was detected by a Vickers indentation test.
The load was 2 N for 10 s, and at least 5 indents were
conducted for each sample to obtain the average value.

3. Results

3.1 Characterization of Powders

Figure 1 shows the XRD patterns of Aly,Co; sCrFeNi; sTi
powders at different milling times. The diffraction peaks of all
constituent elements appear on the XRD of primitive mixed
powders. Results show that the intensity decreased after milling
for 2 h and then significantly decreased after milling for 8 h.
Meanwhile, the diffraction peaks of Al disappeared after 8 h,
which indicates the solid solution was formed. When the alloy
powders were milled for 15 h, some weak peaks became

> o

Al « Co ¢ Cr v
Fe # Nie TiV

e

¥  ®:FcC

¢ esBcc | .

NN

. * - v
Oh
mﬁt:jw«%mw 2h
8h
R prplmniid 1 Sh

Mﬁ - Q?w PRI | 1

60h

Intensity/a.u.
é * .|.<

€ >

o€

20 ' 4'0 ' 6‘0 ' 8I0 ' l(l)l)
Diffraction angle 20/°

Fig. 1 XRD patterns of Alj,Co; sCrFeNi; sTi alloy powders at
different milling times
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invisible, and the preferred peak significantly broadened at
about 45°. Additionally, the intensity decrement and broad of
diffraction peaks resulted from the refined crystalline size, high
lattice strain, and decreased crystallinity during mechanical
alloying (Ref 29), while the disappearance of peaks was due to
the formation of solid solutions. As the milling time increased
to 45 and 60 h, only the most intense peaks can be observed,
and a small amount of BCC phase existed in a measurable state,
as shown in Fig. 1. This is because the mechanical alloying is a
non-equilibrium process, which results in the formation of litter
metastable BCC phase.

Figure 2 shows the morphologies of Aly,Co; sCrFeNi; sTi
high-entropy alloy powders with different milling times. The
primitive powders with particle sizes of less than 50 pm were
mechanically mixed. After milling for 8 h, larger particles were
formed at the initial stage of mechanical alloying, and obvious
cold welding and agglomeration between particles are observed
in Fig. 2(b). The agglomeration was further intensified when
the milling time extended to 15 h. The cold welded and
agglomerated particles were crushed down and broken when
mechanical alloying time increased to 30 h. The circulation of
agglomeration and crushing refined the powders, which can
facilitate the diffusion and alloying of different metallic
elements. This equilibrium was achieved at a milling duration
of 45 h. As shown in Fig. 2(e), the alloy powders reached an

average particle size of less than 5 pm after grinding for 45 h.
When milling time reached 60 h, the particle size had not
significantly changed.

The EDS spectra are shown in Fig. 3, and the representative
results are displayed in Table 2. The results show that the metal
elements of alloyed powders particles had a uniform distribu-
tion and obtained similar atomic ratios with designed compo-
sition after ball milling for 60 h.

Table 3 shows the grain size and lattice strain of HEA
powders with different milling times. Obviously, the grain size
was refined with increasing milling time. Additionally, the
average grain size of powders after mechanical alloying for
45 h was 19.8 nm, which was almost equal to that of powders
after mechanical alloying for 60 h. This indicates that it
becomes difficult to further refine the grain, and the equilibrium
of grain refinement was achieved after 45 h. Meanwhile, there
was a strong lattice strain in the powders during the mechanical
alloying. This is due to the atoms’ size mismatch of different
alloy elements, the continuous increase in grain boundaries, and
the serious mechanical deformation (Ref 30). The supersatu-
rated solid solutions were formed in the powders after
mechanical alloying for 45 h, and the enhancement of solid
solubility was caused by the effect of high mixing entropy and
the process of non-equilibrium of mechanical alloying (Ref 31,
32).

Fig. 2 SEM images of the mixed powders with different mechanical alloying times: (a), (b), (c), (d), (e), and (f), respectively, corresponding to

0, 8, 15, 30, 45, and 60 h
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Fig. 3 Elements distribution images of Al, Co, Cr, Fe, Ni, and Ti of the mixed powders after mechanical alloying for 60 h

Table 2 Atomic percentage of the alloyed 60-h powder
constituent elements

Element Al Co Cr Fe Ni Ti

Design, % 3.23 24.19 16.13 16.13  24.19 16.13
Actual, % 2.75 24.61 15.76 16.55  24.00 16.33

Table 3 Grain size and lattice strain of mixed powders
under different mechanical alloying times

Sample Mill time, h Grain size, nm Strain, %
1 15 29.6 0.2563
2 30 25.4 0.3011
3 45 19.8 0.4452
4 60 17.3 0.5329

Figure 4 presents the XRD patterns of powders and sprayed
coating. From the XRD pattern of sintered powders, the tiny
particles with high surface energy were agglomerated, and
partial residual stress could be eliminated at the selected
temperature of 700 °C. After sintering and grounding, the
powders still maintained a stable FCC phase structure. The
characteristic peaks of sprayed HEA — Ag composite coating
mainly consist of Ag, a few oxides of Cr, and FCC phase of
HEA, which indicates that Ag and alloyed HEA powders were
successfully deposited, and the FCC phase and nano-crystalline
structure of HEA powders was retained after spraying.

The cross-sectional morphologies of Aly,Co; sCrFeNi; sTi
Ag composite coating are shown in Fig. 5. The deposited
coating has a typical lamellar structure with a thickness of
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Fig. 4 XRD patterns of the mixed powders after mechanical
alloying for 60 h (a), powders after sintering at 700 °C (b), and the
sprayed HEA + Ag coating (c)

approximately 400 um. Furthermore, the ribbon-like layers
with little pores and cracks can be observed, and the particles
presented good melting with a stripped distribution. In addition,
Fig. 6 shows the element distribution of HEA — Ag composite
coating; the enrichment of Cr and Ni elements can be observed.
Few researchers have reported that the Cr-rich FCC phase
existed in the CoCrFeNi HEA (Ref 16, 33). Due to the fact that
the mechanical alloying process is non-equilibrium, some
constituents could not be alloyed completely, and Ni-enriched
area was formed.

Table 4 shows the micro-hardness of unworn and worn
surface of HEA — Ag composite coating after wear testing at
different temperatures. The hardness of cross section of sprayed
coating was 620.06 HV, and for the same sample, the surface
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Fig. 5 SEM images of cross section of the deposited HEA + Ag composite coating
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Fig. 6 Elements distribution images of Al, Co, Cr, Fe, Ni, Ti, and Ag of the deposited HEA + Ag composite coating

Table 4 Hardness of HEA — Ag composite coating (unit
HV)

Unworn surface Worn surface

25 °C 392.56 420.05
200 °C 444.58 461.21
400 °C 538.20 574.71
600 °C 739.82 760.23
750 °C 756.28 786.62

hardness was much lower (390.6 HV). This significant differ-
ence is due to micropores on the surface of the deposited
coatings, and the micro-pores structure is a common feature of
the thermal spraying coatings. After the wear test at room
temperature, the micro-hardness increased to 420.05 HV, which
can be attributed to the compact structure and the formation of
hard oxides. The surface hardness changed a little at 200 °C,
and it linearly increased with increasing test temperature.
Additionally, when the temperature rose to 750 °C, it sequen-
tially increased to 739.8 HV. Meanwhile, the hardness of worn
surface also increased, especially at high temperatures. The
increased hardness of worn and unworn surface was mainly
caused by oxidation. At first, the ultrafine grain structure of
mechanical alloyed powders could be preserved on the

1644—Volume 29(3) March 2020

composite coating due to rapid cooling during plasma spraying.
After the deposited coating annealed at high temperatures in air
(Fig. 11), the number of annealed precipitation particles with
nano-scales appeared. These particles were mainly composed
of oxides, and the precipitation oxide particles that were formed
can be attributed to grain growth and oxidation. In addition,
from the XRD of unworn surface after annealing at different
temperatures, it is obvious that oxide was formed on the surface
and that the FCC structure was unchanged. The increased
hardness was mainly caused by oxidation. In addition, the
hardness could be enhanced by precipitation hardening, as in
the Ni-Ti- and Co-Ti-rich phase. However, in contrast to the
bulk HEA material, for the coatings with powder metallurgic
method, the precipitation, phase boundary, and character of
phase structure hardly can be observed in the SEM, and it is
hard to see the precipitation phase in the XRD of Fig. 12.
Compared with unworn surface, the higher hardness of worn
surface can be attributed to high cyclic pressure and friction
induced by oxidation, in which compact structures and hard
oxides were formed.

3.2 Tribological Properties

The tribological properties of HEA and HEA — Ag com-
posite coatings were investigated from room temperature to
750 °C. Figure 7(a) shows the friction coefficient curves of
HEA and HEA — Ag composite coatings. After 10 min
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running, the friction coefficient curves were relatively stable. At
room temperature, the curve of HEA + Ag coating was rough
and uneven (avg 0.43), which was caused by the abrasive wear
of hard particles, as displayed in Fig. 9(a). Additionally, the
curve of HEA coating was more stable, but the average
coefficient was higher (avg 0.49) compared with HEA + Ag
coating. In addition, the friction coefficient attained its highest
value at 200 °C (avg 0.54 and 0.64). At this temperature,
oxidation resistance plays a critical role in the mild oxidation
wear mechanism. As shown in Fig. 9(c) and (d), the worn
surface shows delamination of the oxide layer because the
internal stress reached a critical thickness, the crushed oxide
particles were distributed in the worn surface, and the
continuous oxide film can’t be formed. The coarse surface
increased friction resistance, and a similar phenomenon
appeared at 400 °C. The average friction coefficients were
0.457 and 0.616, respectively.

It is obvious that the friction coefficients of HEA — Ag
composite coating were lower than HEA coating at 25-400 °C.
This may be because the lubrication of Ag can effectively
reduce friction resistance at this temperature range. As the test
temperature increased to 600 and 750 °C, the friction coeffi-
cient of HEA — Ag composite coatings significantly decreased
to 0.253 and 0.249, respectively. For both HEA and HEA —
Ag composite coating, a relatively low friction coefficient value
was obtained at high temperatures compared with PS400
coating (Ref 34, 35). Additionally, the addition of Ag had little
effect on the friction coefficient of coating at high temperature.
The main reason for the decreased in friction coefficients is that
the wear form was changed, whereas adhesion and oxidative
wear were the main mechanisms at high temperature. From
Fig. 10, a denser, continuous oxide layer that formed and
tightly covered on the coating surface for HEA and HEA + Ag
coatings prevented the direct metal-metal contact and adhesive
wear, reducing the friction force. The formed oxide layer can be
observed from the SEM images, XRD, and Raman patterns.

Figure 8 shows the wear rate of HEA and HEA — Ag
composite coatings at different temperatures. The wear rate of
HEA coating was lower than 4 x 10> mm’/Nm at RT and
200 °C, and it increased to its highest value (12 x 10~ mm?®/
Nm) at 600 °C before significantly decreased to
3.3 x 107> mm*/Nm at 750 °C. The variation tendency of
wear rate of HEA — Ag coating with increasing temperature
was similar to that of HEA coating. At room temperature, the
wear rate of HEA — Ag composite coating was about
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0.8 x 10~ mm3/Nm, which was four times lower than that
of the HEA coating. With increasing test temperature, the wear
rate  of HEA — Ag  coating linearly  increased
(5.89 x 107> mm*Nm) at 600 °C and then significantly
decreased to 8.9 x 107° mm*/Nm at 750 °C. It is obvious
that the wear rates of HEA — Ag composite coating were lower
than of HEA coating at all temperatures. Meanwhile, the wear
rates of HEA — Ag and HEA composite coating were much
lower than those of SKH51 and Q125 steel, especially at high
temperatures.

Figure 9 shows the SEM images of HEA and HEA — Ag
coatings of worn surfaces from RT to 400 °C. As the test
temperature increased, more and more flake wear debris
particles with significant oxidation worn off. It was difficult
to form a continuous oxide layer to resist wear, and the wear
loss mainly came from the formed oxide debris. This corre-
sponded with the increased wear rate with increasing temper-
ature from 25 to 400 °C. Additionally, broken oxide debris was
effectively relieved by the addition of silver. Figure 10 shows
the SEM image of the worn surface of HEA and HEA — Ag at
600 and 750 °C. At both temperatures, they had a smooth
surface. The surface was much smoother for the HEA — Ag
coating at 600 and 750 °C, and the width of worn surface was
significantly reduced at 750 °C. At high temperatures, the
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Fig. 8 Wear rate of composite coatings and SKHS51, Q125 at
different temperatures
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Fig. 7 Friction coefficient curves of Aly,Co; sCrFeNi; sTi + Ag coating (a) and Aly,Co; sCrFeNi, sTi coating (b) at different temperatures
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Fig. 9 Worn surface morphologies of the composite coatings: (a), (c), and (e) are the images of the Aly,Co; sCrFeNi; sTi + Ag coating at RT,
200, and 400 °C, and the (b), (d), (f) corresponding to Aly,Co; sCrFeNi, sTi coating at RT, 200, and 400 °C

Fig. 10 Worn surface morphologies of composite coatings: (a) and (c) are the images of the Alj,Co; sCrFeNi; sTi + Ag coating at 600 and
750 °C, (b) and (d) corresponding to Aly,Co; sCrFeNi; sTi coating at 600 and 750 °C
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volume loss mainly came from the oxide layer, for both the
HEA and HEA + Ag coating. They obtained a decreased wear
rate and friction coefficient, and the wear resistance increased
due to the denser, more continuous oxide layer formed and
tightly covered on the coating surface, which prevented direct
metal-metal contact and adhesive wear. This layer protected
the underlying materials from wear loss, and the high hardness
value of coating was helpful to improve the wear resistance.
Furthermore, the wear rate of HEA + Ag coating was lower
compared with HEA at high temperature; this is due to the
lubrication of Ag.

4, Discussion

4.1 The Effect of Silver Addition

At 25-400 °C, the HEA + Ag coating had better tribological
properties compared with HEA (Fig. 7 and 8), which indicates
that silver was the dominant factor in decreasing friction
coefficients and wear rate, while the lubrication of Ag reduced
the wear debris and decreased friction force. The friction
coefficients were decreased from 200 to 750 °C with increasing
temperature for both HEA and HEA — Ag coating (Fig. 7).
Additionally, the HEA alloy coating obtained a low friction
coefficient and a decreased wear rate from 600 to 750 °C, even
though there is no silver addition. This indicated that the silver
was not the main reason for the friction reduction at 750 °C.
Moreover, these results indicated the prepared HEA coating
without Ag also had a good lubrication and wear resistance at
high temperatures. This is due to the dense, continuous oxide
layer formed that tightly covered the coating surface to protect
the coating from wear loss and to reduce friction force
(Fig. 10). However, the HEA + Ag coating obtained a lower
COF and wear rate at high temperatures, which indicated the
function of Ag on the anti-friction and wear resistance. The

XRD pattern in Fig. 12 shows the diffraction peaks of the silver
phase after friction at 400, 600, and 750 °C, and from the EDS
results, the Ag nanoclusters appeared in the precipitated phase
on the worn surface at high temperatures.

4.2 Friction-Induced Oxidation

At low temperatures (25-400 °C), friction-induced oxidation
occurred during the process of friction. Due to the well
mechanical properties and antioxidant properties of the coat-
ings, a thin oxide layer was generated and adhered on the
matrix at room temperature. The wear volume loss of the
coating mainly came from the oxide layer. However, when
temperature rose to 200 °C, a number of cracked and tiny oxide
nanoparticles are observed in Fig. 11(b). In fact, the significant
oxidation on the wear surface was induced, and the oxidized
layers that formed were unable to withstand being worn for a
long time at a higher test temperature and friction heat. When
the deformation exceeds a certain threshold, the oxidized layer
cracked and split from the surface, and thus, the plate-like wear
and tiny debris formed. Researchers have shown that delam-
ination of the oxide layer takes place due to internal stress when
it reaches a critical thickness (Ref 36). At high temperatures,
different wear mechanisms appeared, and the friction-induced
metal oxides on the worn surfaces were responsible for low
friction and the decreased wear rate of HEA coating at 750 °C.
As shown in Fig. 10(a) and (c), a relatively continuous oxide
layer was formed on the worn surface at 600 and 750 °C. The
smooth oxide layer mainly consisted of Cr,O3, Fe;04, NiO,
etc., which was revealed by XRD (Fig. 12) and Raman
spectrum (Fig. 13). Comparing the element contents of the
worn surfaces, oxygen content in the worn surfaces was
significantly higher than that in the unworn surface. In addition,
the Raman spectrum shows that the oxidization of worn surface
was higher than of unworn surface (Fig. 13). Thus, the
synergistic effects of Ag and friction-induced oxides were
responsible for the favorable tribological performance of the

Fig. 11 Worn surface morphologies of HEA — Ag composite coatings with high magnification: (a), (b), (c), and (d) corresponding to 25, 200,

600, and 750 °C
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HEA — Ag composite coating at 750 °C. Compared with other
reported self-lubricating materials, such as Ni-based composites
and Co-based composites, the HEA — Ag composite coating
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Fig. 12 XRD patterns of the unworn surfaces after wear testing at

different temperatures

shows lower friction coefficients and wear rates at high
temperatures.

5. Conclusions

Alg,Co; sCrFeNi; sTi high-entropy alloy powders with
FCC structure by mechanical alloying were successfully
prepared by ball milling for 60 h. And then, they were
successfully used for preparing silver-containing HEA matrix
composite coating by the APS technique. The HEA — Ag
coating exhibited higher hardness after annealing at 750 °C due
to the oxidation. At low temperatures (RT to 400 °C), the
tribological properties of HEA — Ag composite coating
depend on their mechanical properties and the lubrication of
Ag. The frictional coefficient of HEA — Ag composite coating
was lower than of HEA coating. At high temperatures (600-
750 °C), both the HEA — Ag and HEA coating obtained good
tribological properties; especially, a relatively low wear rate
(8.9 x 107® mm’/Nm) and friction coefficient (0.253) were
achieved at 750 °C for HEA — Ag coating. Finally, a lubri-
cious film that was formed consisted of Ag and various oxides
on the frictional surface, which contributed to the outstanding
tribological properties.
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Fig. 13 Raman patterns of worn surfaces at different temperatures: (a), (b), (c), and (d), respectively, corresponding to 25, 400, 600, and

750 °C
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