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Abstract: In the field of aerospace, core components require excellent wear resistance, lubrication
and mechanical properties over a wide temperature range. In this study, three groups of CoCrFeNi
high-entropy alloy (HEA)-based self-lubricating composites were designed with the addition of Ag,
Ni/MoS; and Cr,O3 using discharge-plasma-sintering technology. Their microstructure, phase com-
position, mechanical properties, friction and wear properties were analyzed. The results showed that,
with the addition of Ag, the hardness and yield stress of HEA-Ni/MoS,-Ag were reduced by 36 HV
and 24 MPa, respectively, while the plastic strain was increased by 2%. With the addition of Cr,O3,
the hardness (382 HV) and yield stress (430 MPa) of HEA-Ni/MoS,-Ag-Cr,O3 reached their highest
values, but the plastic strain reached its lowest value. HEA-Ni/MoS;-Ag-Cr,O3 had the smallest
friction coefficient in which the friction coefficient at 800 °C was only 0.42. Additionally, it had a small
wear rate of 3.2 X 107® mm3/Nm over a wide temperature range. At lower temperatures, Ni/MoS,
and Ag were conducive to lubrication, and the wear resistance was improved by the presence of
Cr,0O3. At high temperatures, a nickel oxide phase and a variety of silver molybdate phases were
formed via a tribochemical reaction, which was vital to the high-temperature tribological properties.

Keywords: self-lubricating composite; phase composition; microstructure; hardness; compression
properties; wide temperature range

1. Introduction

The friction and wear of materials under extremely harsh conditions, especially high
temperatures, cause huge economic losses and energy consumption [1,2]. Lubricating
materials under wide-temperature-range conditions is vital in this case [3]. The traditional
liquid lubrication technology and solid lubrication micro-powder anti-friction coating
cannot meet the comprehensive requirements of performance. The use of solid lubrication
materials is an effective way to solve friction lubrication under high-temperature condi-
tions [4], which requires a good combination of the lubricating additive phase and the
metal matrix and satisfactory mechanical properties.

For the selection of a metal matrix, high-entropy alloys (HEAs) are a new type of
material with excellent performance that are used as phase-diagram intermediate solid
solutions to break the compositional and structural constraints of traditional alloys [5].
They contain a variety of main elements, which allow the achievement of a low free energy
in the system by using a high mixing entropy [6]. At the same time, the formation of
complex inter-metallic compound phases is inhibited. A simple and controllable solid
solution structure is maintained under the condition of a variety of higher-order principal

Coatings 2023, 13, 1760. https:/ /doi.org/10.3390/ coatings13101760

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13101760
https://doi.org/10.3390/coatings13101760
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-1398-6599
https://doi.org/10.3390/coatings13101760
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13101760?type=check_update&version=1

Coatings 2023, 13, 1760

2 of 14

components. A large number of lubricating phases is contained in the structure, with
multiple principal components and solid solution characteristics, taking into account the
excellent mechanical properties and wear resistance [7]. To further improve the wear
resistance, multiple materials as lubricants were considered to be added. Wang et al. [8]
prepared FeCoCrAl/GNP composites via spark plasma sintering. GNP was present in
the form of agglomerated nano-graphite plates and chromium carbide phases. When
GPN was not added, the friction coefficient of the alloy was about 0.85 at 5 N, and the
wear rate was about 2.5 x 1074 mm3/Nm. After adding GPN, graphene was formed
in situ on the friction surface, which promoted the formation of nano-abrasive particles
and a graphene oxide layer with excellent lubricating properties. In the situation of a
frequency of 3 Hz and a load within 30 N, the friction coefficient was lower than 0.15, and
the wear rate was lower than 5.67 x 10~® mm?/Nm. Xin et al. [9] investigated the various
properties of Aly,Coq5CrFeNip 5Tigs high-entropy alloys doped with Si. It was found
that the hardness of the HEAs was increased due to the addition of Si; at the same time,
they exhibited excellent tribological properties. However, the mechanical properties of the
alloys, such as compressive strength and fracture toughness, were reduced. Fan et al. [10]
studied the influence of an annealing treatment at different temperatures for 24 h on a
CoCrFeNiNbg ;Moy » high-entropy alloy. It was found that the best mechanical properties
were obtained when the annealed temperature was 700 °C.

MoS; solid lubricants are some of the most widely used solid lubricants [11]. Yin
et al. [12] investigated the friction coefficient and wear rate of flake MoS, and bulk MoS,
when used as coatings. The results showed that the flake MoS, had excellent tribological
properties because of the low shear strength and the formation of uniform transfer film.
MoS, maintains a very low coefficient of friction in dry or vacuum environments. However,
the friction coefficient gradually increases in high-temperature environments due to its
oxidation. Lubrication is therefore reduced or even eliminated [13]. Nevertheless, Li
et al. [14] studied the friction and wear properties of nickel-based composites with the
addition of different solid lubrication (MoS;, Ag and V;0s). It was found that oxidized
MoS; and Ag oxides have a tribochemical reaction at high temperatures, generating a good-
lubricity silver molybdate phase. In addition, based on previous studies [15], HEA-Ag-Mo
composites tribochemically produce AgoMoOy glaze layers at 800 °C with lubrication and
wear reduction. Therefore, Ag is worth considering for their introduction into the composite
material. These studies remind us that, while considering lubricity is important, we should
also consider the impact of the addition of materials on the mechanical properties.

In this study, a CoCrFeNi high-entropy alloy (HEA) was selected as the matrix, which
is one of the representative materials with excellent tensile properties, oxidation resistance
and wear resistance, as well as high strength. Its tensile toughness at room temperature
is 52%; its tensile fracture strength is 1.1 GPa; and its wear rate is lower than 4 x 104
mm?/Nm from room temperature to 800 °C. At high temperatures, a gradient-dense ox-
ide layer rich in iron in the outer layer, chromium in the middle layer and nickel in the
inner layer is formed, resulting in an ideal matrix for new solid lubrication metal materi-
als [16,17]. According to the literature above, two solid lubricants, Ni/MoS; and Ag, were
added to achieve wide-temperature-range lubrication. The addition of Cr,O3 can improve
the hardness of the composite material and can further improve the wear resistance [18].
Three kinds of self-lubricating composites, HEA-Ni/MoS,, HEA-Ni/MOS,-Ag and HEA-
Ni/MOS,-Ag-Cr,03, were prepared, respectively. The microstructure, morphology and
phase composition of the composites were analyzed via SEM, EDS, XRD and Raman
spectroscopy, and the tribological properties in a wide temperature range (25 °C, 200 °C,
400 °C, 600 °C and 800 °C) were tested, revealing the friction and wear mechanism of the
composites at different temperatures. The research results not only provide a reference and
guidance for solving the problem of wide-temperature-range lubrication and the mechani-
cal property conflict of friction pair materials involved in aerospace applications, but they
also open up a new method for the development of new and advanced wide-temperature-
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range high-entropy-alloy-based self-lubricating composites (see Supplementary Materials
for the highlights).

2. Materials and Methods

Ni/MoS; was composed of 24 wt.% MoS; and 76 wt.% Ni, with less than 0.5 wt.% of
impurities. The reaction between MoS; and HEA matrix powder was effectively inhibited
via Ni coating. The decomposition of solid lubricant during the sintering process was
prevented; at the same time, the bonding strength between MoS; and HEA matrix powder
was improved [16]. Therefore, the process parameters of discharge-plasma-sintering prepa-
ration were adjusted as follows: (1) the heating rate from room temperature to 1250 °C was
150 °C/min; (2) 1150 °C lasted for 3 min; and (3) cooling was performed with the furnace.
The configurations of the three composite materials are shown in Table 1.

Table 1. Ratio of three composite materials (wt.%).

Sample Ag Ni/MoS, Cry O3 Others
HEA-Ni/MoS, 0 15 0 85
HEA-Ni/MoS,-Ag 12.5 15 0 72.5
HEA-Ni/MoS,-Ag-Cr,O3 12.5 15 5 67.5

The phase composition was detected with an X-ray diffractometer (XRD, D/MAX-
2400) at a test voltage of 40 kV and a scanning rate of 2 °C/min. The microstructure and
chemical composition of the samples were studied via SEM (JSM-7610F, JEOL, Tokyo,
Japan) and EDS (Thermo Scientific UltraDry, Waltham, MA, USA).

The hardness was measured with an HV-1000 Vickers hardness tester at a load of
300 g and a holding time of 10 s. The compression properties were tested on a CMT5202
material testing instrument with dimensions and a rate of ® 4 mm x 8 mm and 1 mm/min,
respectively. The frictional properties were evaluated at room temperature, 400 °C and
800 °C in atmospheric conditions using a ball-on-disc high-temperature tribometer (HT-
1000, China). The disc was composed of CoCrFeNi, CoCrFeNi-Ag and CoCrFeNi-Ag-Mo
composite materials, and its size was ®30 mm x 5 mm. The coupling ball was made of
Al,O3 (2400 HV, Ra < 0.03 um) with a diameter of ®6 mm. The friction and wear tests were
carried out under the conditions of a load of 8 N, a rotation radius of 4 mm, a sliding speed
of 0.15 m/s and a sliding distance of 270 m. The worn and unworn surfaces were studied
via scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS). The
coefficient of friction (COF) was automatically recorded with a high-temperature tribometer.
The wear rate (WR, w, mm3/Nm) was calculated using the formula w = V/FS, where V, S
and F are the wear amount (mm?), the total sliding distance (m) and the normal load (N),
respectively. The wear amount (V) was obtained with a non-contact surface profiler (Micro-
XAM-3D, Germany). The oxide composition on the worn surface of CoCrFeNi-Ag-Mo
alloy at 800 °C was further determined via laser Raman spectroscopy (Thermo, Waltham,
MA, USA).

3. Results and Discussion
3.1. Phase Composition

In order to analyze the phase composition of the Ni/MoS,, Ag and Cr,O3 composites,
XRD was performed for phase detection and characterization. Figure 1 shows the XRD
patterns of the three prepared HEA matrix composites. The face-centered cubic (FCC) phase,
Ag phase, Ni phase, MoS, phase and Cr,O3 phase of the HEA matrix can be obviously
observed in the XRD pattern, and no other impurity phase can be seen. For HEA-Ni/MoS,,
the proportions of the phases were 87.8% for the FCC and 12.2% for Ni/MoS,. For HEA-
Ni/MoS,-Ag, the proportions of the phases were 75.2% for the FCC, 13% for Ni/MoS,
and 11.8% for Ag. For HEA-Ni/MOS,-Ag-Cr;O3, the proportions of the phases were 63%
for the FCC, 12.5% for Ni/MoS;, 10.5% for Ag and 14% for Cr,Os. The existence of the
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Ag diffraction peak proves that the Ag phase was precipitated from the HEA matrix. The
precipitation of the Ag phase was mainly attributed to the positive enthalpy that occurred
when mixing Ag with the Co, Cr, Fe and Ni matrix elements [19]. The rapid discharge-
plasma-sintering process and the presence of the Ni coating played a key role in reducing
decomposition and reaction during the sintering of the Mo$S, solid lubricant.

v
V-FCC ® —— HEA-Ni/MoS,
v-Ni —— HEA-Ni/MoS,-Ag

+-MoS, ——— HEA-Ni/MoS,-Ag-Cr,0,
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Figure 1. XRD patterns of HEA-Ni/MoS;, HEA-Ni/MOS,-Ag and HEA-Ni/MOS,-Ag-Cr;O3.

3.2. Microstructure

As shown in Figure 2, very few pores or other defects appeared in the microstructure
of the three composites, indicating that the composites prepared via discharge plasma
sintering were close to complete densification. Combined with the EDS data in Table 2, it
was determined that Ni/MoS; (the B region), Ag (the C region) and CrOj3 (the D region)
were distributed at the boundary of the HEA matrix (the A region). The HEA matrix
powders were connected with each other via the addition of phase bonding, and the inter-
connected HEA powders formed a self-lubricating composite matrix. Ni coating effectively
inhibited the reaction between MoS, and the HEA matrix and improved the bonding
strength between the solid lubricant MoS; and the HEA matrix. Therefore, the composite
may have excellent mechanical and tribological properties over a wide temperature range.

10pm

Figure 2. Microstructure of composites: (a) HEA-Ni/MoS;,, (b) HEA-Ni/MOS;-Ag and (c) HEA-
Ni/MOSz-Ag-CI'203 .
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Table 2. EDS statistics of different regions of composites (wt.%).
Area Co Cr Fe Ni Mo S Ag (0]
A 26.14 23.06 24.77 26.03 0 0 0 0
B 0 0 0 72.01 15.92 12.07 0 0
C 0 0 0 0 0 0 100 0
D 0 68.42 0 0 0 0 0 31.58

(a)

Stress (MPa)

2000

1500

1000

500

3.3. Mechanical Property Analysis of Composites at Room Temperature

Figure 3 and Table 3 show the mechanical properties of the composite materials. It
can be seen that, due to the addition of the metal Ag, the hardness of HEA-Ni/MoS;-
Ag decreased from 358 HV to 342 HV. In addition, the yield strength decreased from
395 MPa to 371 MPa, while the plastic strain increased from 23% to 25%. The hardness
and yield strength of the material decreased with the addition of soft Ag, while the tough-
ness increased [20]. With the addition of CryO3, the HEA-Ni/MoS;-Ag-Cr,O3 composite
expressed the highest hardness (382 HV) and yield strength (430 MPa) values. However,
its plastic strain was reduced to the lowest value of 20%. These changes in mechanical
properties are attributed to the several additives, which lead to the formation of new
phases and changes in HEA grain size [21,22]. The main reason for the strengthening of
the HEA-Ni/MoS,-Ag-Cr,O3 alloy was the addition of CryOj3. It was easy to cause stress
concentration or cracking during the compression process, which was the reason for the
reduction in the toughness of HEA-Ni/MoS;-Ag-Cr,0s3.

500

400 | %
T /
7 .
Z 300f /
HEA-Ni/MoS,-Ag’ 1
@z
@
=
=
HEA-Ni/MbS, R
HEA-Ni/MoS,-Ag-Cr,0,
100
L . L L / / /
10 15 20 25 30 0

— HEA-Ni/MoS, HEA-Ni/MoS,-A; IA-Ni/MoS,-Ag-Cr,
Strain (%) HEA-Ni/MoS, iMoS,-Ag  HEA-Ni/MoS,-Ag-Cr,0;

Figure 3. Mechanical properties of the composite: (a) compressive stress—strain curve and
(b) dimensional hardness.

Table 3. Mechanical properties of the composite materials.

Materials Hardness (HV) Yield Stress (MPa) Plastic Strain (%)
HEA-Ni/MoS, 358 395 23
HEA-Ni/MoS;-Ag 342 371 25
HEA-Ni/MoS;-Ag-Cr,O3 382 430 20

3.4. Frictional Coefficient

Figure 4a—c depicts the friction coefficient curves of the three composites at the different
test temperatures. As shown in Figure 4a, for HEA-Ni/MoS,, the friction coefficient curve
at room temperature was the most stable but had the largest value. As the test temperature
increased, the friction curve greatly fluctuated, while the friction coefficient decreased.
It can be noted that the friction coefficient significantly decreased, especially at 800 °C.
In Figure 4b, the friction coefficient curve of the HEA-Ni/MoS;-Ag composite material
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severely fluctuated. The value of the friction coefficient reached the maximum value at
200 °C, which may have been caused by the generation and accumulation of a large number
of wear chips. At the smooth friction and wear stages, the friction coefficients at room
temperature and 400 °C were slightly lower than that at 200 °C. The friction coefficients at
600 °C and 800 °C further decreased; nevertheless, the friction curve at 800 °C was the most
stable. For the HEA-Ni/MoS,-Ag-Cr,O3 composites (Figure 4c), from room temperature
to 400 °C, the friction coefficient of the stationary stage increased with the increase in
temperature. The friction coefficients at 600 °C and 800 °C significantly and similarly
decreased in value with a stable curve. Figure 4d shows the average friction coefficients
of the three composites at the different test temperatures. For HEA-Ni/MoS,, the highest
friction coefficient at room temperature was 0.82. When the temperature rose from 200 °C to
400 °C, the friction coefficient decreased from 0.72 to 0.62. The friction coefficient at 600 °C
slightly increased to 0.64. At 800 °C, the friction coefficient significantly decreased, and the
lowest value was 0.45. For HEA-Ni/MOS;-Ag-Cr,03, the coefficient of friction was lower
than that of HEA-Ni/MoS, from room temperature to 200 °C. Between room temperature
to 400 °C, the coefficient of friction was between 0.42 and 0.7. When the temperature rose
from 600 °C to 800 °C, the coefficient of friction was about 0.48. The friction coefficient
at 600 °C was distinctly lower than that of HEA-Ni/MoS,. Unlike HEA-Ni/MoS; and
HEA-Ni/MOS,-Ag-Cr,03, the friction coefficient of HEA-Ni/MOS,-Ag at 200 °C was
higher than that at room temperature. When the temperature increased from 400 °C to
600 °C, the friction coefficient decreased from 0.61 to 0.42. When the temperature increased
from 600 °C to 800 °C, the friction coefficient slightly increased by about 0.44. Over the
whole range of experimental temperatures, the friction coefficient was between 0.42 and
0.61. It was obviously lower than those of the other two composite materials, which should
be a result of the synergistically good lubricity of Ni/MoS, and Ag. The friction coefficients
of the three composites remarkably changed with the increase in the test temperature,
especially the lower friction coefficient at 800 °C, which was because oxidation played
a key role in the tribological properties of the composites [23,24]. In addition, all curves
contain some fluctuations along the scratch to some extent, which could be attributed to
phase changes and grain orientation [25].
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=

Friction Coeffiction

0.2

HEA-NV/MoS,-Ag

HEA-Ni/MoS,
L 0.0

L L " N s
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

—=— HEA-Ni/MoS,
—4— HEA-Ni/MoS,-Ag
—e— HEA-Ni/M0S,-Ag-Cr,0,

~
(g}
S’
—_
pn-lc
POy

=
o
T

s
=

Friction Coeffiction
Ll
in

Friction Coeffiction

L
s
T

HEA-Ni/MoS,-Ag-Cr,0,

L 0. 3 i i i i
¢ s 16 5 20 23 ¥ “o 200 400 600 800
Time (min)

Temperature (°C)

Figure 4. Friction coefficient curves of (a) HEA-Ni/MoS,, (b) HEA-Ni/MOS;-Ag and (c¢) HEA-
Ni/MOS;-Ag-Cr,O3 and (d) average friction coefficient.
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3.5. Wear Rate

In order to better analyze the influence of the progressive addition of Ni/MoS,, Ag
and Cr;O3 on the frictional properties of the HEA matrix, a ContourGT-K white light
interference 3D profiler was used to characterize the two-dimensional profile of the wear
marks. Figure 5a—c shows the two-dimensional profiles of the wear surfaces of the three
composites at different test temperatures. It can be seen that none of the curves are
smooth because of the accumulation and removal of abrasive chips and the formation
of local fractures on the worn surface. The three composites exhibited the deepest and
widest wear marks at 200 °C, with depths of 13.3 um, 13.0 um and 7.7 um, respectively,
as well as widths of 1.17 mm, 0.78 mm and 1.12 mm. When the temperature increased,
the depth or width of the wear marks decreased, reaching the minimum value at 800 °C.
The wear rate of the three composites heavily depended on the temperature, which was
found by analyzing the change in the height and width of the wear marks. The wear rate
reached the maximum value at 200 °C and the minimum value at 800 °C. The average
wear rate of the three composites varied with the test temperature, as shown in Figure 5d.
From room temperature to 200 °C, the wear rate of the composite material significantly
increased with the increase in the temperature and reached the maximum value. With the
further increase in the temperature, the wear rate distinctly decreased, and it reached the
minimum value at 800 °C. The wear rate of HEA-Ni/MoS, at room temperature was about
32.1 x 107® mm3/Nm. It reached the highest value of 139.6 x 10~® mm3/Nm at 200 °C
and then sharply decreased with the increase in the temperature, and the lowest value,
at 800 °C, was 20.5 x 10~® mm3/Nm. From room temperature to 800 °C, the wear rate
of HEA-Ni/MOS;-Ag was normally lower than that of HEA-Ni/MoS,. The wear rate at
200 °C was about 87.4 x 10~® mm3/Nm, with a decrease of 37%. The wear rate at 800 °C
was about 9.8 x 107 mm?3/Nm, with a decrease of 52%. At all the test temperatures, the
wear rate of HEA-Ni/MOS;-Ag-CryO3 was reduced further than those of the other two
composites. Compared with the case of only adding Ni/MoS,, the wear rate at 200 °C was
about 68.1 x 10~® mm3/Nm, with a decrease of 51%. The wear rate at 800 °C was about
3.3 x 107 mm3/Nm, with a reduction of 84%. This is consistent with the two-dimensional
profile of the abrasion marks in Figure 5a—c. HEA-Ni/MOS,-Ag-Cr,O3 had the best wear
resistance over a wide temperature range, mainly due to the co-lubrication of Ni/MoS,
and Ag, as well as the addition of hard-phase Cr,O3, resulting in high hardness [26,27].

It can be seen in the friction and wear experiments that the HEA-Ni/MoS,-Ag-
CryO3 self-lubricating composite material had the smallest friction coefficient over a
wide temperature range, especially the friction coefficient at 800 °C, which was only
0.42. The HEA-Ni/MoS;-Ag-Cr,O3 self-lubricating composite material had a small wear
rate of 3.2 x 107 mm?/Nm over a wide temperature range. Under medium- and low-
temperature conditions, Ni/MoS, and Ag played a lubricating role, and Cr,Os improved
the wear resistance. At high temperatures, the phase of NiO and the various silver molyb-
date phases (AgoMoO, and AgyMo,07) were formed via tribochemical reactions, which
had good friction reduction and wear resistance.

3.6. Typical Wear Surface Morphologies

In order to further explore the effect of gradually adding Ni/MoS,, Ag and Cr,O3
to the wear mechanism of the HEA matrix, the friction and wear surfaces of the three
composites from room temperature to 800 °C were analyzed. Figure 6 shows the wear
surface morphologies of the HEA-Ni/MoS, composites at different temperatures. It can be
seen in Figure 6 that the wear surface morphology remained good at room temperature.
Some tiny furrows and abrasive particles were generated, indicating that the friction
process was not very severe, and the main wear mechanism was abrasive wear. When
the temperature increased to 200 °C, an obvious furrow morphology, debris accumulation
and a few micro-cracks were observed. It can be seen that the main wear mechanisms at
this temperature were abrasive wear and slight plastic deformation. This was due to the
micro-cutting effect on the composite material during sliding friction resulting from the
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high hardness of the dual ball Si3sNy (about 1500 HV). When the test temperature was 400,
due to abrasive wear, adhesive wear and plastic deformation, a large number of furrows
and accumulated wear chips (marked as white areas) were formed on the wear marks.
Moreover, with the intensification of oxidation in the high-temperature environment, the
formation of an oxide enamel layer on the surface of the wear marks began, which limited
the wear resistance. With a further increase in the test temperature, under the combined
action of high-temperature oxidation and friction heat, material spalling and accumulation
appeared on the wear surface after the friction test at 600 °C. The area that was covered by
the oxide enamel layer increased, which played the roles of anti-wear and anti-friction to
some extent. This demonstrates that adhesive wear and oxidative wear occurred during
the friction process. As the temperature rose to 800 °C, the oxidation behavior was further
enhanced. After the friction test, the depth and width of the abrasion marks became
obviously narrower. The oxides on the surface of the abrasion marks connected with each
other to form a relatively complete black oxide enamel layer and a small number of pits
covering the surface of the abrasion marks. The wear mechanism at this temperature was
mainly oxidative wear.
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Figure 5. Two-dimensional profile of the wear surface of (a) HEA-Ni/MoS,, (b) HEA-Ni/MOS,-Ag
and (c) HEA-Ni/MOS;-Ag-Cr,O3 and (d) average wear rate.
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Figure 6. Wear surface morphologies of HEA-Ni/MoS, composites at different temperatures.

The wear surface morphologies of the HEA matrix composites containing Ni/MoS,
and Ag at different temperatures are shown in Figure 7. The addition of the soft Ag
phase decreased the strength and hardness of the composite; however, the plasticity and
toughness increased. This was conducive to the improvement of the anti-friction properties
of the material. At room temperature, the lubrication mechanism of the synergistic addition
of Ag and Mo is such that the Ag-rich phase acted as a lubricant, and the Mo-rich phase
improved the anti-wear performance [28]. At 200 °C, the abrasive surface became rough,
with obvious furrows and more abrasive chips. This was mainly due to the reduction
in the strength and hardness of the composite material resulting from the increase in the
test temperature and the addition of the soft metal Ag. Therefore, the plowing action of
the dual ball was intensified during the friction process, which is in line with the larger
fluctuation in the friction coefficient curve at this temperature. At 400 °C, the fine Ag
particles formed by diffusion played a role in reducing friction. However, a large number
of furrows and abrasive chips and a small number of micro-pits were formed on the
wear marks. The matrix and Si3Ny spheres adhered to each other with the increase in
temperature, resulting in tear pits formed via adhesive wear. At 600 °C, the grooves on
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the surface of the wear marks were not obvious, with only some evenly distributed fine
debris. Under the interaction of friction heat and friction stress, a soft Ag metal with a large
expansion coefficient was constantly extruded from the matrix and oxidized. It may also
have tribochemically reacted with Mo oxides to form an incomplete lubrication film with a
low shear strength on the wear surface. The main wear mechanisms were abrasive wear
and oxidative wear. At 800 °C, the oxidation behavior was further enhanced. The oxidation
products on the abraded surface were inter-connected to form a relatively complete, dense
and thick black enamel layer and a small number of micro-cracks covering the abraded
surface, which could improve the tribological properties of the composite material at 800 °C
to a certain extent.

Grooves

/

Wear debris

400°c L
" Wear' debrjs

Pits / Grooves !
o

Oxidé‘ laye1 W 800°C Cracks —

/ :

N
.

JE R Oxide layer
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Figure 7. Wear surface morphologies of HEA-Ni/MoS,-Ag composites at different temperatures.

Figure 8 shows the wear surface morphologies of the HEA-Ni/MoS,-Ag-Cr,O3 com-
posites at different temperatures. It can be seen that the strength and hardness of the
composite material increased with the further addition of hard-reinforcement-phase Cr,O3,
which was conducive to the improvement of the anti-wear performance. At the same time,
Ni/MoS; and Ag play a lubricating role, and the solid solution strengthening effect of
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Mo atoms improves wear resistance [29]. At room temperature, only a small amount of
abrasive dust accumulated around the tiny furrows and the HEA-matrix-powder particles.
The surface morphology of the material was good, and the wear mechanism was mainly
abrasive wear. At 200 °C, the hardness of the composite decreased; simultaneously, there
was an obvious furrow morphology as well as wear particles on the surface of the wear
marks. The main wear mechanism at this temperature was thus abrasive wear. At 400 °C,
the abrasive surface became rough. A large amount of white abrasive chips and a small
amount of black oxidation products were formed, indicating that the main wear mechanism
was still abrasive wear. Spalling and pitting of the material could be seen on the surface of
the wear marks after the friction test at 600 °C. A discontinuous glaze layer was formed by
the generated oxides under the synergistic action of normal pressure and friction heat. This
glaze layer could improve the tribological properties of the composite in a certain range,
indicating that the main wear mechanism was oxidative wear. As the temperature rose to
800 °C, the oxidation behavior was further enhanced. After the friction test, the width of
the wear marks significantly narrowed. With the combined action of normal pressure and
a higher friction heat, the types and quantities of the oxides generated on the surface of
the wear marks increased. A smooth and continuous glazed layer with a certain thickness
and high adhesion to the substrate was formed on the wear surface. The direct high-stress
contact between the dual ball and the composite material thus transformed into indirect
contact between the dual ball and the glaze layer, causing a reduction in the shear stress of
the sliding interface. Therefore, HEA-Ni/MoS,-Ag had excellent tribological properties
at 800 °C.

Grooves :
Wear debris

200 °C

Grooves

v

Wear debris

4

Figure 8. Cont.
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Figure 8. Wear surface morphologies of HEA-Ni/MoS;-Ag-Cr,O3 composites at different tempera-
tures.

It was found that only the HEA-Ni/MoS,-Ag-Cr,O3 composites had both anti-friction
and anti-wear tribological properties at 800 °C. The reason for this is the formation of a
new phase at a high temperature [30]. Raman spectroscopy was used to characterize the
components of the worn surface, as shown in Figure 9. The main component of the oxide
was composed of NiO and a variety of silver molybdate (AgpyMoO4 and AgrMo,0O7) phases.
The highest peak in Figure 9 is around 700 cm~!, which corresponds to the Agy;MoOy
phase with the vibration of anti-symmetric stretching [31]. Layered silver molybdate was
generated via a tribochemical reaction between Mo oxide and Ag oxide. The weaker Ag-O
and O-Ag-O bonds presented in silver molybdate were more likely to be sheared or broken.
The synergistic lubrication of the oxide and silver molybdate on the worn surface was the
reason the composite material obtained good lubrication at high temperatures [32,33]. At
the same time, the smooth oxidized enamel layer on the wear surface prevented direct
contact between the matrix and the silicon nitride dual ball, which could improve the wear
resistance of the composite.
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Figure 9. Raman spectra of wear marks of HEA-Ni/MoS;-Ag-Cr,O3 composites after friction test at
800 °C.

4. Conclusions

Three self-lubricating composites, HEA-Ni/MoS;, HEA-Ni/MOS,-Ag and HEA-
Ni/MOS,-Ag-Cr,O3, were prepared via discharge plasma sintering. The phase com-
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position, microstructure, hardness, compression properties and wide-temperature-range tri-
bological properties of the composites were studied. The main conclusions were as follows:

(1) The self-lubricating composite material consisted of the matrix’s FCC phase, Ag phase,
Ni phase, MoS; phase and Cr,O3 phase. The added solid lubricant Ni/MoS;, the soft
metal Ag and reinforcement-phase Cr,O3 were distributed at the boundary of the
HEA matrix.

(2) The addition of Ni/MoS,, Ag and Cr,Os improved the hardness and yield strength
of the material. The HEA-Ni/MoS;-Ag-CryOs3 self-lubricating composite had the
highest hardness value of 382 HV and the highest yield strength value of 430 MPa,
while its plastic strain was only 20%.

(3) The HEA-Ni/MoS,-Ag self-lubricating composite had the smallest friction coefficient
over the wide temperature range, especially the friction coefficient at 800 °C, which
was only 0.42. The HEA-Ni/MOS,-Ag-Cr;03 self-lubricating composite had a small
wear rate of 3.2 x 10~® mm?/Nm over the wide temperature range.

(4) Ni/MoS; and Ag played a synergistic role in lubrication. The wear resistance was
improved with Cr,Os. At high temperatures, NiO and a variety of silver molybdate
(AgoMoO4 and AgryMo,0y7) phases were formed via a tribochemical reaction. This
enamel layer had good anti-friction and anti-wear properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
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