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Abstract: To improve the tribological characteristics of materials employed in spatial mechanisms,
there is a significant requirement to develop solid lubricating composites with superior performance.
This study investigates the tribological characteristics of composites consisting of a nickel matrix
combined with silver molybdate and barium molybdate. The experimental analysis focuses on
evaluating the tribological behaviors of these composites from 25 ◦C to 800 ◦C. The findings indicate
that the combined application of silver molybdate and barium molybdate resulted in enhanced
self-lubricating properties of the composites, particularly at temperatures over 400 ◦C. The inclusion
of both silver molybdate and barium molybdate in the composite resulted in the achievement of a low
friction coefficient (0.34–0.5), as well as a wear rate ranging from 0.47 to 1.25 × 10−4 mm3 N−1m−1,
within the temperature range of 400 to 800 ◦C. Furthermore, an analysis was conducted to examine
the wear processes of the composites at various sliding temperatures. This analysis was based on
the evaluation of the chemical composition and morphologies of the sliding surfaces, which were
verified by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and
Raman spectroscopy.

Keywords: nickel-alloy matrix composite; molybdate; dry sliding; high-temperature tribology

1. Introduction

High-temperature solid lubricant composites have become increasingly necessary for
extreme operating environments (high vacuum, high radiation, and high temperatures)
due to the rapid development of advanced manufacturing systems (aerospace, nuclear,
automobile industries, etc.) [1–5]. In the aforementioned systems, a variety of moving
components (rolling and sliding bearings as well as gears) are subjected to intense working
circumstances characterized by temperatures above 400 ◦C, significant speeds and loads,
corrosive surroundings, and vacuum environments [6–8]. In such scenarios, traditional
liquid lubricants cannot meet the requisite performance requirements, particularly when
operating at temperatures over 350 ◦C. This limitation arises from issues such as evapora-
tion, decomposition, coking, and sealing [2]. Instead, solid-lubricating materials show great
potential to fulfill the friction-reduction and wear-resistance needs of the moving elements
in these service environments [9,10]. It has been reported that one of the most famous
materials, PS coatings, has proven successful in many applications. The PS coatings employ
silver and fluoride eutectic (CaF2/BaF2) as solid lubricants and oxide/carbide as a hardener,
and results show that due to the synergistic effect of low-to-moderate lubricant silver and
moderate-to-high lubricant CaF2/BaF2, the materials exhibit excellent lubricating proper-
ties at broad temperatures. Furthermore, Zhu et al. and Shi et al. [11–17] have conducted
research on the development of Ni3Al/NiAl matrix composites that incorporate a combina-
tion of solid lubricants (Ag, BaF2/CaF2, Ti3SiC2, WS2, hBN, etc.). These composites have
demonstrated excellent self-lubricating properties across a broad temperature range from
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room temperature to 800 ◦C, and this can be attributed to the synergistic lubricating effect
of the added solid lubricants and the formation of an oxidation protection film on the worn
surface, as discussed in previous studies. Ripoll et al. discovered that the enhanced lubricat-
ing capabilities of the NiCrBSi-Ag-MoS2 coating can be attributed to the combined presence
of CrxSy and Ag at temperatures below 400 ◦C. Moreover, at temperatures of 600 and 800 ◦C,
the formation of a glazed tribolayer containing CrxSy, MoO3, and a silver molybdate phase
was identified as a contributing factor to the improved performance [18]. In addition, there
has been substantial research conducted on ceramic matrix self-lubricating composites.
Dry sliding tests on Al2O3/BN and Al2O3/MoS2 coatings were part of the experimental
study. The results indicated that the incorporation of solid lubricants such as BN and MoS2
led to enhanced tribological characteristics of the samples, particularly when subjected
to low-load friction conditions of 5 and 10 N [19]. According to Zhao et al., the synthesis
Al2O3/Ag coating had a reduced wear rate compared to the Al2O3/Ag coating, attributed
to its dense microstructure and superior mechanical characteristics [20]. In their study,
Bi et al. conducted a systematic investigation into the impact of various solid lubricants,
including graphite, Mo, BaF2/CaF2, Ag, CaF2, and MoS2, on the frictional behavior of ZrO2
(Y2O3) matrix composites at high temperatures, and their research demonstrated that the
combined lubricating effect of low-temperature lubricants, such as Ag, graphite, and MoS2,
along with high-temperature lubricants like CaF2, BaF2/CaF2, and molybdate, played a
significant role in reducing friction and wear across a wide temperature range [21–23].

In addition to the above-mentioned direct addition of solid lubricants, the formation
of in situ oxide phases on the deteriorated surface is also an effective way of achieving this
objective. Based on this, several researchers have devoted increased attention to the devel-
opment of solid lubricating materials by the direct addition or in situ formation of double
metal oxide phases (DMO) [24–26]. The Air Force Research Laboratory has successfully
created a series of adaptable solid-lubricating nanocomposite coatings, commonly referred
to as “chameleon” coatings. These coatings have demonstrated exceptional lubricating
capabilities in both air and vacuum environments, ranging from temperatures of 25 to
800 ◦C and even up to 1000 ◦C. The incorporation of Ag/Au, dichalcogenides (WS2, MoS2),
and carbon phases has been utilized in these materials for the purpose of achieving low
to moderate lubrication. On the other hand, oxides and DMO have been shown to offer
minimal friction at elevated temperatures [27]. Zhu et al. reported that Ni3Al alloy-Ag
exhibits favorable self-lubricating performance as a result of the effect of Ag and the in
situ formation of a lubricous coating film composed of Ag2MoO4 [28]. Wan et al. reported
that the enhanced wear resistance of a nickel-based coating, including TiO2-ZnO-MoO3,
was attributed to the existence of binary oxides as well as ternary oxides, such as A-TiO2,
R-TiO2, ZnMoO4, Zn2TiO4, etc. [29]. Zhou et al. reported that the formation of AgCrO2 and
BaCrO4 can enhance the lubricating and abrasion resistance properties of Ag-BaF2/CaF2-
Cr3C2-NiCr coatings at moderate to high temperatures [30]. In a similar vein, it has been
observed that the wear characteristics of YSZ coatings incorporating Ag and Ag2MoO4
nanoparticles are influenced by the presence of liquid lubrication and the creation of a
stable tribofilm. These factors collectively lead to the notable longevity of the lubricating
performance [31]. Yang et al. conducted an investigation on the frictional behaviors of
nickel-alloy matrix composites from 25 ◦C to 800/900 ◦C and found that the presence of
silver, silver molybdate, and nickel oxide exhibited a synergistic effect that led to reduced
friction and wear in the nickel-alloy matrix composites [32–35]. Furthermore, it has been
demonstrated that the tribological characteristics of NiAl-MoO3/CuO are influenced by
the presence of NiMoO4, which effectively reduces both the friction coefficient and wear
rate at elevated temperatures [36].

It has been reported that the in situ formation of double metal oxide phases could
increase the frictional properties at high temperatures, such as Ag2MoO4, BaMoO4, AgVO3,
AgTaO3, etc. [3,24,27,37]. To further investigate the lubricating behavior of the double
metal oxide and get a high-performance solid lubricating composite, in this work, the
nickel-alloy matrix composites with silver molybdate/barium molybdate composites were
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fabricated by the hot-pressing sintering method, and their frictional behaviors in air at
temperatures ranging from 25 to 800 ◦C were investigated. This work also aimed to
fabricate high-performance solid lubricant composites and further investigate the influence
of molybdate on the frictional behavior of the composite. The wear mechanism was
analyzed by considering the properties and tribochemical reactions of the contact surfaces.
The results of this study will provide theoretical guidance and technical support for solving
the practical application problems of broad-temperature lubrication and wear resistance in
sophisticated equipment.

2. Experimental Part
2.1. Materials

In the present study, three composites with distinct compositions have been produced
using the hot-pressed sintering technique; their compositional constitutions are listed in
Table 1. The processing parameters have been described elsewhere [38].

Table 1. Detailed composition of the composites (wt. %).

Composites NiCrMoTiAl Silver Molybdate Barium Molybdate

NA 90 10
NB 90 10

NAB 80 10 10

2.2. Tribological Performance Tests

The present study involved the execution of ball-on-disk dry sliding wear experiments
(HT-1000 high-temperature surface tester, Zhongke Kaihua Corporation in Lanzhou, China).
The primary objective of these tests was to examine the frictional characteristics exhibited
by the nickel-alloy matrix composites. As counterpart materials, commercially available
Si3N4 ceramic balls were used, and the tribological tests were conducted under laboratory
ambient conditions, as depicted in Figure 1. The friction tests were conducted under a wide
temperature range of 25 to 800 ◦C for 30 min with a load of 5 N and a sliding speed of 1 m/s.
The coefficient of friction (COF) was systematically measured and subsequently recorded in
an automated manner during the process of sliding. The resulting data presented the average
value derived from the original dataset. The wear tracks were subjected to measurement using
a contact surface profilometer. This particular method was employed in order to effectively
characterize the alterations in wear volume subsequent to the testing process. Furthermore,
the wear rate (W) was determined through the utilization of a specific formula.

W =
V

F·L (1)

where V is the wear volume (mm3), F is the applied load (N), and L is the sliding distance (m).
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2.3. Characterization

The Contourgraph (SuperView W3, Chotest Technology Inc. in Shenzhen, China.)
was employed as a tool to effectively analyze and describe the intricate three-dimensional
morphology of the worn surface. The worn composites were subjected to a comprehensive
characterization using advanced analytical techniques, including the Raman spectrometer
(Renishaw inVia Reflex, operating at a wavelength of 532 nm) and a scanning electron
microscope (FE-SEM, JSM5600LV) equipped with an energy-dispersive spectrometer (EDS).
These analytical tools were employed to investigate the alterations in morphological fea-
tures and the surface compositions of the worn composites.

3. Results and Discussion
3.1. Friction and Wear Performance Test

Figures 2–5 depict the variations in COF, wear rates, and three-dimensional mor-
phologies of the wear tracks for the composites from 25 to 800 ◦C. The significance of
molybdate in enhancing the tribological characteristics of composites has been established.
However, it is crucial to note that the lubricating properties and wear-reducing effects of
molybdate are contingent upon the temperature at which testing is conducted. The NAB
composites, in general, exhibit commendable tribological performance. Notably, when
testing temperatures surpass 400 ◦C, these composites indicate comparatively low COFs
and wear rates. This beneficial result can be attributed to the elevated concentration of
solid lubricant present within the composites.

Lubricants 2023, 11, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Schematic diagram of a friction testing machine. 

2.3. Characterization 
The Contourgraph (SuperView W3, Chotest Technology Inc in Shenzhen, China.) 

was employed as a tool to effectively analyze and describe the intricate three-dimensional 
morphology of the worn surface. The worn composites were subjected to a comprehensive 
characterization using advanced analytical techniques, including the Raman spectrometer 
(Renishaw inVia Reflex, operating at a wavelength of 532 nm) and a scanning electron 
microscope (FE-SEM, JSM5600LV) equipped with an energy-dispersive spectrometer 
(EDS). These analytical tools were employed to investigate the alterations in 
morphological features and the surface compositions of the worn composites. 

3. Results and Discussion 
3.1. Friction and Wear Performance Test 

Figures 2–5 depict the variations in COF, wear rates, and three-dimensional 
morphologies of the wear tracks for the composites from 25 to 800 °C. The significance of 
molybdate in enhancing the tribological characteristics of composites has been 
established. However, it is crucial to note that the lubricating properties and wear-
reducing effects of molybdate are contingent upon the temperature at which testing is 
conducted. The NAB composites, in general, exhibit commendable tribological 
performance. Notably, when testing temperatures surpass 400 °C, these composites 
indicate comparatively low COFs and wear rates. This beneficial result can be attributed 
to the elevated concentration of solid lubricant present within the composites. 

0 200 400 600 800
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

C
O

F

Temperature/°C

 NA     NB
 NAB

 
Figure 2. Friction coefficients vs. testing temperatures of nickel-alloy composites. 

Figure 2 illustrates the average COF values of the three composites from 25 to 800 °C 
under ambient air conditions. The observed changes in the characteristics of the COFs 
across the three composites exhibit a remarkable similarity in response to variations in 

Figure 2. Friction coefficients vs. testing temperatures of nickel-alloy composites.

Lubricants 2023, 11, x FOR PEER REVIEW 5 of 19 
 

 

testing temperature. The COF exhibits a consistent downward trend as the temperature 
rises from 25 to 800 °C for both NB (from 0.66 to 0.3) and NAB (from 0.6 to 0.34) 
composites. For NA composites, the value increases slightly from 25 to 400 °C (from 0.59 
to 0.64) and then decreases to the minimum one at 800 °C (0.35). The impact of molybdate 
content on the frictional behavior of composites is found to be weak at 25 °C, 200 °C, and 
800 °C. However, within the temperature range of 400 to 600 °C, NAB exhibits the lowest 
value (0.50 at 400 °C and 0.38 at 600 °C), followed by NB (0.56 at 400 °C and 0.53 at 600 °C) 
and NA (0.64 at 400 °C and 0.58 at 600 °C) composites. 

The typical friction coefficient curves of nickel-alloy matrix composites with sliding 
time at various testing temperatures are given in Figure 3, respectively. The trends of 
friction coefficients under different aging durations are roughly the same: the friction 
coefficients were more varied in the running stage, while the value in the steady wear 
stage became smooth, suggesting that the stable tribofilm developed on the worn surface. 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.2

0.3

0.4

Sliding Time/min

C
O

F

NA

25 °C

600 °C

400 °C

200 °C

800 °C

 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.2

0.3

0.4

Sliding Time/min

C
O

F

NB

25 °C

600 °C

400 °C

200 °C

800  °C

 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.3
0.4
0.5
0.6
0.2
0.3
0.4
0.5
0.2
0.3
0.4
0.5

Sliding Time/min

C
O

F

NAB

25 °C

600 °C

400 °C

200 °C

800 °C

 

 

Figure 3. Typical friction curve of the three composites at different testing temperatures. 

0 200 400 600 800

0

5

10

15

20

25

W
ea

r 
R

at
e/

10
-4

m
m

3 N
-1

m
-1

Temperature/°C

 NA       NB
 NAB

 
Figure 4. The wear rate of the three composites at different testing temperatures. 

The wear rates of the composites in a temperature range of 25–800 °C are shown in 
Figure 4. The wear rate for the NB composite exhibits a consistent and relatively low range 
of 1.75–4.59 × 10−4 mm3N−1m−1 from 25 to 800 °C. Conversely, the value of NA initially 
increases from 25 to 200 °C, reaching its highest value at 200 °C, indicating poor wear 
resistance at this temperature. However, as the testing temperature continues to rise, the 

Figure 3. Typical friction curve of the three composites at different testing temperatures.



Lubricants 2023, 11, 516 5 of 18

Lubricants 2023, 11, x FOR PEER REVIEW 5 of 19 
 

 

testing temperature. The COF exhibits a consistent downward trend as the temperature 
rises from 25 to 800 °C for both NB (from 0.66 to 0.3) and NAB (from 0.6 to 0.34) 
composites. For NA composites, the value increases slightly from 25 to 400 °C (from 0.59 
to 0.64) and then decreases to the minimum one at 800 °C (0.35). The impact of molybdate 
content on the frictional behavior of composites is found to be weak at 25 °C, 200 °C, and 
800 °C. However, within the temperature range of 400 to 600 °C, NAB exhibits the lowest 
value (0.50 at 400 °C and 0.38 at 600 °C), followed by NB (0.56 at 400 °C and 0.53 at 600 °C) 
and NA (0.64 at 400 °C and 0.58 at 600 °C) composites. 

The typical friction coefficient curves of nickel-alloy matrix composites with sliding 
time at various testing temperatures are given in Figure 3, respectively. The trends of 
friction coefficients under different aging durations are roughly the same: the friction 
coefficients were more varied in the running stage, while the value in the steady wear 
stage became smooth, suggesting that the stable tribofilm developed on the worn surface. 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.2

0.3

0.4

Sliding Time/min

C
O

F

NA

25 °C

600 °C

400 °C

200 °C

800 °C

 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.2

0.3

0.4

Sliding Time/min

C
O

F

NB

25 °C

600 °C

400 °C

200 °C

800  °C

 

0 5 10 15 20 25 30
0.4
0.5
0.6
0.7
0.4
0.5
0.6
0.7
0.3
0.4
0.5
0.6
0.2
0.3
0.4
0.5
0.2
0.3
0.4
0.5

Sliding Time/min

C
O

F

NAB

25 °C

600 °C

400 °C

200 °C

800 °C

 

 

Figure 3. Typical friction curve of the three composites at different testing temperatures. 

0 200 400 600 800

0

5

10

15

20

25

W
ea

r 
R

at
e/

10
-4

m
m

3 N
-1

m
-1

Temperature/°C

 NA       NB
 NAB

 
Figure 4. The wear rate of the three composites at different testing temperatures. 

The wear rates of the composites in a temperature range of 25–800 °C are shown in 
Figure 4. The wear rate for the NB composite exhibits a consistent and relatively low range 
of 1.75–4.59 × 10−4 mm3N−1m−1 from 25 to 800 °C. Conversely, the value of NA initially 
increases from 25 to 200 °C, reaching its highest value at 200 °C, indicating poor wear 
resistance at this temperature. However, as the testing temperature continues to rise, the 

Figure 4. The wear rate of the three composites at different testing temperatures.

Lubricants 2023, 11, x FOR PEER REVIEW 6 of 19 
 

 

value gradually decreases as a whole. This reduction in wear rate can be attributed to the 
formation of a lubricating oxide layer. Notably, at 800 °C, the NA composite demonstrates 
the lowest wear rate among all temperatures, measuring at 1.21 × 10−4 mm3N−1m−1. In a 
comparative analysis, as the temperature rises from 25 to 400 °C, it has been observed that 
the wear rates of composite NAB exhibit a significant decrease from 14.54 × 10−4 
mm3N−1m−1 to 1.25 × 10−4 mm3N−1m−1. Subsequently, these wear rates fluctuate slightly 
within a temperature range of 600–800 °C. 

    

   

   

Figure 5. Three-dimensional morphologies of the worn surface for nickel-alloy matrix composites at 
different testing temperatures: (a) NA25 °C, (b) NA600 °C, (c) NA800 °C; (d) NB25 °C, (e) NB600 °C, 
(f) NB800 °C; (g) NAB25 °C, (h) NAB600 °C, and (i) NAB800 °C. 

The wear resistance of the composite material can also be observed and evaluated 
through the analysis of its three-dimensional morphologies, as depicted in Figure 5. 
Clearly, the worn tracks are wide and deep for composites of NA and NAB at 25 °C (Fig-
ure 5a,g). We also found that large delamination appeared on the worn surface, while the 
wear track was shallow and some tribofilm formed on it for the NB composite (Figure 5d). 
Comparatively, composites NB and NAB exhibit narrow and shallow wear tracks at 600 
°C (Figure 5e,h), and the worn surface is smooth, which indicates that the effective lubri-
cating layer formed on it. As for composite NA, the worn surface characteristic is similar 
to that at 25 °C (Figure 5d). At 800 °C, all three composites present a narrow and shallow 
wear track (Figure 5c,f,i), and the morphologies of the worn surface are smooth, indicating 
that the presence of an oxidative lubricating film contributes to the reduction in friction 
and wear. 

  

Figure 5. Three-dimensional morphologies of the worn surface for nickel-alloy matrix composites at
different testing temperatures: (a) NA25 ◦C, (b) NA600 ◦C, (c) NA800 ◦C; (d) NB25 ◦C, (e) NB600 ◦C,
(f) NB800 ◦C; (g) NAB25 ◦C, (h) NAB600 ◦C, and (i) NAB800 ◦C.

Figure 2 illustrates the average COF values of the three composites from 25 to 800 ◦C
under ambient air conditions. The observed changes in the characteristics of the COFs
across the three composites exhibit a remarkable similarity in response to variations in
testing temperature. The COF exhibits a consistent downward trend as the temperature
rises from 25 to 800 ◦C for both NB (from 0.66 to 0.3) and NAB (from 0.6 to 0.34) composites.
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For NA composites, the value increases slightly from 25 to 400 ◦C (from 0.59 to 0.64) and
then decreases to the minimum one at 800 ◦C (0.35). The impact of molybdate content
on the frictional behavior of composites is found to be weak at 25 ◦C, 200 ◦C, and 800 ◦C.
However, within the temperature range of 400 to 600 ◦C, NAB exhibits the lowest value
(0.50 at 400 ◦C and 0.38 at 600 ◦C), followed by NB (0.56 at 400 ◦C and 0.53 at 600 ◦C) and
NA (0.64 at 400 ◦C and 0.58 at 600 ◦C) composites.

The typical friction coefficient curves of nickel-alloy matrix composites with sliding
time at various testing temperatures are given in Figure 3, respectively. The trends of
friction coefficients under different aging durations are roughly the same: the friction
coefficients were more varied in the running stage, while the value in the steady wear stage
became smooth, suggesting that the stable tribofilm developed on the worn surface.

The wear rates of the composites in a temperature range of 25–800 ◦C are shown in
Figure 4. The wear rate for the NB composite exhibits a consistent and relatively low range
of 1.75–4.59 × 10−4 mm3N−1m−1 from 25 to 800 ◦C. Conversely, the value of NA initially
increases from 25 to 200 ◦C, reaching its highest value at 200 ◦C, indicating poor wear resis-
tance at this temperature. However, as the testing temperature continues to rise, the value
gradually decreases as a whole. This reduction in wear rate can be attributed to the forma-
tion of a lubricating oxide layer. Notably, at 800 ◦C, the NA composite demonstrates the
lowest wear rate among all temperatures, measuring at 1.21 × 10−4 mm3N−1m−1. In a com-
parative analysis, as the temperature rises from 25 to 400 ◦C, it has been observed that the
wear rates of composite NAB exhibit a significant decrease from 14.54 × 10−4 mm3N−1m−1

to 1.25 × 10−4 mm3N−1m−1. Subsequently, these wear rates fluctuate slightly within a
temperature range of 600–800 ◦C.

The wear resistance of the composite material can also be observed and evaluated
through the analysis of its three-dimensional morphologies, as depicted in Figure 5. Clearly,
the worn tracks are wide and deep for composites of NA and NAB at 25 ◦C (Figure 5a,g).
We also found that large delamination appeared on the worn surface, while the wear
track was shallow and some tribofilm formed on it for the NB composite (Figure 5d).
Comparatively, composites NB and NAB exhibit narrow and shallow wear tracks at 600 ◦C
(Figure 5e,h), and the worn surface is smooth, which indicates that the effective lubricating
layer formed on it. As for composite NA, the worn surface characteristic is similar to that at
25 ◦C (Figure 5d). At 800 ◦C, all three composites present a narrow and shallow wear track
(Figure 5c,f,i), and the morphologies of the worn surface are smooth, indicating that the
presence of an oxidative lubricating film contributes to the reduction in friction and wear.

3.2. Worn Surface Analysis

Figures 6–12 show the typical SEM images of the worn surface, wear debris for the
three nickel-alloy matrix composites, and the worn surface for the Si3N4 ceramic ball in the
temperature range of 25–800 ◦C. At 25 ◦C, large grooves and delamination are the main
characteristics of composites NA, NB, and NAB (Figures 6a, 7a and 8a). Combined with the
wear debris (Figure 9a,d,g) and worn surface of the Si3N4 ceramic ball (Figures 10a, 11a and 12a),
we can clearly see that composites NA and NB show large wear debris, and it is small for NAB.
As for the worn surface of the Si3N4 ceramic ball, a large transfer film appeared for all three
composites, and the main composition of the transfer film is nickel alloy, which peels off from
the matrix. Moreover, the wear scar for NA and NAB is much larger than that of NB; this may
be due to the high microhardness, which can be reflected in the three-dimensional topography
(Figure 5d). Furthermore, high COFs were exhibited at 25 ◦C (Figure 2), and NB showed
the lowest wear rate. Combined with the above results, we may indicate that the main wear
mechanisms for the three composites are abrasive and fatigue wear at this temperature.
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Figure 6. SEM images of the sliding surface for the NA composite at different testing temperatures:
(a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.

As the temperature of the testing environment is up to 200 ◦C, for NA, the worn surface
is characterized by grooves (Figure 6b), while for NB and NAB, delamination, cracks, or
deep grooves are the main morphologies (Figures 7b and 8b) compared with those at 25 ◦C.
The data presented in Figures 2 and 4 demonstrate a decrease in both the COF and wear
rate for the composites of NB and NAB from 25 to 200 ◦C, while it is the opposite for the
NA composite. This can also be reflected in the wear debris (Figure 9b,e,h), where the size
is large for NA and NB and small for the NAB composite. Furthermore, the sliding surface
of the Si3N4 ceramic ball (Figures 10b, 11b and 12b) also reflected that when coupled with
NA and NAB, more transfer film formed on the surface than that coupled with the NB
composite. The findings presented above indicate that there is a direct correlation between
the size of the transfer film and the level of wear observed. This observation aligns with
the aforementioned results. Overall, the primary wear mechanisms observed at 25 ◦C are
comparable to those observed at different temperatures. These mechanisms predominantly
involve abrasive wear and fatigue wear.
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Figure 7. SEM images of the worn surface for the NB composite at different testing temperatures:
(a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.

At 400 ◦C, a relatively smooth worn surface with small flaking pits and tiny furrows
are the main features for composites of NA and NAB (Figures 6c and 8c). Instead of large
grooves, as compared with those at 25 and 200 ◦C, for the NB composite (Figure 7c), a large
groove is still the main characteristic. Combined with the worn scar for the Si3N4 ceramic
ball, we can see that, coupled with the NB composite (Figure 11c), continuous transfer film
formed on it, and the size of the worn scar is similar to that at 25 and 400 ◦C. In contrast,
for the NA and NAB composites (Figures 10c and 12c), less transfer film forms, and the size
of the worn scar is smaller than that at 25 and 200 ◦C, especially for NAB. The presence of
an effective lubricating film on the worn surface is indicative of the observed low friction
and wear in the two composites depicted in Figures 2 and 4.
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Figure 8. SEM images of the worn surface for the NAB composite at different testing temperatures:
(a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.

For composites NA and NB, as the surrounding temperature increased to 600 ◦C, deep
fissures, flaking cavities, or fractures appeared on the worn surface (Figures 6d and 7d) com-
pared to 400 ◦C (Figures 6c and 7c). In this case, it is observed that the rise in temperature
has a detrimental effect on the micro-hardness of the material, resulting in a decrease. Addi-
tionally, the elevated temperature facilitates surface oxidation and hastens the removal of the
lubricating layer. Consequently, the lubrication process becomes ineffective, and the surface
is susceptible to plowing, breakage, and peeling off oxides. This phenomenon leads to deep
grooves, flaking pits, and cracks, which can also be reflected by the large wear debris and the
wear scar of the ceramic ball sliding against these two composites, as shown in Figure 9c,f,
Figures 10d and 11d. Therefore, NA and NB show relatively high wear rates (Figure 4), and
the COFs display variability within a specific range at 600 ◦C (Figure 3). The worn surface for
NAB (Figure 8d) becomes smooth with the exception of slight plastic deformation and tiny
fractures at this testing temperature, demonstrating excellent lubricity. In addition, the worn
scar of the Si3N4 ceramic ball reveals that the size decreases significantly, and there is little
transfer film present. The findings suggest that the primary wear mechanisms for NAB are
microscopic abrasive wear, while for NA and NB composites, it is abrasive/fatigue wear.



Lubricants 2023, 11, 516 10 of 18Lubricants 2023, 11, x FOR PEER REVIEW 10 of 19 
 

 

   

   

   

Figure 9. SEM images of the wear debris for nickel-alloy matrix composites at different testing tem-
peratures: (a) NA25 °C, (b) NA200 °C, (c) NA600 °C; (d) NB25 °C, (e) NB200 °C, (f) NB600 °C; (g) 
NAB25 °C, (h) NAB200 °C, and (i) NAB600 °C. 

For composites NA and NB, as the surrounding temperature increased to 600 °C, 
deep fissures, flaking cavities, or fractures appeared on the worn surface (Figures 6d and 
7d) compared to 400 °C (Figures 6c and 7c). In this case, it is observed that the rise in 
temperature has a detrimental effect on the micro-hardness of the material, resulting in a 
decrease. Additionally, the elevated temperature facilitates surface oxidation and hastens 
the removal of the lubricating layer. Consequently, the lubrication process becomes inef-
fective, and the surface is susceptible to plowing, breakage, and peeling off oxides. This 
phenomenon leads to deep grooves, flaking pits, and cracks, which can also be reflected 
by the large wear debris and the wear scar of the ceramic ball sliding against these two 
composites, as shown in Figures 9c,f, 10d and 11d. Therefore, NA and NB show relatively 
high wear rates (Figure 4), and the COFs display variability within a specific range at 600 
°C (Figure 3). The worn surface for NAB (Figure 8d) becomes smooth with the exception 
of slight plastic deformation and tiny fractures at this testing temperature, demonstrating 
excellent lubricity. In addition, the worn scar of the Si3N4 ceramic ball reveals that the size 
decreases significantly, and there is little transfer film present. The findings suggest that 
the primary wear mechanisms for NAB are microscopic abrasive wear, while for NA and 
NB composites, it is abrasive/fatigue wear. 

Figure 9. SEM images of the wear debris for nickel-alloy matrix composites at different testing
temperatures: (a) NA25 ◦C, (b) NA200 ◦C, (c) NA600 ◦C; (d) NB25 ◦C, (e) NB200 ◦C, (f) NB600 ◦C;
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As the sliding temperature increases to 800 ◦C, all three composites reveal a uniform
glazed layer (Figures 6e, 7e and 8e) on the worn surface, and it has been demonstrated that
the glazed layer can reduce friction and wear, implying that the primary wear mechanism
is abrasive wear. Furthermore, the examination of the worn surface of the Si3N4 ceramic
ball coupled with NA, NB, and NAB reveals a notable absence of a transfer film on the
sliding surface (as depicted in Figures 10e, 11e and 12e). Additionally, it is observed that
the size of the worn scar significantly diminishes, reaching its smallest magnitude. This is
inconsistent with the friction and wear results (Figure 5) and indicates that adding silver
molybdate and barium molybdate could increase the lubricating properties due to the
synergistic effect.

To better comprehend the composite’s wear behavior at elevated temperatures, the
element distribution and the phase constituents of the worn surface were analyzed by the
micro-zone Raman spectrum (Figure 13) and by SEM (with EDS) (Figures 14–16). Results
indicate that the main phase constituents are BaMoO4, Ag2MoO4, and NiCr2O4 [39–41],
and the intensity of these oxides increases as the testing temperature rises from 25 to 800 ◦C
(Figure 13c), which is consistent with the previously reported results. Furthermore, it
has been shown that the oxide layer with these constituents can reduce friction and wear
effectively in a tribopair system [6,28]. In addition, the SEM and EDS results also indicate
that the oxygen content rises as the testing temperature increases. The relatively low wear
rate of composites at 600 ◦C and 800 ◦C can therefore be attributed to the formation of
a high-strength oxide layer on the worn surface. Furthermore, it can be concluded that
the good lubricating performance of NAB at elevated temperatures was attributed to the
synergistic lubricating effect of the molybdate compound and the in-situ-formed oxide on
the worn surfaces.
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Figure 10. SEM images of the worn surface of the Si3N4 ceramic ball sliding against NA composite at
different testing temperatures: (a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.

Based on the above-mentioned experimental results, a schematic diagram for compos-
ites tested from 25 to 800 ◦C was depicted, as shown in Figure 17. In conclusion, all three
composites exhibited similar wear behavior under the testing conditions. From 25 to 400 ◦C,
most parts of the tribofilm formed on the worn surface are flaking off with the wear debris
during sliding contact, and a large transfer film forms on the contact surface of the Si3N4
ceramic ball, indicating that there is no effective lubricating film formed, so high COFs are
exhibited for the three composites (Figures 2 and 3). As the testing temperature increases to
600/800 ◦C, the worn surface is covered with a compacted glazed layer consisting primarily
of Ag2MoO4, BaMoO4, and NiCr2O4. Furthermore, the wear scar of the Si3N4 ceramic ball
is very small, and there is almost no transfer film on it; thus, the best lubricating property
is exhibited at elevated temperatures.
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Figure 12. SEM images of the worn surface of the Si3N4 ceramic ball sliding against the NAB composite
at different testing temperatures: (a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.
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Figure 13. Raman spectrum of the worn surface for composites: (a) NA at 600 and 800 °C, (b) NB at 
600 and 800 °C, and (c) NAB composites at 25, 200, 400, 600, and 800 °C. 
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Figure 13. Raman spectrum of the worn surface for composites: (a) NA at 600 and 800 ◦C, (b) NB at
600 and 800 ◦C, and (c) NAB composites at 25, 200, 400, 600, and 800 ◦C.



Lubricants 2023, 11, 516 14 of 18

Lubricants 2023, 11, x FOR PEER REVIEW 14 of 19 
 

 

200 400 600 800 1000 1200

(c)
♥

♥
♦

♦

♦

♥

Σ

800°C
600°C
400°C

Raman Shift (cm-1)

 

 

 
In

te
ns

ity
(c

/s)

25°C
200°C

♥♦NiCr2O4 BaMoO4

Σ Ag2MoO4

 
Figure 13. Raman spectrum of the worn surface for composites: (a) NA at 600 and 800 °C, (b) NB at 
600 and 800 °C, and (c) NAB composites at 25, 200, 400, 600, and 800 °C. 

 
Figure 14. SEM images and the corresponding element distribution of the NA composite at different 
testing temperatures: (a) 25 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C. 
Figure 14. SEM images and the corresponding element distribution of the NA composite at different
testing temperatures: (a) 25 ◦C, (b) 400 ◦C, (c) 600 ◦C, and (d) 800 ◦C.
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wear debris during sliding contact, and a large transfer film forms on the contact surface 

Figure 15. SEM images and the corresponding element distribution of the NB composite at different
testing temperatures: (a) 25 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.
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Figure 17. Schematic of the wear mechanism for composites at different testing temperatures.

4. Conclusions

The present study examined the preparation of nickel-alloy matrix composites incor-
porating Ag2MoO4 and BaMoO4 by the hot-pressed sintering process. Subsequently, the
tribological characteristics of these composites were examined within an air temperature
range of 25 to 800 ◦C. The primary findings may be inferred as follows:

(1) Due to the lack of a low-temperature solid lubricant, all three composites showed poor
lubricating performance at low testing temperatures. As the temperature increased
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to 600 ◦C/800 ◦C, the in-situ-formed oxidative lubricating layer on the worn surface
resulted in relatively low COFs and wear rates.

(2) The NB composite presents a relatively low wear rate of (1.75–4.59) × 10−4 mm3/N−1m−1

from 25 to 800 ◦C. NAB composites show the best lubricating properties from 400 ◦C to
800 ◦C, and the COFs and wear rates are approximately 0.34–0.5 and (0.47–1.25) × 10−4

mm3/N−1m−1.
(3) From 600 to 800 ◦C, the composites exhibit low friction and wear rates in comparison

to their performance at lower temperatures. From 25 to 400 ◦C, during the sliding
process, most of the lubricating film that formed on the sliding surface is removed,
thus resulting in a relatively high COF and wear rate; the primary wear mechanisms
under these conditions are severe abrasive and fatigue wear. Within the temperature
range of 600 to 800 ◦C, the observed reduction in COF and wear rate may be attributed
to the synergistic lubricating action of Ag2MoO4, BaMoO4, and the in-situ-formed
oxide. Thus, slightly abrasive wear is the dominant wear mechanism.

(4) It has been reported that the friction and wear behavior of counterpart materials are
quite dependent on the transfer film, especially the increased thickness with sliding
time. As a further investigation, we plan to study the thickness variation of the transfer
film formed on the counterpart materials and its wear performance for the nickel-
alloy matrix composite. The results of this project will provide theoretical guidance
and technical support for the design and preparation of high-performance anti-wear
materials, which are used in aerospace, nuclear powder, high-end equipment, and
other sports power systems.
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