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Abstract NiCr-based high-temperature self-lubricating
composites with Ag/Mo/Ag-MoO;/Ag—Mo were prepared
by the powder metallurgy method, respectively. The
mechanical and tribological properties of the composites
rubbing against alumina balls were investigated from room
temperature to 900 °C. The tribo-chemical reaction films
formed on the sliding surface and their effects on the tri-
bological properties of composites at different tempera-
tures were analyzed by SEM and Micro-Raman. The
results showed that the triboloical properties of NiCr-based
composites were improved by adding alloying elements or
a solid lubricating phase; meanwhile, the composites con-
taining Ag-MoO; or Ag—Mo exhibited even better tri-
boloical properties than those with Mo or Ag at high
temperatures. The lowest friction coefficient of the NCr—
MoOs—Ag composite is around 0.19 and that of the NiCr—
Mo-Ag composite is around 0.20; both composites
exhibited an optimal wear rate in the order of magnitude of
10°°mm® N"' m™" at high temperatures. XRD and
Micro-Raman results indicated that the composition of the
tribo-layers formed on the worn surface of the composites
varies with different testing temperatures. Compounds such
as AgoMoQ,, NiCr,O4 and NiO, which formed on the
rubbing surface at high temperature, worked synergistically
to improve the tribological properties of the NiCr-based
composite at high temperatures.
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1 Introduction

In recent decades, achieving as well as maintaining low
friction and wear at high temperatures (>700 °C up to
1000 °C) has remained one of the most challenging prob-
lems encountered in the field of tribology [1-5], especially
with the development of new-generation gas turbine engi-
nes, advanced jet engines and powder-generating systems,
which require increasingly high temperatures (at 800 °C or
even 1000 °C). Generally, using a single lubricant can only
provide effective lubrication in a limited range of condi-
tions. For example, conventional solid lubricants, such as
graphite and molybdenum disulfide, lose the lubricating
effects above 500 °C because of the inadequate oxidation
resistance in air [6, 7]. Oxides, fluorides and some inor-
ganic acid salts such as high-temperature solid lubricants
cannot be used at low temperature [6]. Soft noble metals,
such as silver, cannot provide effective lubrication above
500 °C because of excessive softening [8]. It is urgent to
search for efficient solid lubricants or novel high-temper-
ature self-lubricating materials possessing favorable fric-
tional properties and wear resistance abilities that can serve
at higher temperatures. Studies have found that nickel-
based composites containing solid lubricants can be used
effectively in new-generation high-performance gas turbine
engines because of their excellent self-lubricating proper-
ties over an extreme range of operating temperatures [7, 9,
10]. It has also been found that the combination of two or
more lubricants containing low- and high-temperature
lubricants can improve the temperature adaptability of
nickel-based composites [11-14]. Researchers at NASA
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have developed a series of plasma-sprayed (PS200, PS300,
PS304 and PS400) and powder metallurgy high-tempera-
ture, self-lubricating materials (PM212, PM300 and
PM304) with favorable tribological properties over broad
temperature ranges [15-19]. In these composites, an Ni-
based alloy as the matrix and silver and BaF,/CaF, eutectic
as solid lubricants, all of these composites exhibited low
friction from room temperature to 650 °C. However, the
decline of mechanical properties and oxidation of the
coating deteriorated its wear resistance when the temper-
ature was above 800 °C [18]. Furthermore, the wear rate of
the PS coating in the range of 107*~107> mm® N~' m~' at
room temperature was still relatively high for application.

To extend the applied temperature range and tempera-
ture adaptability of lubricating materials, the synergetic
effects of the combination of transition metals (Mo, Cr, Nb,
etc.) and soft metals (Ag, Cs, Pb, etc.) and the lubrication
mechanisms of Ag—-Mo, Cs—Mo, Pb—Mo and Cu—Mo, etc.,
from 25 to 700 °C in a single composite material were
investigated [20-22]. For example, Muratore [22-24]
deposited an adaptive YSZ-Ag—Mo coating (prepared by
MS and PLD), which could provide lubrication by the
formation of a continuous silver film on the worn surface at
moderate temperatures (below 500 °C) and lubricious
MoOj3; compounds in the wear track at high temperatures
(above 500 °C). Chen [21] prepared an NiCrAlY-Ag-Mo
composite coating APS, which displayed good tribological
properties from 20 to 800 °C; the friction coefficients were
around 0.3 and wear rates on the order of 107> mm?’ -
N~' m™'. They proposed that the silver provides lubrica-
tion at temperatures below 400 °C; silver molybdate and
MoOj; act as lubricants at higher temperature (above
400 °C). Gulbinski [25] first reported the high temperature
lubricity of silver molybdate, which was then further
researched by Muratore and Voevodin [22, 23]. Our pre-
vious study on the lubricating behavior of Ag,MoQ, in Ni-
based composites showed that relatively good tribological
properties of composites could be achieved up to 700 °C
[26]. The lowest friction coefficient and wear rate were
[(0.26) and 1.02 x 107> mm’® N~' m™'], respectively.
The lubricating property of molybdate at even higher
temperatures than 700 °C has not been investigated.
Meanwhile, the poor mechanical properties of the com-
posites (the Vickers hardness is lower than 170) are a
serious problem. Many positive results have been achieved
by combining low- and high-temperature lubricants [21,
22, 25, 26]. However, studies of the synergetic effects of
the combination of transition metals and soft metals have
been almost entirely confined to composite coatings [21—
23, 25]. Moreover, it has been proposed that in the lubri-
cant combination of Mo—-Ag, Mo was first oxided to
molybdenum oxide during high temperature sliding. The
molybdenum oxide compounds combined with silver
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molybdate formed by the tribo-chmical reaction acted as
high-temperature lubricants to provide high-temperature
lubrication for the composite coatings. Thus, the feasibility
of direct MoOj incorporation rather than Mo in the com-
posites was further studied in the work, but the related
study has not been reported yet. Driven by the above two
aspects, the goal of this article is to fabricate Ni-based
high-temperature self-lubricating composites containing
Ag-Mo and Ag-MoO; and conduct comprehensive
research on the tribological properties of the composites
from room temperature to 900 °C. Meanwhile, Ni-based
composites with Ag or Mo have also been studied. This is
expected to clarify the effect and different lubrication
mechanisms of Ag-Mo and Ag—MoO; in NiCr-based
composites by comparison. In these composites, the NiCr
matrix offers good mechanical and antioxidizing properties
at high temperature. Ag acts as a low-temperature lubricant
below 500 °C and is expected to form a tribolayer with
silver molybdate as a high-temperature lubricant by tribo-
chemical reaction at high temperatures to achieve low
friction coefficients and wear rates in a wide temperature
range.

2 Materials and Methods
2.1 Preparation of Ni-Based Composites

The Ni-based composites with 10 wt% Ag, 10 wt% Mo,
10 wt% Ag-10 wt% MoO; and 10 wt% Ag-10 wt% Mo
were respectively prepared by the powder metallurgical
hot-pressing method, denoted as NC (without additions),
NCA (with Ag), NCM (with Mo), NCAM (with Ag and
Mo) and NCAMO (with Ag and MoOj3). Commercially
available nickel, chromium, molybdenum trioxide,
molybdenum and silver powders were used as the starting
materials of the matrix. The compositions of the Ni-based
composites are given in Table 1. The Ni (80 wt%) and Cr
(20 wt%) powders with mean particle sizes of 30-70 pm
were first mixed for 20 h in a high-energy-mill (Fritsch,
Germany). Then Ag powder, Mo powder, Ag-MoO;
powder or Ag-Mo powder with a mean particle size of
5-20 pm was added and continuously ball-milled for 10 h.
The composite powders were enclosed in a graphite die and
set in a vacuum-hot-pressing furnace (ZT-45-20Y, China).
When the furnace was evacuated to a dynamic vacuum of
about 1072 Pa, the furnace was heated at a rate of
10 °C min—"', and the powders were first pressed at 800 °C
and held at constant temperature for 30 min under 25 MPa
pressure. Then the heating of the furnace continued to
1100 °C (at a rate of 10 °C min~") and was held constant
at this temperature for 30 min under 25 MPa pressure. The
prefabricated specimens were machined to the desired
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Table 1 Composition, preparation technology, density and Vickers hardness of the hot-pressed Ni-based composites

Ni-based composites

Composition (wt%)

Preparation technology

Densiy (g cm ™)

Vickers hardness (HV)

80Ni—20Cr Ag MoO; Mo
NC Balance 0 0 0 800 °C/1100 °C/ 8.21 23241 £+ 3.52
30 min/25 MPa
NCM Balance 0 0 10 Same above 8.30 319.35 £ 3.73
NCA Balance 10 0 0 Same above 8.32 210.35 £ 4.83
NCAM Balance 10 10 0 Same above 8.27 281.53 £ 1.52
NCAMO Balance 10 0 10 Same above 7.85 285.55 £ 5.98

samples and polished by emery paper for the following
tests. The roughness values of the polished surfaces were
about 0.3-0.5 pm (Ra).

2.2 Characterization

The phase compositions of the composites were examined
by X-ray diffraction (XRD) on a Rigaku D/max-RB X-ray
diffractometer utilizing Cu Ka radiation with 40-kV oper-
ating voltage and a scan speed of 10° min~" in the 20 range
of 10-80°. The microstructure and morphologies of worn
surfaces were characterized by a JSM-5600LV scanning
electron microscope (SEM) equipped with energy disper-
sive spectroscopy (EDS). The variations of the phase
compositions on worn surfaces were investigated by a
Renishaw inVia Micro-Raman spectroscope using a laser
light with 633-nm wavelength. The nanoindentation
experiments were performed on a TI 950 Nano Mechanical
Test Instrument (Hysitron, Minneapolis, MN, USA) to
analyze the hardness of the glaze layers formed on the
worn surfaces.

The Vicker hardness was measured by MH-5 Vicker’s
indentation using a normal load of 300 g and dwell time of
10 s. The measurements were carried out at least ten times,
and the average values are given in Table 1. The tribo-
logical tests were conducted on a UMT-3 ball-on-disk
high-temperature tribometer (made by Bruker Corp.,
USA). The disk was the sintered material; before the test,
the sintered material was cleaned with acetone and then
dried in hot air. The counterpart ball was a commercial
Al,O5 ceramic ball with a 10-mm diameter; the Al,O5 ball
has a surface roughness of 0.032 pum, hardness of 16.5 GPa
and density of 3.92 g cm . The selected test temperatures
of the friction and wear tests were RT, 300, 500, 700 and
900 °C. All the tests were run at a sliding velocity of
0.108 m s_l, normal load of 20 N and duration of 60 min.
The wear depth profiles of all the wear tracks were
examined by a Nano Map 500LS contact surface mapping
profiler (AEP Technology, USA) to obtain the wear rate of
composites. The wear volume V was determined by the

following formula: V = AP, where A was the cross-sec-
tional area of the worn scar and P was the perimeter of the
worn scar. The wear rate was calculated as a function of the
wear volume V divided by the sliding distance S and the
applied load L and expressed as mm> Nm~'. All the tri-
bological tests were carried out three times to assure the
reproducibility of the experimental results in the same
conditions, and the average results were reported.

3 Results
3.1 Hardness, Microstructure and XRD Analyses

The micro-hardness of the Ni-based composites is listed in
Table 1. The hardness of the NCM composite was found to be
the highest with a value of 319.35 HV. The NCA composite’s
hardness was the lowest (about 210 HV). The main reason was
that Mo and MoOj; can play arole in the enhancement function
of the NiCr matix. The hardness of the NCAMO composite
was 285.55 HV and that of the NCAM composite 281.53 HV,
slightly less than that of the NCAMO composite. The density
of the composites was almost the same, except NCAMO, and
the same added amount and almost the same density of Mo
and Ag could have accounted for this. The density of NCAMO
and NCAM composites was 7.85 and 8.27 g cm™>, respec-
tively; the difference in the density of the composites was
attributed to the difference in the density between Mo
(10.2 g cm™>) and MoO; (4.69 g cm ™).

Figure 1 shows the XRD patterns of the Ni-based
composite before and after sintering. It can be seen that the
Ni(Cr), Mo, MoO5 and Ag phases can be identified from
the mixed powders (Fig. 1a). After hot-pressing sintering,
the phase compositions were almost unchanged for the NC,
NCM, NCA and NCAM composite. However, the clear
diffraction peaks of MoOj disappeared, and the peaks of
the Ni-based solution, Cr,O3 and Ag peaks were evident in
the NCAMO composite (Fig. 1b). Meanwhile, the
diffraction peaks of Ag,MoO, and NiCr,0, appeared in the
sintered composite. This means that some solid phase
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Fig. 1 XRD patterns of the Ni-based composites a before and b after
hot-pressing

reactions happened during the sintering process. In addi-
tion, according to the XRD patterns of the NCM and
NCAM composite (Fig. 1b), the Mo peaks became weaker
than those before sintering (Fig. l1a) because some Mo
solid dissolved in the Ni matrix during the high-tempera-
ture sintering process.

Figure 2 shows the typical microstructures of the Ni-
based composites. The microstructure of these composites
was quite dense, and there was only one phase in NC
(Fig. 2a), two types of phase in both the NCM and NCA
composites (Fig. 2b, c), and three types of phases in both
the NCAM and NCAMO composites (Fig. 2d, e). Combing
with EDS analysis revealed that the gray area was rich in
Ni and Cr phases; the deep gray region was rich in Mo, Cr,
Ni and O phases, while the white area was rich in the Ag
phase. Besides, the Mo phase was observed to be dis-
tributed uniformly in the Ni(Cr) matrix (Fig. 2b, d), and the
Ag phase dispersed in the matrix in a single phase and
almost have not formed a solution in the Ni(Cr) matrix
(Fig. 2c, d).

@ Springer

3.2 Tribological Properties of the Composites

Figure 3 gives the tribological properties of the Ni-based
composite sliding against alumina balls at different tem-
peratures. It can be seen that NC recorded the highest
friction coefficient (the lowest value is about 0.4 at 900 °C)
and wear rate (>1 x 107" mm® N~! m™!) (Fig. 3a, b) in
these composites in the whole temperature range. There-
fore, the common NiCr alloy did not have lubricity. When
Mo or Ag was added to the NiCr marix, the tribological
performance of the composites had a certain degree of
improvement. Both the NCM and NCA composite friction
coefficients reached about 0.3, and the wear rates were
about 5 x 10> mm®N~'m™' at high temperature.
However, the tribological performance was still poor when
the temperature was below 500 °C according to Fig. 3.
When the combinations of Ag and (Mo or MoQO;) were
added to the NiCr marix, the tribological performance of
the composites was significantly improved, especially at
high temperatures. It can be seen that the friction coeffi-
cient of the NCAMO composite constantly decreased with
increasing temperature and the lowest friction coefficient
reached 0.19 at 900 °C (Fig. 3a). Likewise, the friction
coefficient of the NCAM composite decreased with the
temperature increasing to 700 °C; the minimum was about
0.23. However, the friction coefficient was then slightly
increased to about 0.28 at 900 °C. Moreover, the wear rate
of the NCAMO composite was relatively high at room
temperature and about 22.7 x 10~> mm® N~' m~" (Fig. 3b),
but the wear rate of the NCAM composite at room temper-
ature was moderate and around 9.22 x 107> mm® N~' m~".
The wear rate of the NCAMO composite was found to
decrease continuously with increasing temperature, and the
lowest wear rate was registered at about 4.68 x 10~° mm?
N~'m~" at 900 °C. Similarly, the wear rate of the NCAM
composite decreased with increasing temperatures up to 700 °C;
the lowest wear rate was reached at 1.35 x 107> mm’
N! mfl, while the wear rate value increased to
4.80 x 107> mm® N~ m~' when the temperature increased
to 900 °C. Interestingly, the wear rate of the NCAMO com-
posite was higher than that of the NCAM composite when
testing temperatures below 700 °C, while the NCAMO
composite had a favorable wear rate when temperatures were
above 700 °C and was lower than that of the NCAM
composite.

Figure 4 presents the typical variations of the friction
coefficient of the NC, NCM, NCA, NCAM and NCAMO
composites with sliding duration at elevated temperatures.
The friction coefficient of the NCM and NCAM compos-
ites rapidly reached steady state in a shorter sliding time at
each temperature, and the running-up duration was shorter
with the temperature increases compared with other com-
posites (Fig. 4b, d). However, the composites without
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Fig. 2 SEM micrographs of the a NiCr; b NiCr-10Mo; ¢ NiCr-10Ag; d NiCr-10Mo-10Ag; e NiCr-10MoO;-10Ag composites

molybdenum (NC, NCA and NCAMO) displayed diverse
running-up periods (Fig. 4a, c, e); this might be because the
thermo-mechanical effects took place at the tribocontact

region, leading to a long running-up period. In addition, at
room temperature and 300 °C, the friction coefficient of
the NCAM composite was about 0.47 after the running-up

@ Springer



48 Page 6 of 16

Tribol Lett (2015) 59:48

1.0

—&—NC
0.9 —e— NCM
—A—NCA

0.8 4
0.7
0.6 4
0.5
0.4

0.3 4

Friction coefficient

0.2

0.1 4

0‘0 T T T T T
20 300 500 700 900
Temperature (°C)

(a)

Wear rate( 0°mm’/Nm)

20 300 500 700 900
Temperature ('C)

(b)

Fig. 3 Tribological properties of the Ni-based composites sliding
against alumina balls at different temperatures (0.108 m s™', 20 N
and 60 min): a friction coefficient; b wear rate

duration. As the temperature increased to 500 and 900 °C,
the variation trend of the friction coefficient was the same,
and the steady-state friction coefficient was 0.32 and 0.18,
respectively. However, at 700 °C, the friction coefficient
markedly decreased at first and then increased; the final
friction coefficient at steady state was about 0.30. The
friction coefficient of the NCAMO composite with sliding
duration at room temperature was relatively high (about
0.7) and also had some fluctuations. With increasing tem-
perature, the variation trend of the friction coefficient with
sliding duration was almost the same; the friction coeffi-
cient decreased at first then achieved stability at each
temperature test point. At 300 °C, the value at steady state
was about 0.45, and 0.25 at 500 °C. When the temperature
increased to 700 and 900 °C, a relatively smooth F—f curve
could be obtained, and the lowest friction coefficient was
approximately 0.19.

In general, according to the results shown in Figs. 3 and
4, the NCAM and NCAMO composites displayed better
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tribological properties compared with other composites at
high temperatures.

3.3 SEM Morphologies of the Worn Surfaces
of the Composites at Different Temperatures

Figure 5 gives the SEM morphologies of the worn surfaces
of the Ni-based composites from room temperature to
900 °C. At room temperature, the worn surfaces of the NC,
NCM and NCAMO composite covered a large number of
wear debris particles (Fig. 5a). This was due to the severe
abrasive action between the tribological pairs of the com-
posites disk and alumina ball, and the wear mechanism was
dominated by abrasive wear. Therefore, the wear rate of
these composites was high at room temperature (Fig. 3b).
The worn surfaces of the NCA and NCAM composite are
found to have little wear debris and few delamination pits
and few grooves on the worn surfaces, which illustrates
that the wear mechanism is mainly delamination and
microplowing (Fig. 5a). As the temperature increased to
300 °C, plastic deformation and some wear debris could be
observed on the worn surface of NC, NCM and NCA
composites and some flaky wear debris, and fine grooves
appeared on the worn scar of the NCAMO composite and
indicated that the wear mechanisms were characterized by
delamination and microplowing (Fig. 5b). At 300 °C,
many grooves and a deformed surface appeared on the
worn surface of the NCAM composite, suggesting that the
wear mechanisms were microplowing and surface plastic
deformation. At 500 °C, the plastic deformation and many
fine grooves on the worn surface of the NC, NCM and
NCA composites could be clearly observed, and the worn
surface became relatively smooth. Moreover, some wear
debris could also be observed on the worn surface of NC
and NCM composites (Fig. 5c). Therefore, the friction
coefficient and wear rate were still high at this temperature.
At 500 °C, a severely deformed surface appeared, and a
few fine grooves could be seen on the worn surface of the
NCAMO composite, suggesting that the wear mechanism
is dominated by microplowing and surface plastic defor-
mation (Fig. 5¢). In addition, a smooth tribo-film covered
the worn surface of the NCAM composite, and the worn
surfaces were getting quite smooth, so the tribologi-
cal properties were better than in the NC, NCM and NCA
composites at 500 °C. As the temperature increased to
700 °C, the worn surfaces of all the composites except for
NC (its worn surface was not smooth and had some
delamination) were covered by a smooth tribo-film,
implying the tribochemical reactions had taken place
(Fig. 5d), and these composites almost showed the best
tribological properties at this temperature. When the tem-
perature reached 900 °C, by comparison with the SEM
image at 700 °C, the smooth film almost completely
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<«Fig. 5 SEM micrographs of the worn surfaces of (I) NiCr, (II) NiCr—
10Mo, (I1I) NiCr-10Ag, (IV) NiCr-10Ag—10Mo and (V) NiCr-10Ag—
10MoO3 composites tested at different temperatures: a room tem-
perature, b 300 °C, ¢ 500 °C, d 700 °C, e 900 °C

covered the worn surface of all the composites (Fig. Se),
and the friction coefficient and wear rate of these com-
posites presented very low values. In addition, it was
clearly observed that silver precipitation from the worn
surface of NCA and NCAM composites at 700 °C
according to the EDS analysis (Fig. 5d, e) and both com-
posites presented a very low friction coefficient and wear
rate; this was attributed to increasing Ag diffusing to the
worn surface to form lubricious surface aggregates with
test temperature growth to about 700 °C [27, 28]. Fur-
thermore, at 900 °C, the integrity of tribofilms on the worn
surface of NCAM was damaged, and the worn surfaces
became incomplete (Fig. 5e). Therefore, the wear rate of
the NCAM composite at 900 °C was relatively higher than
that at 700 °C.

Figure 6 shows the XRD patterns of NC, NCM, NCA,
NCAM and NCAMO composites after the wear test at
different temperatures. According to the XRD patterns of
NC, NCM and NCA composites shown in Fig. 6a, it could
be seen that the diffraction peaks of the NiCr solution,
Cr,05 and NiCr,0O, were identified on the worn surfaces of
NC below 700 °C. When the temperature reached 900 °C,
the NiO diffraction peaks appeared on the worn surfaces of
NC. NC showed very poor tribological properties; this was
due to NiO and NiCr,0, providing limited lubricity and no
lubrication at low temperature (<500 °C), which was in
agreement with previous reports [29]. It could be seen that
the diffraction peaks of NiCr solution, MoOs, Cr,O3 and
NiCr,0O4 were identified on the worn surfaces of the NCM
composite below 700 °C; furthermore, the diffraction
peaks of NiO were identified on the worn surfaces at
900 °C. The MoO; and NiO were the new phases com-
pared with sintered NCM, so MoOj3 and NiO played the
important role of lubricants at high temperature for NCM
composites. It could also be found that the diffraction
peaks of the NiCr solution, Cr,0O5, Ag, Ag,0 and NiCr,0y4
were identified on the worn surfaces of the NCA composite
below 700 °C, so Ag played the main role in lubrication
below 700 °C. Furthermore, diffraction peaks of NiO,
Ag,CrO, and Ag,0 were identified on the worn surfaces at
900 °C; together with Ag they worked synergistically to
improve the tribological properties of the NCA composite.
According to the XRD patterns of the NCAM and NCAMO
composites shown in Fig. 6b, c, the diffraction peaks of the
NiCr solution, MoOj3, Cr,03, Ag, Ag,MoQO, and NiCr,0y4
were identified on the worn surfaces of the NCAMO
composite below 700 °C, while at 900 °C, the diffraction
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Fig. 6 XRD patterns of a NiCr, NiCr-10Mo and NiCr-10Ag
composites after the tribological property test at elevated tempera-
tures; b NiCr-10Ag—10MoO; and ¢ NiCr-10Ag—10Mo composites
after tribological property tests from room temperature to 900 °C

peaks of Ag became feeble; the Ag,MoQO, and NiO peaks

were getting stronger and sharper on the worn surfaces of
the composite than those at 700 °C (Fig. 6b). As to the

@ Springer



48 Page 10 of 16

Tribol Lett (2015) 59:48

NCAM composite, the diffraction peaks of the NiCr solu-
tion, Mo, Cr,03, Ag and NiCr,0,4 were clearly identified
on the worn surfaces below 700 °C (Fig. 6¢); the diffrac-
tion peaks of NiO were also identified on the worn surfaces
at 700 °C. Besides, the diffraction peaks of Ag,MoO,
appeared at 700 °C, and both of the diffraction peaks of
NiO and Ag,MoQO, became sharper at 900 °C. The new
compounds Ag,MoO, and Ag,MoO, might have formed
on the worn surface because of the tribo-chemical reactions
among Ag, Mo and O at high temperatures. The Mo and
Ag phases were identified on the worn surface of the
NCAM composite and NCAMO composite at test tem-
peratures below 700 °C, while at 900 °C, the diffraction
peaks of Mo almost disappeared and the intensities of Ag
peaks dramatically decreased.

Figures 7 and 8 display elemental composition map-
pings of the worn surfaces of the NiCr—10Mo and NiCr—
10Ag composites at elevated temperatures, respectively.
Silver was clearly detected to increase on the wear scars at
all test temperatures, but the detection of molybdenum did
not show evident changes. The main reason for this dif-
ference was the low melting point of silver and faster
diffusion rate at higher temperatures [21]. The EDS anal-
ysis of the worn surfaces of the NiCr—10Mo and NiCr—

10Ag composites at elevated temperatures is further given
in Tables 2 and 3, respectively. The weight percentages of
silver on the rubbing surface of the NiCr—10Ag composite
showed a gradual increase with increasing temperature, and
the weight percentages of silver on the rubbing surface of
NiCr-10Mo molybdenum declined rather than increased.
Besides, it was quite certain that the oxidation resistance of
NiCr—10Mo was higher than that of NiCr—10Ag based on
the weight percentages of oxygen given in Tables 2 and 3.

3.4 Raman Analysis of the Wear Tracks of NCAM
and NCAMO Composites

In order to further study the tribo-chemical changes on the
worn surfaces of the NCAMO and NCAM composite at
high temperatures, micro-Raman analysis was conducted.
Figures 9 and 10 give the Raman spectra of the worn
surfaces as well as the unworn surfaces of the NCAMO and
NCAM composites from 500 to 900 °C, respectively. Very
weak Ag,MoO, and other compound peaks appeared for
the Raman spectrum of the NCAMO composite after
friction tests at 500 °C, which agreed well with the XRD
results (Fig. 9a). When the temperature increased to
700 °C, clear Raman peaks of Ag,MoO, appeared in the

Fig. 7 Elemental composition mappings of the worn surfaces of the NiCr—10Mo composites: a 500 °C; b 700 °C; ¢ 900 °C
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Fig. 8 Elemental composition mappings of the worn surfaces of the NiCr-10Ag composites: a 500 °C; b 700 °C; ¢ 900 °C

Table 2 EDS analysis of the worn surfaces of the NiCr-10Mo
composites at elevated temperatures

Temperature(°C) Elemental composition (wt%)

Ni Cr (0] Mo Al
500 56.26 15.22 19.41 8.57 0.54
700 52.31 16.99 21.87 8.01 0.82
900 55.72 18.26 17.80 7.87 0.06

Table 3 EDS analysis of the worn surfaces of the NiCr—10Ag
composites at elevated temperatures

Temperature(°C) Elemental composition (wt%)

Ni Cr (0] Ag Al
500 54.98 14.60 23.71 6.25 0.46
700 50.21 13.15 28.34 7.87 0.43
900 46.47 12.28 31.30 9.28 0.57

Raman spectrum (Fig. 9b) and displayed a peak centering
at 867 cm™!, which belonged to the monoclinic silver
molybdate phase [24, 26]. In addition, peaks of MoOj3; and
Cr,05 as well as NiO appeared. This result suggests that
tribo-chemical reactions took place and new compounds
formed with lubricating properties during the sliding pro-
cess at high temperature [30, 31]. It is well known that
molybdate is a kind of high-temperature lubricant that can
provide a lubrication effect at high temperature. Therefore,
the composite displayed the properties of low friction and
wear at high temperatures. At 900 °C, besides the Raman
peaks of Ag,MoO,, the Raman peaks of Ag,Mo,O;3
appeared within the wear track (Fig. 9¢). For the NCI0AM
composite, no slight Ag,MoO, peaks appeared in the
Raman spectra at a test temperature below 500 °C
(Fig. 10a). This was different from the Raman spectrum of
the NCI10AMO composite. When the temperature
increased to 700 °C, strong Raman peaks of Ag,MoO,
appeared (Fig. 10b), and Ag,Mo40;3 could also be found
from the Raman spectrum [32, 33]. At 900 °C, the peak of
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NiO was shown brightly in the Raman spectrum (Fig. 9c).
This was due to the severe oxidation that took place at high
temperature.

For the purpose of further analyzing the glaze layer that
formed on the worn surface of the NCAM and NCAMO
composites after the wear test at high temperature,
nanoindentation experiments were conducted to measure
the mechanical properties of the glaze layer formed on the
worn surface of the composites. Figure 11 presents the
curves of the nanoindentation force versus penetration
depth for the glaze layer of composites after wear tests at
700 and 900 °C, respectively. A tendency of the load-un-
load curves of the composites to be different was found,
and the contact stiffness of the NCAMO composite at 700
and 900 °C was almost the same; however, the contact
stiffness of the NCAMO composite at 700 and 900 °C was
very different. This reflected the differences in the com-
posites’ resistance to the plastic deformation ability [34].

14000
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Fig. 11 Force versus penetration depth for the glaze layer on worn
surfaces of a NiCr—-10Ag—10MoO; and b NiCr-10Ag—10Mo after the
wear test at 700 and 900 °C

The nano-hardness (H), Young’s modulus (E) and the H/
E ratio of the glaze layer on the worn surfaces of com-
posites are given in Table 4. The H/E ratios have been
reported to more accurately evaluate the anti-wear property
of the composite than the hardness and higher H/E ratio as
well as the good anti-wear property [35, 36]. The H/E ratio
of the glaze layer of the NCAM composite was 0.065 at
700 °C and 0.089 at 900 °C, respectively, suggesting that
the contact surface undergoes severe plastic deformation
after high temperature wear and the worn surface is cov-
ered by a layer of lubrication film (Fig. 5d, e). This
accounted for the wear rate of the NCAMO composite at
900 °C (on the order of 107® mm?® N™! m™"). Moreover,
the H/E ratios of the glaze layers of the two composites
were almost the same at 700 °C, and their wear rate was
quite comparable at 700 °C. The lowest H/E ratio of the
glaze layer of the NCAM composite was at 900 °C (0.057),
suggesting the higher wear rate of the NCAM composite,
and obvious plastic deformation and adhesive wear were
observed on the worn surfaces of the NCAM composite at
900 °C (Fig. Se).

4 Discussion

It can be deduced that relatively good mechanical proper-
ties are necessary for Ni-based composites. The materials
containing Mo have higher hardness than other materials,
and the wear rate is relatively low. Furthermore, the fric-
tion coefficient rapidly reaches steady state in a shorter
sliding time. The oxidation of metal molybdenum, which
could form a MoOj5 lubricant film on the worn surface with
the property of plastic deformation, and the further transfer
to the surface of the coupled materials are believed to be
the major reasons for the significant decrease in the friction
coefficient at high temperatures [37]. However, when Ag is
added to the composites, the mechanical properties of these
composites deteriorate because Ag cannot provide the
solution strength effect. On the basis of the experimental
results, when Ag as a single lubricant was added to NiCr
matrix, it did not significantly improve the tribological
properties of the materials. This was attributed to the
limitations of Ag itself (it only provides limited lubrication
at a very narrow temperature range and has poor solid
solubility) [8]. By combining two kinds of additives (Ag—
MoO5; or Ag-Mo), both of the composites displayed
excellent tribological properties at high temperatures. Two
aspects explain this: one is that the combination of two
kinds of additives can meet the requirements of mechanical
and lubricating performance at the same time; another is
the change in the composition and contents of new phases
during wear tests at high temperatures. The phases of
NiCr,04, AgoM00O4 and Cr,Os; appear in the NCAMO
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Table 4 Nano-hardness (H), Young’s modulus (E) and H/E ratio of the glaze layer on the worn surfaces of NiCr—10Ag—10MoO; and NiCr—

10Ag—10Mo composites after the wear test at 700 and 900 °C

Ni-based composites Temperatures (°C) Nano-hardness (H) (GPa) Young’s modulus (E) (GPa) HIE

NC10AMO 700 8.82 134.89 0.065
900 12.99 145.52 0.089

NC10AM 700 11.35 172.44 0.066
900 7.31 128.61 0.057

composite after being hot pressed, and the composition and
contents of these phases change during wear tests at high
temperature according to the XRD results. At relatively
low temperature (at RT), Ag,MoO, cannot be easily
sheared compared to Ag, and at the friction-contacted
regions, cracks are initiated at first and then delamination
occurs because of the low plasticity (Fig. 5a), which leads
to the severe abrasive action of the NCAMO composite
during the dry-sliding process. Therefore, the friction and
wear properties are worse than for the NCAM composite.
At high temperatures, the lubricating film, which is mainly
composed of Ag,MoQO, and other oxides (Cr,O3 and NiO),
is produced during the friction process according to XRD
and Raman analysis. Within the wear track, clear Ag,
MoO, peaks are shown in the Raman patterns, and Ag,
MoQO, as a solid lubricant is the predominant factor in the
improvement of the tribological properties of the NCAMO
and NCAM composites (Figs. 7b, 8b). A low friction
coefficient and wear rate of the NCAMO and NCAM
composites are displayed at high temperatures. In addition,
at 700 and 900 °C, the low friction coefficient of the
NCAMO composite is closely related to the synergistic
work of AgoMoO,, NiO and NiCr,0y, all of which have
been found on worn surfaces according to XRD and Raman
analysis. The high-temperature lubricious behavior of some
molybdates and chromates has been studied, and the
lubricity was found to be associated with low shear
strength and high ductility at elevated temperatures [38—
40].

The tribo-films composed of Ag,MoO,, NiO and
NiCr,04 and their contents are different according to the
XRD and Raman spectrum results (shown in Figs. 6, 7, 8)
and account for the difficulty degree of the formation and
destruction of the transfer film. The low friction coefficient
and wear rate of the NCAMO and NCAM composites from
300 to 700 °C are due to the change of the transfer film
from the beginning, becoming complete and continuous.
However, when the temperature increases to 900 °C, the
ability to resist deforming of the NCAMO and NCAM
composites is different, and compared with the NCAMO
composite, the tribo-film formed on the worn surface of the
NCAM composite is more easily destroyed. The worn
surface morphologies from the relatively smooth surface to
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the unsmooth surface (Fig. Se) show the wear resistance of
the NCAM composite weakened slightly, and a high wear
rate is displayed.

In addition, the different compositions and contents of
the tribo-films formed on the surface of the NCAMO
composite and NCAM composite lead to the difference in
the values of H, E and the ratio of H/E of the tribo-films
that formed on the worn surface of the composites.
According to the higher H/E ratio and better anti-wear
property [37], the H/E ratios of the NCAMO composite at
high temperatures are higher than those of the NCAM
composite, and the tribological property of the NCAMO
composite is better than that of the NCAMO composite at
high temperatures.

5 Conclusions

In this work, nickel-base composites containing Ag—MoOj3
or Ag-Mo were fabricated by the powder metallurgy
technique, and the tribological properties of sliding against
Al,O5 ceramic balls from room temperature to 900 °C
were studied. In addition, for comparison, the materials of
NiCr, NiCr-10Mo and NiCr-10Ag were also prepared and
studied. The main conclusions can be drawn as follows:

1. Both composites show excellent tribological properties at
high temperatures. The tribological properties of the
composites are much more significantly improved by
combining two kinds of additives (Ag—MoO; or Ag—-Mo)
than a single additive (Mo or Ag). As for the NCAMO
composite, the corresponding lowest friction coefficient
is about 0.19, and the lowest wear rate is about
4.68 x 107® mm® N~' m™". The lowest friction coeffi-
cient and wear rates of the NCAM composite are about
0.23 and 1.35 x 107> mm® N~' m™', respectively. The
tribological properties of NCAMO and NCAM compos-
ites are better than NC and those composites with just only
containing Ag or Mo, especially at high temperatures.

2. The difference in friction and wear properties between

the composites is mainly due to the difference in the
composition and contents of the tribo-layers, which
consist of Ag;MoO,, NiCr,0, and NiO formed on the
worn surfaces of the composites during the sliding
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process at high temperatures. The compound of
AgoMoQy, NiCr,O4 and NiO on the worn surface
works synergistically at high temperatures, which is
the predominant factor leading to the improvement of
the tribological properties of the composites.

The NiCr composites with only Mo or Ag do not have
good comprehensive performance, but the Mo or
MoOs additives can ensure the mechanical properties
of the matrix. Moreover, combined with Ag they can
provide excellent tribological properties of the com-
posites for high temperature applications.

The wear mechanisms of the NCAMO composite are
characterized by abrasion and micro-scuffing at low
temperatures and by delamination, microplowing and
plastic deformation at high temperatures. The wear
mechanisms of the NCAM composite are dominated
by plastic deformation and delamination at low
temperatures and delamination and plastic deformation
at high temperatures.
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