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Abstract

The tribological properties of NiCr–40 wt%Al2O3 (NC40A) cermet-based self-lubricating composites containing 10 wt%–30 wt% SrSO4

against alumina ball were investigated at elevated temperatures. The results indicated that the friction coefficients and wear rates were
significantly reduced by adding different amounts of SrSO4 above 200 1C. NC40A–10SrSO4 composite exhibited satisfactory tribological
properties above 200 1C due to the formation of synergistic lubricating films SrAl4O7 and NiCr2O4 on the contact surface, while low friction
coefficient and wear rate of NC40A–30SrSO4 composite at 400 1C were attributed to the synergistic lubricating effect of Sr4Al2O7, SrAl2O4 and
NiCr2O4.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

High temperature self-lubricating composites are promising
potential for the tribology community in turbine construction
and aerospace systems owing to extraordinary lubricating
properties at elevated temperatures [1,2]. A lot of research
works have been done on nickel alloys and ceramics contain-
ing solid lubricants during the past few years [3–10]. However,
traditional solid lubricants such as graphite and molybdenum
disulfide will lose lubricating function at high temperature due
to their chemical and/or structural degradations, while alkali
earth fluorides (CaF2 and BaF2) exhibit low friction coefficient
at elevated temperature. Oxides are generally hard to shear at
room temperature, but some of them become highly shearable
and hence can provide fairly low friction coefficients at
elevated temperatures [11]. In order to achieve lubrication
over a broader temperature range, a number of researchers
have made efforts to improve self–lubricating composites.
The way to produce a lubricating layer that can operate over a
wide temperature range is to combine low- and high-
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temperature lubricants into the composites [12]. For example,
at higher temperature, the formation of PbMoO4 or ZnWO4 on
the sliding surface, which facilitated by combining certain
transition metal dichalcogenides (MoS2 or WS2) with oxides
(PbO or ZnO), was apparently beneficial to providing good
lubrication at this temperature [13,14]. Molybdates and vana-
dates were well known for their lubricating properties [15,16].
For example, the formation of sliver molybdates and sliver
vanadates on the contact surface were found to exhibit
relatively low friction coefficient at elevated temperature in
Mo2N/MoS2/Ag [17,18] and VN/Ag [19] systems, which was
due to the chemical reaction that combined silver and
molybdenum oxide or vanadium oxide. CaSO4 film exhibited
a low coefficient of friction at 500 1C, which was attributed to
the tribo–chemical reaction between CaF2 and WS2 on the
rubbing surface [20]. Molybdenum disulfide would decompose
in the process of hot pressing when it was used as additive in
the metal-based composite, which induced its lubricating
function lost partly, but the formation of CrxSxþ1 would
provide excellent lubricating properties [4].
For high self-lubricating composites, as powder metallurgi-

cal materials containing solid lubricants, the continuity of the
composites was destroyed by soft solid lubricants and some
ghts reserved.
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solid lubricants might be melt, oxidize or decompose at high
sintering temperature, which damaged their lubricating proper-
ties drastically [21,22]. Based on the method for the formation
of the lubricating layer on the rubbing surface, moderate
interfacial reaction between the matrix and lubricants not only
avoided poor interfacial bonds, but also resulted in improved
tribological properties, which might be attributed to the forma-
tion of reaction products in the sintering process. In our previous
study, due to the reaction between NC40A matrix and SrSO4 in
the process of hot pressing, NC40A10S composite exhibited
satisfactory tribological properties above 200 1C, which was
attributed to the formation of synergistic lubricating films
SrAl4O7 and NiCr2O4 on the rubbing surface[23]. According
to the phase diagram, five intermediate compounds, i.e., β–4SrO
� Al2O3, 3SrO � Al2O3, SrO � Al2O3, SrO � 2Al2O3, SrO �
6Al2O3 exist in the SrO–Al2O3 system [24]. Therefore, it is
necessary to evaluate the effects of SrSO4 contents on the
tribological properties of the sintered composites at elevated
temperatures. In this paper, NiCr–40 wt% Al2O3 cermet-based
self-lubricating composites with different amounts of SrSO4

were prepared by powder metallurgy (P/M) and their tribologi-
cal properties were investigated by a ball–on–disk tribometer
against alumina ball from room temperature to 800 1C. Mean-
while, the effects of SrSO4 contents on the tribological proper-
ties and wear mechanisms of the sintered composites were
analyzed and discussed.
2. Experiment details

The NiCr–40 wt%Al2O3 cermet (denoted by NC40A) was
fabricated by vacuum–hot–pressing furnace (ZT–45–20Y,
Shanghai Chen Hua Electric Furnace Corp Ltd., China). SrSO4

was incorporated into the NC40A cermet. The composition of
NiCr–Al2O3 cermet-based composites was shown in Table 1.
The starting materials were a commercially available Ni
(60 μm, 99.5% purity), Cr (45 μm, 99.95% purity), α–Al2O3

(30 nm, 99.99% purity), SrSO4 (99.7% purity), all in form of
powders. Ni (80 wt%) and Cr (20 wt%) powders were first
ball-milled for 20 h in Pulverisette 5 Planetary high-energy-
mill (Fritsch, Germany), then Al2O3 and SrSO4 were added
and continuously ball-milled for 20 h. The ratio of ball to
powders was 10:1 in weight. The milled powders were then
cold compacted in a graphite die at a pressure of 20 MPa.
Then, the pressed specimens were sintered at 1100–1150 1C
for 1 h with a heating rate of 10 1C/min under the pressure of
Table 1
Chemical compositions, sintering parameters, density and microhardness of
NiC40A cermet–based composites with various amount of SrSO4.

Composition
(wt%)

PM sintering parameters
(1C, h, MPa)

Density
(g/cm�3)

Vickers hardness
(HV)

NC40A 1300, 1, 25 5.68 1082747
NC40A–10SrSO4 1100, 1, 25 5.29 235722
NC40A–20SrSO4 1150, 1, 25 4.25 224719
NC40A–30SrSO4 1150, 1, 25 4.09 269711
25 MPa in a hot press sintering furnace at a dynamic vacuum
of about 10–2 Pa. The specimens were machined and polished
into designed samples for following analyses and tests.
The density of the sintered composites was determined by

using a helium pycnometry (AccuPyc 1330, Micromeritics Int.
Corp., USA) after calculating the volume. The hardness
measurements were conducted using MH–5 Vickers micro-
hardness instrument with a load of 300 g and a dwell time of
10 s, and the average value of ten repeat tests was given in this
article. The friction and wear tests of the sintered composites
were carried out on a high temperature tribometer with a ball-
on-disk configuration (CSM Instruments LTD, Switzerland).
The disk was the sintered composites with the size of
Φ40 mm� 8 mm and the friction surface was polished to a
roughness of 0.05 μm, while the counterpart ball with a
diameter of 3 mm was made of Al2O3 ceramic (Shanghai
Unite Technology Co. Ltd., China). The chemical composition
(wt%) of Al2O3 ball was 99.5% Al2O3 and 0.5% sintering aids
(SiO2, MgO, Fe2O3 and Na2O). The Al2O3 ball has a surface
roughness of 0.032 μm, a hardness of 16.5 GPa, and density of
3.92 g/cm3. All the friction and wear tests were run at a sliding
velocity of 0.1 m/s, normal load of 10 N, duration of 60 min,
wear track radius of 5 mm and the selected test temperatures
were RT, 200 1C, 400 1C, 600 1C, 800 1C. The wear depth
profiles of all the wear tracks were examined by Nano Map
500LS contact surface mapping profiler (AEP Technology,
USA) to obtain wear rate of composites. All the tribological
tests were carried out at least three times to make sure the
reproducibility of the experimental results under the same
condition, and the average results were reported. The phase
compositions of the composites and worn surfaces were
analyzed by Rigaku D/max-RB X-ray diffractometer (XRD)
with 40 kV operating voltage and Cu Ka radiation in the
2θ range of 19–801. The microstructures and morphologies
of worn surfaces were characterized by JSM–5600LV scan-
ning electron microscope equipped with energy dispersive
spectroscopy (EDS).

3. Results

3.1. XRD analyses of the composites

Fig. 1 shows the XRD patterns of NC40A cermet-based
composites with different amounts of SrSO4 before and after
sintering. It can be seen that the noticeable changes of phase
composition in final composites with different amounts of
SrSO4, which is ascribed to the chemical reaction between
Al2O3 and SrO deriving from the decomposition of SrSO4

during sintering process. For NC40A–10SrSO4 composite, it is
confirmed that the phase organization of the sintered composite
contains Ni (Cr) solid solution, α–Al2O3, SrAl4O7, NiCr2O4

and Cr2O3 [23]. With the further addition of SrSO4, the
corresponding to the XRD patterns of NC40A–20SrSO4

composite reveals that Sr4Al2O7 and SrAl2O4 are formed in
the sintered composite. However, the diffraction peaks of
SrAl2O4 are weak. It has been reported that Sr3Al2O6 was
formed from the reaction between SrO and Al2O3 in the
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temperature range from 1000 1C to 1200 1C [25], while
Sr3Al2O6 was transformed into Sr4Al2O7 at 1130 1C and the
β-phase of Sr4Al2O7 was stable from 1130 1C to 1450 1C [26].
In addition, SrAl2O4 was obtained over a wide temperature
range from 900 1C to 1400 1C [27]. Therefore, it is reasonable
to assume that the following simplified chemical reaction
occurs,

SrSO4-SrOþSO2þ1/2O2 (1)

3SrOþAl2O3-Sr3Al2O6 (2)

SrOþSr3Al2O6-Sr4Al2O7 (3)
Fig. 1. XRD patterns of NC40A cermet-based composites before and after
hot-pressing.

Pores 

Fig. 2. SEM micrographs of (a) NC40A–10SrSO4 composite, (b) NC
SrOþAl2O3-SrAl2O4 (4)

when the content of SrSO4 up to 30 wt%, the diffraction peaks
of SrAl2O4 become intense in the sintered composites. It is
expected that the new phases of Sr4Al2O7, SrAl2O4 and
NiCr2O4 will play an important role in the formation of
lubricating films on the sliding surface, which might be lead
to a decrease in the friction coefficients and wear rates of the
composites at a wide temperature range.
3.2. Hardness, density and microstructure analyses
of composites

The microhardness and density of NC40A cermet-based com-
posites are shown in Table 1. It is observed that the microhardness
of NC40A cermet holds a high hardness of 1082747 HV. The
microhardness of NC40A cermet is dramatically reduced by the
incorporation of SrSO4 lubricant, where the microhardness of
NC40A–10SrSO4 composite is about 235722 HV. With the
further addition of SrSO4, the microhardness of the composites
exhibits slightly decrease, then increases to 269711 HV at 30 wt
% SrSO4 concentrations. As shown in Table 1, it can be seen that
the density of the sintered composites decreases with the increase
of SrSO4 content. Microstructures of NC40A cermet–based
composites with different amounts of SrSO4 are shown in Fig. 2.
As shown in Fig. 2a, it can be seen that the dispersed gray phases
are homogeneously distributed throughout NC40A–10SrSO4 com-
posite. EDS analysis and XRD results demonstrate that the gray
phases are Ni (Cr) solid solution and the dark gray phases are
Al2O3, Cr2O3, SrAl4O7 and NiCr2O4. The NC40A–20SrSO4 and
NC40A–30SrSO4 composites exhibit similar morphologies, con-
sisting of Ni (Cr) solid solution (the gray phase), Al2O3, Cr2O3,
Pores 

40A–20SrSO4 composite, and (c) NC40A–30SrSO4 composite.



Fig. 3. Tribological properties of NC40A cermet with and without SrSO4 at
load 10 N, sliding velocity 0.1 m/s against alumina ball as a function of the test
temperature: (a) friction coefficient, and (b) wear rate.
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Sr4Al2O7, SrAl2O4 and NiCr2O4 (the dark gray phase). However, it
can be seen that the formation of Sr4Al2O7 and SrAl2O4 in the
process of hot pressing leads to many pores in the sintered
composites. It is confirmed that strontium aluminates (Sr4Al2O7

and SrAl2O4) might be harmful for the integrity of the composites.

3.3. Tribological property of the composites against
alumina ball

The variations of friction coefficient and wear rate of NC40A
cermet-based composites with different amounts of SrSO4 as a
function of the test temperature are shown in Fig. 3. As shown
in Fig. 3, NC40A cermet exhibits relatively high friction
coefficient combined with high wear rate in the temperature
range from room temperature to 600 1C. However, the friction
coefficient and wear rate decrease to 0.34 and 2.62� 10–6

mm3/Nm at 800 1C. When the addition of 10 wt% SrSO4 in
NC40A cermet, the friction coefficient and wear rate decrease
obviously with the increase in the test temperature and are lower
than the pristine composite. However, its tribological properties
at room temperature are still very poor. In order to further
improve tribological properties of NC40A cermet, the composite
with 20 wt% SrSO4 is investigated. It is observed that the
friction coefficient of the sintered composite is as high as 0.76 at
room temperature, but gradually decreases to 0.39 at 400 1C,
then increases around 0.4 between 600 1C and 800 1C. Com-
pared to NC40A cermet, the sintered composite exhibits high
wear rate at room temperature, then its wear rate reaches to a
minimum value of 1.72� 10–6 mm3/Nm at 400 1C. With further
increase in the test temperature, the wear rate of the composite
remains the level of 2.31� 10–5 mm3/Nm. The further addition
of SrSO4 can lower the friction coefficient and wear rate of
NC40A cermet at 400 1C, but the friction coefficient and wear
rate of NC40A–30SrSO4 composite are getting worse at room
temperature, which was attribute to formation of Sr4Al2O7,
SrAl2O4 and NiCr2O4 during sintering process. Above 400 1C,
the friction coefficient of NC40A–30SrSO4 composite also
remains around 0.4 as same as NC40A–20SrSO4 composite,
while its wear rate was lower than that of NC40A–20SrSO4

composite. It is evident that NC40A–10SrSO4 composite
exhibits good tribological properties over a wide temperature
range from 200 1C to 800 1C.

3.4. Worn surfaces analysis of the composites

The worn surface morphologies of NC40A–10SrSO4 com-
posite after wear tests at different temperatures are shown in
Fig. 4. At the room temperature, the worn surface appears to be
covered with a thin smeared tribofilm, some cracks and light
grooves are also observed in the wear track, suggesting that the
wear mechanism is characterized by micro–plowing (Fig. 4a).
At 200 1C and 400 1C, the worn surface is characterized by the
discontinuous lubricating films, these discontinuous films are
deformed, and containing large delamination pits (Fig. 4b and
c). The wear mechanism of the composite is characterized by
plastic deformation and micro-plowing. With the increase in
the test temperature, the worn surface is covered by continuous
lubricating films, and plowed grooves and small delamination
pits appear in the wear tracks (Fig. 4d and e). It indicates that
the wear mechanism is mainly in the form of micro–plowing
and the reduced friction and wear is attributed to the formation
of lubricating films at elevated temperatures.
Fig. 5 shows the worn surfaces morphologies of NC40A–

20SrSO4 composite after wear tests at different temperatures.
At room temperature, significant brittle fracture of the worn
surface occurs and light grooves are formed parallel to the
sliding direction. Also, crack initiation, crack propagation and
connection appear on the worn surface of the sintered
composite, which was attributed to formation of Sr4Al2O7,
SrAl2O4 and NiCr2O4 during sintering process. As shown in
Fig. 5b and c, at 200 1C and 400 1C, the worn surface is
relatively smooth with plastic deformation and delamination
pits, and there is no evidence that the surface cracks are
observed. The plastic deformation and micro-plowing are
considered to the dominated wear mechanism. Above
600 1C, the worn surface is covered with continuous glaze
film as well as with distinct spoors of plastic deformation, and



Fig. 4. SEM morphologies of worn surfaces of NC40A–10SrSO4 composite after wear tests at different temperatures: (a) room temperature, (b) 200 1C, (c) 400 1C,
(d) 600 1C, and (e) 800 1C.
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the glaze film turns smooth with the increase in the test
temperature. It is evident that the formation of Sr4Al2O7,
SrAl2O4 and NiCr2O4 in the process of hot pressing provides
good tribological properties above 200 1C.

Fig. 6 shows the worn surfaces morphologies of NC40A–
30SrSO4 composite after wear tests at different temperatures.
At room temperature, the worn surface is characterized by light
parallel grooves with typical brittle fracture and delamination
pits. It is responsible for an increase in wear rate at room
temperature. As temperature increases to 200 1C, the worn
surface is covered with discontinuous tribofilm and some
delamination pits. The wear mechanism is characterized by
micro-plowing and plastic deformation. When the temperature
up to above 400 1C, the worn surface is covered with
continuous glaze layer and light grooves parallel to the sliding
direction on the worn surfaces of the sintered composites, and
the continuous glaze layer turns smooth with the increase in
the test temperature due to the effective spreading of synergis-
tic lubricating film on the contact surface, which leads to a
distinct decrease in the friction coefficient and wear rate at
400 1C and 600 1C as compared to NC40A cermet (Fig. 3).
Fig. 7 shows XRD patterns of the worn surfaces of NC40A

cermet–based composites with different amount of SrSO4 after
wear tests at different temperatures. For NC40A–10SrSO4

composite, it can be found that Ni(Cr) solution, Al2O3, Cr2O3,
SrAl4O7, and NiCr2O4 phases are identified on the worn
surfaces of the sintered composites below 800 1C, and the
diffraction peaks of NiO are detected on the worn surfaces of
the composites above 600 1C (Fig. 7a). As shown in Fig. 7b, it
can be seen that the existence of Ni(Cr) solution, Al2O3,
Cr2O3, Sr4Al2O7, SrAl2O4 and NiCr2O4 phases on the worn
surface of NC40A–20SrSO4 composite at different test tem-
peratures except the oxidation of Ni and Cr above 600 1C. The
diffraction peaks as same as those of NC40A–20SrSO4

composite are observed on the worn surface of NC40A–
30SrSO4 composite at different test temperatures (Fig. 7c). It is
confirmed that the phases in the sintered composites do not
react with each other during the high temperature test process.



Fig. 5. SEM morphologies of worn surfaces of NC40A–20SrSO4 composite after wear tests at different temperatures: (a) room temperature, (b) 200 1C, (c) 400 1C,
(d) 600 1C, and (e) 800 1C.
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4. Discussion

As seen in Fig. 3, it indicated that NC40A–SrSO4 composites
exhibited good tribological performance over a wide temperature
range from 200 1C to 600 1C as compared to the NC40A cermet,
which was ascribed to the formation of SrAl4O7, Sr4Al2O7,
SrAl2O4 and NiCr2O4 during sintering process. However, the
tribological properties of NC40A–SrSO4 composites were very
poor at room temperature. As shown in Figs. 4–6a, it can be seen
that some cracks appeared on the worn surface of the sintered
composites. This further supported observation that the formation
of Sr4Al2O7, SrAl2O4 and NiCr2O4 in the sintered products made
the composites brittle. Therefore, when the contents of SrSO4 are
more than 20 wt%, the sintered composites exhibited typical
brittle facture on the worn surface, resulting in a higher wear rate
than that of NC40A cermet at room temperature. At 200 1C, the
composites exhibited lower friction coefficient and no distinct
cracks, discontinuous glaze layer and delamination were observed
on the worn surface, which might be attributed to the formation
of the lubricating films on the contact surface. Mild plastic
deformation of the sintered composites and the formation of
discontinuous synergistic lubricating film were the dominated
wear mechanism at 200 1C. When the temperature up to 400 1C,
the lubricating films on worn surface became very smooth with
the increase in the content of SrSO4, especially NC40A–30SrSO4

composite (Fig. 6c). Therefore, NC40A–30SrSO4 composite
exhibited extraordinary tribological properties due to the forma-
tion of the lubricating films Sr4Al2O7, SrAl2O4 and NiCr2O4 on
the worn surface at 400 1C (Fig. 3). Between 600 1C and 800 1C,
according to XRD analysis of the worn surfaces, the oxides were
observed on the rubbing surface, and NC40A–10SrSO4 compo-
site exhibited satisfactory tribological properties. However, the
friction coefficient and wear rate were not reduced by further
addition of SrSO4 under this experimental condition because
of severe adhesive transfer of NC40A–20SrSO4 and NC40A–
30SrSO4 composites. Between 600 1C and 800 1C, the
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Fig. 6. SEM morphologies of worn surfaces of NC40A–30SrSO4 composite after wear tests at different temperatures: (a) room temperature, (b) 200 1C, (c) 400 1C,
(d) 600 1C, and (e) 800 1C.
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temperature at the asperities might be sufficiently high to greatly
soften the composites in the tribo-contact region, and the
asperities were severely deformed, which resulted in higher
wear rate.

In addition, NC40A–SrSO4 composites with different amounts
of SrSO4 exhibited different synergistic lubricating function over
a wide temperature range from room temperature to 800 1C due
to the formation of different phases in SrO–Al2O3 system with
increasing amount of SrSO4. For NC40A–10SrSO4 composite,
SrAl4O7 and NiCr2O4 played an important role in the formation
of synergistic lubricating films on the worn surface, which were
apparently beneficial to reducing friction coefficient and wear rate
of the composite above 200 1C. However, the tribological
properties of NC40A–20SrSO4 and NC40A–30SrSO4 composites
were very poor compared to NC40A–10SrSO4 composite due to
the formation of Sr4Al2O7, SrAl2O4 and NiCr2O4 during sintering
process, except the synergistic lubricating effect of Sr4Al2O7,
SrAl2O4 and NiCr2O4 made NC40A–30SrSO4 composite possess
low friction coefficient and wear rate at 400 1C (Fig. 3). It
indicated that strontium aluminates (SrAl4O7, Sr4Al2O7, SrAl2O4)
and NiCr2O4 provided good tribological properties at elevated
temperatures.

5. Conclusions

NC40A–SrSO4 composites were prepared by powder metal-
lurgy method, and the tribological properties of the composites
were evaluated as a function of the test temperature in the
range from room temperature and 800 1C. Results from these
studies revealed that:
(1)
 The new phases such as SrAl4O7, Sr4Al2O7, SrAl2O4 and
NiCr2O4 formed in the process of hot pressing provided
improved tribological properties at elevated temperatures.



Fig. 7. XRD patterns of worn surfaces of the composites tested at different tempe-
ratures: (a) NC40A–10SrSO4, (b) NC40A–20SrSO4, and (c) NC40A–30SrSO4.
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(2)
 For NC40A–SrSO4 composites, the inclusion of SrSO4 in
NC40A cermet significantly led to a decrease in the
friction coefficients and wear rates over a wide temperature
range from 200 1C to 600 1C owing to the formation of
synergistic lubricating films of SrAl4O7, Sr4Al2O7, SrAl2O4

and NiCr2O4 on the worn surface during sliding process.

(3)
 SrAl4O7 and NiCr2O4 provided good tribological proper-

ties in a broad range of the temperature, while Sr4Al2O7,
SrAl2O4 and NiCr2O4 endowed NC40A–30SrSO4 compo-
site with low friction coefficient and wear rate at 400 1C.
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