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The tribological behaviors of the NizAI-WS,-Ti;SiC,
composites and synergistic effect of composite solid lubricants
are investigated from room temperature to 800°C. The results
show that the Ni;Al matrix composites (NASC) exhibit
excellent  tribological  properties  throughout the test
temperatures compared to NizAl-based alloy. The excellent
tribological properties of NASC are attributed to the synergistic
lubricating effect of WS> and TisSiC,. A lubricating film could
be formed below 400°C, and an oxidation protection film is
formed above 400°C on the worn surface of NASC during the
sliding process, leading to low coefficients of friction (0.18-

0.39) and wear rates (1.5-3.7 x 107> mm’N~'m™).
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INTRODUCTION

High friction often leads to high wear losses and, hence,
shorter life and poor reliability in moving mechanical systems
(Berman, et al. (7)). Consequently, friction and wear is one of
the most active fields of study. In an effort to improve the tribo-
logical properties of the materials used in moving mechanical
systems, many attempts have been made to develop new materi-
als with satisfactory self-lubricating properties. Among them,
metal matrix self-lubricating composites that possess superior
antifriction and wear resistance have been one of the core issues
of advanced material research (Evans and Senior (2); Prasad and
Mecklenburg (3)).

Niz;Al is regarded as potential high-temperature structural
material due to its high melting point and good high-temperature
mechanical properties, as well as excellent corrosion and oxida-
tion resistance (Sierra and Vazquez (4)). However, the tribologi-
cal properties need to be enhanced for NizAl as the candidate
for structural components. The addition of effective solid
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lubricants becomes an ideal solution to improve the tribological
properties of NizAl matrix composites. Zhu, et al. (5) investi-
gated the tribological properties of NizAl matrix composites
(NASC) with various BaCrO, contents. The results showed that
NASC had a low wear rate at high temperatures due to the oxi-
dative layer consisting of NiO and BaCrO, that re-formed on
the worn surface. According to previous research results, NizAl
matrix composites containing only a solid lubricant do not pos-
sess excellent tribological properties over a wide temperature
range, because the application of a solid lubricant is limited by
the temperature and most lubricants are oxidized at high temper-
ature. For instance, molybdenum disulfide is oxidized at temper-
atures higher than 500°C, graphite loses its lubricating role at
temperatures above 450°C, and rare earth compounds are effec-
tive at room temperature (Li, et al. (6)). Solid lubrication over a
wide temperature range has been a long challenge for tribolo-
gists. Many researchers are still working to design materials with
satisfactory self-lubricating properties over a wide temperature
range to meet the requirements for industrial applications, such
as self-lubricant bearings, gears, pulleys, and other components
(Sliney (7); Ouyang, et al. (8); Dellacorte (9)).

One of the most effective ways is to combine low-temperature
lubricants with high-temperature lubricants in the matrix materi-
als to achieve low coefficients of friction and wear rates over a
wide temperature range. Li, et al. (6) investigated the effect of
Ag and CeO; on the friction and wear properties of Ni-based
composites at high temperature. They observed that the coeffi-
cient of friction from room temperature (RT) to 400°C was
reduced by adding Ag in the Ni-based composite and the addi-
tion of CeO, was favorable to the formation of a smooth tribo-
layer during high-temperature friction, which reduced friction
and wear at 600°C. Tyagi, et al. (10) studied the elevated temper-
ature tribological behavior of Ni-based composites containing
nano-silver and hBN. They found that the coefficients of friction
of silver- and hBN-containing composites were observed to be
lower than that of the base alloy with no lubricant at all tempera-
tures, which was attributed to the presence of solid lubricants
and their synergy.

To the best of the authors’ knowledge, compared to the exten-
sive studies of Ni-based self-lubricating composites over a wide
temperature range, only a few studies have focused on NASC.
Zhu, et al. (11) successfully fabricated an NizAl matrix high-



Downloaded by [University of Nebraska, Lincoln] at 19:54 02 April 2015

NizAl-WS,-Ti3SiC, Composites 455

temperature self-lubricating composite NizAl-BaF,-CaF,-Ag-Cr
using a powder metallurgy technique. The composite exhibited
low coefficients of friction and wear rates from RT to 800°C,
which were attributed to the synergistic effects of Ag, fluorides,
and chromates formed on the worn surfaces by the tribochemical
reaction. This indicated that NizAl might be an excellent matrix
for elevated temperature self-lubricating composites. Therefore,
the tribological behavior of NASC with the appropriate solid
lubricants over a wide temperature range requires more
research.

The solid lubricant WS, has a lamellar structure like MoS, and
graphite and is easily sheared, forming lubricious transfer films
between the friction pair interface. In addition, WS, has a rela-
tively high oxidation temperature (539°C) compared to MoS,
(370°C) or graphite (325°C), so it can maintain lubrication at rel-
atively higher temperatures (Yang, et al. (12)). As a new solid
self-lubricating material, Ti3SiC, combines many of the best
properties of both ceramics and metals (Shi, et al. (13)). It has
been proved to be a promising tribological material at high tem-
peratures with a low coefficient of friction and wear rate (Zhang,
et al. (14); Shi, et al. (15)). The good tribological properties are
attributed to the formation of a lubricious oxide film on the
Ti3SiC, tribosurface (Barsoum, et al. (16)). WS, can provide
good lubricity at low temperature and Ti;SiC, can provide good
lubricity at high temperature. The synergetic lubricating effect of
WS, and TizSiC, (WT) may ensure that NASC possesses a low
coefficient of friction and wear rate over a wide temperature
range.

In this article, NASC containing varying amounts of WT with
a weight ratio of 1:1 were fabricated by an in situ technique using
spark plasma sintering (SPS). The objective of this article is to
design and fabricate high-temperature self-lubricating compo-
sites with excellent tribological properties, as well as to explore
the self-lubricating and wear mechanisms over a wide tempera-
ture range from RT to 800°C. The effects of different contents of
WT on the friction and wear behavior of NASC have been
experimentally studied during friction and wear tests at a load of
10 N and sliding speed of 0.2 m/s for 80 min from RT to 800°C
on a pin-on-disk high-temperature tribometer. For comparison,
the tribological properties of NASC with each lubricant at 5 and
10 wt% are also tested under the same conditions.

EXPERIMENTAL DETAILS
Material Preparation

The composite NizAl powders were composed of commer-
cially available Ni, Al, Cr, Mo, Zr, and B powders with an aver-
age particle size of about 30-50 um an atomic ratio of 4.5Ni :

1Al:0.333Cr : 0.243Mo : 0.0047Zr : 0.0015B. WS, powders were
purchased from Nanjing XFNANO Materials Tech Co., Ltd.
The average grain size of WS, powders was about 2040 pm.
Ti3SiC, powders were produced by vacuum solid state reaction
in our laboratory (Peng, et al. (17)). The average grain size of
Ti3SiC, powders was about 5-10 um. The weight fractions of
WS, and TizSiC, in NASC were fixed at 0, 2.5, 5, and 7.5 wt%,
respectively. Hence, the total percentages of solid lubricants in
NASC were fixed to be 0, 5, 10, and 15 wt%, respectively. The
compositions of the as-prepared samples are listed in Table 1.
NASC without lubricants is denoted by NA. NASC with 5, 10,
and 15 wt% WT are denoted by NA-5WT, NA-10WT, and NA-
15WT, respectively. NASC with 5 and 10 wt% WS, are denoted
by NA-5W and NA-10W. Moreover, NASC with 5 and 10 wt%
Ti3SiC, are denoted by NA-5T and NA-10T. The starting pow-
ders were mixed together by high-energy ball-milling in a vac-
uum for 10 h. Balls and vials were made of hard alloy, and the
charge ratio (ball-to-powder mass ratio) employed was 10:1.
After being mixed and dried, the mixed powders were enclosed
in a cylindrical graphite mold with an inner diameter of 20 mm
and then sintered by SPS using a D.R. Sinter SPS3.20 (Sumitomo
Coal & Mining, now SPS Syntex Inc.) apparatus at 1100°C under
a pressure of 35 MPa for 12 min in pure Ar atmosphere protec-
tion. The as-prepared specimen surfaces were ground to remove
the layers on the surfaces and polished mechanically with succes-
sive grades of emery paper down to 1,200 grit, followed by wet
polishing with 5-um diamond pastes to a mirror finish. The mea-
sured density of each as-produced sample was determined by
Archimedes’ principle according to ASTM Standard B962-13
(American Society for Testing and Materials (18)). Eight tests
were conducted and the mean value and standard deviation are
provided. The Vicker’s microhardness of each as-produced sam-
ple was measured using an HVS-1000 Vicker’s hardness instru-
ment with a load of 1 kg and a dwell time of 8 s according to
ASTM Standard E384-11el (American Society for Testing and
Materials (19)). Eight tests were conducted and the mean value
and standard deviation are provided.

Tribological Test

Dry friction and wear tests were carried out on an HT-1000
high-temperature pin-on-disk tribometer (Zhong Ke Kai Hua
Corporation, China) according to ASTM Standard G99-05
(American Society for Testing and Materials (20)). The disk,
which was the as-prepared sample, rotated with a constant speed.
The counterface ball was a commercially available ball of SizN,
(15.0 GPa), which was polished to an average surface roughness
(R,) of 0.01 um. The Si3N,4 ball was used as the counterpart

TABLE 1—COMPOSITIONS, MICROHARDNESS, AND DENSITY OF THE AS-PREPARED SAMPLES

Sample Composition (Wt %) Microhardness (GPa) Density (g/mm?) Relative Density (%)
NA Ni;Al 5.17 7.38 98.7
NA-5WT Ni;Al-2.5WS,-2.5Ti5SiC, 5.72 7.35 98.3
NA-10WT Ni;Al-5WS,-5Ti;SiC, 6.45 7.24 97.6
NA-15WT Ni;Al-7.5WS,-7.5Ti3SiC, 6.11 712 96.3
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during the sliding tests because (1) the hard SizN, ball could
ensure that plastic deformation occurred within the composites,
hence reflecting the wear resistance mechanism of NASC; and
(2) the Si3Ny4 ceramic had good resistance to high-temperature
oxidation and good mechanical behavior under elevated temper-
atures. The disks and counterface balls were cleaned with an ace-
tone solution and then dried in hot air before the sliding wear
tests. Sliding tests at the selected temperatures of RT, 200°C,
400°C, 600°C, and 800°C were carried out at an applied load of
10 N, sliding speed of 0.2 m/s, and testing time of 80 min. The
coefficients of friction were automatically measured and
recorded in real time by the friction tester’ computer system.
The cross-section profile of worn surface was measured using a
surface profilometer. The wear volume V was determined as V =
AL, where A is the cross-sectional area of wear scar, and L is the
perimeter of wear scar. The wear rate was calculated by the for-
mula W = V/SF, where V is the wear volume, S is the sliding dis-
tance, and F is the normal load. This was calculated as a function
of the wear volume divided by the sliding distance S and the
applied load F (expressed as mm®N~"'m™'). The tests for each
given condition were repeated three times to assess the variabil-
ity of the data.

Microstructure Analysis

The surface of the as-prepared samples was examined by X-
ray diffraction (XRD) with Cu Ke radiation at 30 kV and
40 mA at a scanning speed of 0.01 s™! for identification of the
phase constitution. The morphologies and compositions of the
worn surfaces of the samples obtained at different temperatures
were analyzed using electron probe microanalysis (EPMA;
JAX-8230) and energy-dispersive spectroscopy (EDS; Genesis
7000). The phases of the worn surfaces of NA-SWT at 200°C and
NA-10WT at 600°C were analyzed by a VG Multilab 2000 X-ray
photoelectron spectroscope (XPS). The morphologies and com-
positions of cross sections of the wear scars of NA-10WT
obtained at 400°C were analyzed by a field emission scanning
electron microscope (FESEM; FEI-SIRION) and EDS. The
microstructure and elemental distribution of cross sections of the
wear scars of NA-10WT obtained at 400°C were also observed
and analyzed by EPMA.

RESULTS AND DISCUSSION
Microstructural and Mechanical Properties

XRD patterns of the as-prepared NA, NA-5WT, NA-10WT,
and NA-15WT are presented in Fig. 1. It can be seen that the dif-
fraction peaks primarily belong to the NizAl phase in all samples.
Moreover, the C phase can be found, which indicates that carbu-
rization has occurred during the SPS process. In addition to the
NizAl and C phases, lubricating phases of WS, and Ti;SiC, can
be found in NA-SWT, NA-10WT, and NA-15WT. Due to the
decomposition reaction or impurity of Ti3SiC,, the new phase of
TiC appears in NA-5SWT, NA-10WT, and NA-15WT. The
enhanced phase of TiC can effectively reduce the wear rate and
enhance the wear resistance of the composites because of its
high hardness (Yang, et al. (21)).

NA-15WT @ TiC

Intensity (Counts)

N A P N [N [ R I R T PR I P R
20 25 30 35 40 45 50 55 60 65 70 75 80
20 / Degrees

Fig. 1—XRD patterns of the as-prepared NA, NA-5WT, NA-10WT, and NA-
15WT.

The typical microstructures and elemental distributions of NA
and NA-10WT are shown in Figs. 2 and 3, respectively. Analysis
of the elemental distribution shows that the NizAl phase has a
dense and uniform distribution in the samples, and the WS, and
Ti;SiC, phases have a scattered distribution. According to the
elemental distribution and EDS analysis, the gray area is the
continuous bulk Nis;Al phase, the white area is the WS, phase,
and the dark gray area is the Ti3SiC, phase. The isolated WS,
and Ti3SiC, phases are surrounded by the continuous bulk NizAl
phase in NA-10WT, which could contributed to the excellent
lubrication role of NA-10WT.

Table 1 lists the composition, microhardness, and density of
the as-prepared samples. It can be seen that the densities of the
as-prepared samples decrease with an increase in the lubricant
content. This is mainly due to the fact that the density of TizSiC,
is less than that of NiAl. Moreover, the addition of WS, and
Ti3SiC, improves the hardness of NASC. This may be attributed
to the presence of a TiC reinforcement phase. The results show
that NA-10WT has the highest hardness of 6.45 GPa.

00pm

Fig. 2—Typical microstructure and elemental distribution of NA.
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200pm

200pm

200pm

Fig. 3—Typical microstructure and elemental distribution of NA-10WT.

Friction and Wear Behavior

Figure 4a shows the variations in the coefficients of friction of
the as-prepared NA, NA-SWT, NA-10WT, and NA-15WT with
a sliding time of 80 min at different temperatures under an

200um

200um

L 200pm ;

applied load of 10 N and a sliding velocity of 0.2 m/s. For the
purpose of comparison, Fig. 4b shows the coefficients of friction
of NA-5W, NA-10W, NA-5T, and NA-10T under the same con-
ditions. The error bars are the standard deviations of the average
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a —a— NA
—e— NA-SWT
—a— NA-10WT
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0.5

0.4
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Fig. 4—Variations in the coefficients of friction of the (a) as-prepared NA, NA-5WT, NA-10WT, and NA-15WT and (b) NA-5W, NA-10W, NA-5T, and NA-10T

from RT to 800°C.

coefficients of friction. The coefficients of friction of NASC grad-
ually decrease to a low value at temperatures from RT to 400°C
and then increase from 400 to 800°C. It can be seen that the coef-
ficients of friction of NA are the highest in all of the as-prepared
samples for all test temperatures. As can be seen from Fig. 4a,
the coefficient of friction of NA is observed to increase from 0.57
to 0.64 when the temperature increases from RT to 200°C, and
as the temperature increases to 400°C, it reaches its a minimum
value of 0.45. It then increases gradually from 0.49 to 0.59 as the
temperature increases from 600 to 800°C. The coefficients of fric-
tion of NA-SWT, NA-10WT, and NA-15WT obviously decrease
less compared to NA for all test temperatures with the addition
of the solid lubricants WS, and Ti;SiC,, especially for NA-
10WT. The coefficients of friction of NA-5WT are in the range
of 0.31-0.39 from RT to 800°C. For NA-10WT, it is distinctly
seen that the coefficients of friction are lower than those of the
above two (NA and NA-5WT) and in the range of 0.18-0.31
from RT to 800°C. Additionally, the coefficients of friction of
NA-15WT are in the range of 0.22-0.33 from RT to 800°C. How-
ever, with an increase in WS, and TizSiC, from 10 to 15 wt%,
the coefficients of friction did not obviously decrease. As shown
in Fig. 4a, the coefficient of friction of NA-15WT is higher than
that of NA-10WT at 200, 400, and 800°C. The coefficient of fric-
tion is observed to increase from 0.29 to 0.31 at 200°C, from 0.18
to 0.22 at 400°C, and from 0.31 to 0.33 at 800°C. For NASC with

—a— NA

—e— NA-SWT
74 —a— NA-10WT
—v— NA-15WT

Wear rate x 10° (mm’N"'m"")

T T T
0 200 400 500 800
Temperature (T)

Wear rate x 10° (mm°N'm™)

each lubricant at 5 and 10 wt%, as shown in Fig. 4b, the coeffi-
cients of friction vary from about 0.30 to 0.54 from RT to 800°C.
NA-5W and NA-10W show high coefficients of friction at 600°C
(about 0.49) and 800°C (about 0.54) compared to NA-10WT.
NA-5T and NA-10T have relatively high values at RT (about
0.53) and 200°C (about 0.51).

Figure 5a shows the variations in wear rates of the as-pre-
pared NA, NA-SWT, NA-10WT, and NA-1SWT at different
temperatures after the tests. Figure 5b shows the wear rates of
NA-5W, NA-10W, NA-5T, and NA-10T under the same condi-
tions. The error bars are the standard deviations of the average
wear rates. It can be seen that the wear rates of NA are appar-
ently the highest in all of the as-prepared samples for all test tem-
peratures. As can be seen from Fig. 5a, the wear rates of NA are
in the range of 4.3-6.1 ¢ 107> mm®N~"'m~! from RT to 800°C.
Compared to NA, the other three samples have lower wear rates
for all test temperatures. It can be seen that the wear rates of
NA-5WT, NA-10WT, and NA-15WT show a similar variation
trend with an increase in temperature. The wear rate of NA-
5WT is about 3.2 ¢ 107> mm>N"'m™" at RT; it increases to the
highest value of 3.7 ¢ 107> mm®N~'m™' at 200°C and then
sharply decreases to the lowest value of 2.7 ¢ 10~ mm*N~"'m™!
at 400°C. As the temperature increases from 600 to 800°C, it
increases gradually from 3.2 to 3.4 ¢ 107> mm®N~"'m~!. For NA-
10WT, the wear rates are the lowest in all of the as-prepared

b —=— NA-5W
—a— NA-10W

—a— NA-5T

Temperature (TC)

Fig. 5—Variations in the wear rates of the (a) as-prepared NA, NA-5WT, NA-10WT, and NA-15WT and (b) NA-5W, NA-10W, NA-5T, and NA-10T from RT to

800°C.
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Fig. 6—Wear track morphologies of NA and NA-10WT after sliding tests at RT.

samples and in the range of 1.5-3.1 ¢ 107> mm*N~"'m~! from RT
to 800°C. Additionally, the wear rates of NA-15WT are in the
range of 2.4-3.6 ¢ 107> mm®N"'m~' from RT to 800°C. As
shown in Fig. 5b, NA-5W and NA-10W show relatively low wear
resistance compared to NA-10WT. The wear rates of NA-5W
and NA-10W are about 4.9-6.3 ¢ 107> mm’N"'m~'. NA-5T and
NA-10T exhibit good wear resistance at relatively high tempera-
tures. The wear rates of NA-5T and NA-10T at low temperatures
are higher than those of NA-10WT.

The aforementioned friction and wear results have shown that
both the coefficients of friction and wear rates of NA-SWT, NA-
10WT, and NA-15WT are reduced for all test temperatures. This
indicates that WS, and TisSiC, solid lubricants added to the
NiAl matrix are capable of producing a noticeable reduction in
friction and wear from RT to 800°C. In addition, there is an opti-
mum content of solid lubricants in self-lubricating composites
under a given set of conditions that contributes to excellent tri-
bological properties, which generally means a low coefficient of
friction and wear rate. According to the above analysis, NA-
10WT has the best tribological properties under the conditions
used in the study. The self-lubricating and wear mechanisms of
NA-10WT are discussed in further detail in the following
subsections.

Worn Surfaces and Cross Section

Figure 6 shows the wear track morphologies of NA and NA-
10WT after sliding tests at RT. As shown in Fig. 6a, the deep
scratches and potholes on the smooth worn surface of NA sug-
gest that the main wear mechanism is adhesion at RT. As shown

Fig. 7—Wear track morphologies of NA and NA-10WT after sliding tests at 200°C.

a RT, NA-1OWT

1 ad  200°C, NA-10WT

in Fig. 6b, the worn surface of NA-10WT is covered by a smooth
and dense tribofilm formed during the sliding process because
abundant wear debris particles adhere on the worn surface.
Moreover, the EDS analysis reveals that the tribofilm contains
an abundance of W (5.07 wt%) and S (1.74 wt%) elements, indi-
cating the presence of WS, which may have acted as a lubricant
during the sliding process. This may explain the lower coefficient
of friction of NA-10WT compared to NA.

Figure 7 shows the wear track morphologies of NA and
NA-10WT after sliding tests at 200°C. As shown in Fig. 7a,
part of the worn surface becomes rough and coarse, which
indicates that the materials have been removed by the sliding
of SizNy ball at 200°C. As shown in Fig. 7b, the wear track
morphology of NA-10WT shows a flat surface covered by a
continuous tribofilm. XPS analysis of the worn surface of NA-
10WT is shown in Fig. 8. It can be seen that the peaks of W
and S in WS, are detected, indicating the existence of WS, in
the surface layer. WS, is easily sheared, forming lubricious
transfer films between the friction pair interface (Chhowalla
and Amaratunga (22)). This may explain the lower coefficient
of friction of NA-10WT compared to NA. However, some fine
and shallow parallel grooves can also be seen on the worn sur-
faces. Furthermore, it is obvious that NA-10WT has a lower
coefficient of friction and wear rate than NA at 200°C, which
is attributed to the continuous tribofilm formed on the worn
surfaces.

Figure 9 shows the wear track morphologies of NA and NA-
10WT after sliding tests at 400°C. As shown in Fig. 9a, there are
obvious pits and flaky wear debris adhering to the worn surface
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Fig. 8—XPS spectra of elements on the worn surface of NA-10WT at 200°C: (a) W and (b) S.

of NA at 400°C. The coefficient of friction of NA is observed to
decrease as the temperature increases to 400°C as shown in
Fig. 4a. This may be attributed to the presence of a transfer layer
of wear debris, which reduces the contact between NA and the
SizNy ball. At an earlier sliding friction stage, wear debris is
formed between the two surfaces. Some fine equiaxed wear
debris is compressed and broken into finer particles by cyclic
extrusion stress. Such fine equiaxed wear debris could adhere to
the worn surface of NA to form the transfer layer, which works
to reduce friction. As shown in Fig. 9b, the wear track morphol-
ogy of NA-10WT shows some broken grooves and a smooth film
on the worn surface. The EDS analysis results show that W
(5.98 wt%) and S (2.01 wt%) elements are uniformly distributed
throughout the entire worn surface of NA-10WT. It can be seen
that the addition of the WS, lubricant improves the tribological
performance at temperatures from RT to 400°C. WS, can
decrease the coefficients of friction and wear rates at relatively
high temperatures because of the formation of self-lubricating
films (Yang, et al. (12)).

Figure 10 shows the wear track morphologies of NA and NA-
10WT after sliding tests at 600°C. When the temperature
increases to 600°C, deep parallel distributed grooves, scattered
peeling pits, and some wear particles are observed on the worn
surface of NA as shown in Fig. 10a. The EDS analysis results
indicate that the composition of the worn surface of NA is
013.04-A15.79-Cr3.62-Mo05.34-Ni62.21 (wt%). As shown in
Fig. 10b, the worn surface is smooth and flat. It can be seen that

d 400°C, NA-10WT

a relatively dense tribolayer (Stott, et al. (23)) has been formed
on the worn surface of NA-10WT. Stott, et al. (23), (24) and
Stott (25) investigated the interaction between sliding wear and
oxidation in superalloys. The results showed that the tribolayers
could temporarily protect the surfaces from further contact dam-
age. If they happened to wear off, new tribolayers could be
formed to take their place. They reported that this progression
of formation, loss, and re-formation could result in short-term
friction or wear. The tribolayers have not only a significant anti-
friction effect but also perform a protective action on the worn
surface. Hence, NA-10WT has lower wear rate and coefficient of
friction than NA at 600°C. High-temperature friction and wear
is greatly reduced by the addition of Ti3SiC, solid lubricant. This
can be caused by a combination of adhesive transfer, viscous
deformation, and oxidation wear at 600°C. The oxidation protec-
tion film of TiO, or mixture of TiO, and SiO, can be formed dur-
ing the oxidation of TizSiC, (Li, et al. (26); Kooi, et al. (27)). Itis
well known that it is difficult to directly obtain an XRD pattern
of the tribofilm on the worn surface, because X-rays can readily
penetrate the tribofilm to the surface of the matrix. Hence, in
order to further identify the information of element composition
of the tribofilm on the worn surface, XPS analysis of the worn
surface of NA-10WT was performed. From the XPS results as
shown in Fig. 11, it can be seen that peaks assigned to TiO, and
SiO, are detected, which indicates that the oxidation protection
film of the TiO; and SiO, mixture us formed for the oxidation of
Ti;3SiC, at high temperature. The frictional oxide film of Ti3SiC,

Fig. 9—Wear track morphologies of NA and NA-10WT after sliding tests at 400°C.
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Fig. 10—Wear track morphologies of NA and NA-10WT after sliding tests at 600°C.

is adhesive as it is formed and has a significant antifriction effect.
In addition, the good oxide films with a higher percentage of cov-
erage on the friction surface result in a lower coefficient of fric-
tion and wear rate (Zhai, et al. (28)). Moreover, as shown in
Fig. 11, the peak of W in WS, disappears and the peak of W in
WO; is found, indicating that WS, is completely decomposed
and oxidized at 600°C.

Figure 12 shows the wear track morphologies of NA and NA-
10WT after sliding tests at 800°C. At 800°C, as shown in Fig. 12a,
the rough worn surface of NA is mostly covered by loose debris
and no grooves can be observed on the worn surface. The wear
track morphology undoubtedly suggests that the dominant wear
mechanism is adhesive wear. Moreover, the composition of the
loose debris is 016.87-A113.92-Cr4.14-Mo06.21-Ni58.86 (wt%) as
suggested by EDS analysis. It can be speculated that the

oxidation phenomenon becomes more serious with an increase
in temperature, and abundant Ni-Al oxides are generated during
the high-temperature reciprocating sliding process. Stott, et al.
(24) reviewed some of the models developed to account for the
generation of oxides during sliding and the effects of such oxides
on the wear rates. They found that oxide was formed by the oxi-
dation of metal asperities while in contact, and the extent of such
oxidation was dependent on the temperatures developed at the
asperity contacts. In addition, they claimed that oxides that
occurred on the worn surface could also protect against loss of
metal due to mechanical damage caused by sliding wear. How-
ever, in this study, the oxide layers on the worn surfaces of NA
at elevated temperatures did not play a role in protecting the
friction surface because of their loose structure and discontinu-
ous distribution. As shown in Fig. 12b, the worn surface is

(a)
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Siin SiO,
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Fig. 11—XPS spectra of elements on the worn surface of NA-10WT at 600°C: (a) Ti, (b) Si, and (c) W.
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Fig. 12—Wear track morphologies of NA and NA-10WT after sliding tests at 800°C.

covered by damaged tribofilms, and some rough pits are formed
for the detachment of the surface material during the sliding pro-
cess. The EDS analysis reveals that the worn surface of NA-
10WT consists of abundant amounts of O element (14.65 wt%).
This implies that serious oxidation occurred during the sliding
process. The good oxide films have an effect of solid lubrication
and decrease the coefficient of friction and wear rate of NA-
10WT. Zhu, et al. (29) reported that the formation of a continu-
ous and dense tribofilm played a dominant role in friction reduc-
tion and antiwear properties. Tyagi, et al. (10) explored nickel-
base composites containing nanopowders of silver and hBN.
They found that the presence of a compacted transfer layer of
wear debris reduced metal-metal contact and provided low-
shear-strength junctions at the interface, as well as reduced the
energy required to shear these junctions; hence, the coefficient
of friction was reduced.

The above analysis indicates that the addition of WS, and
Ti3SiC; in the NiAl matrix as NASC is a direct and effective way
to widen the operating temperature range. WS, plays a self-lubri-
cating role at low and medium temperatures, and Ti;SiC, is
effective at high temperatures. Furthermore, the synergetic
lubricating action of WS, and Ti3SiC; is realized in NA-10WT
among the as-prepared samples.

However, analysis of the worn surface morphologies of the
samples is not adequate to fully explain the antiwear and friction
reducing mechanisms of the additives in the NASC. It is well
known that the basic factors determining the wear mechanism
are chemical and structural changes that occur on and near the
surface of materials (Rigney (30)). Plastic deformation, fracture,
phase transformation, and oxidation change the microstructure
and properties of surface and subsurface materials, which gener-
ate local discontinuities and microcracks and finally result in
detachment of wear particles (Kolubaev, et al. (31)). Investiga-
tion of the microstructural evolution underneath the worn sur-
face is quite significant in revealing the mechanism of action of
the additives. In order to clarify the structure and the formation
mechanism of the friction layer, subsurface analysis is carried
out on the worn surface of NA-10WT obtained at 400°C by
cross-sectioning it perpendicular to the sliding direction; the
locations of the cross-sectional position are shown in Fig. 9c.

Figure 13 shows a typical FESEM micrograph of a cross sec-
tion of the wear scar of NA-10WT after sliding at 400°C. A sig-
nificant stratification morphology is easily identified, and there

are three distinct layers, which are marked as A—C in Fig. 13. It
can be seen that layer A is a very dense friction layer, which is
beneficial to the antifriction capability and wear resistance. In
the initial stage of the sliding friction process, the protrusions on
the contact surfaces of NA-10WT and SisNy are difficult to either
plastically deform due to their high strength and hardness or the
great interfacial bond arising from the strong atomic bonds of
the materials (Tang, et al. (32)). As the sliding friction continues,
some protrusions where the shear stress is higher than the yield
stress and are easily detached from NA-10WT. Under the action
of continuous extrusion stress, some detached plastic particles
moving between the two hard surfaces are easily smeared on the
worn surface of NA-10WT, resulting in the formation of a thin
friction layer on the worn surface. Layer B is composed of some
submicrometer grains, whereas layer C is mainly composed of
larger grains. As shown in Fig. 13, the grains show a gradual
coarsening with an increasing depth from the worn surface,
which is caused by the dislocation motion. This phenomenon is
consistent with previous observations of the worn subsurface
structure (Panin, et al. (33)). Figure 14 shows the microstructure
and element distribution of the cross section of the wear scar of
NA-10WT after sliding at 400°C obtained using EPMA. It is
observed that the chemical compositions of Ni and Al are evenly
distributed in different layers as shown in Figs. 14b and 14c,

Fig. 13—Typical FESEM micrograph of the cross section of the wear
scar of NA-10WT after sliding at 400°C.
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Fig. 14—Microstructure and element distribution of the cross section of the wear scar of NA-10WT after sliding at 400°C.

corresponding to the NiAl substrate. As shown in Figs. 14d-14i,
Ti, Si, C, W, S, and O are enriched in regions A and B. It could
be concluded that Ti3SiC, and WS,, which are added as the lubri-
cants, are beneficial to the formation of an antifriction film on

the worn surface. It is obvious that NA-10WT have lower coeffi-
cients of friction and wear rates than NA at 400°C, indicating
that the solid lubricants of WS, and Ti;SiC, played an excellent
role in lubrication during the sliding process of the SizN, ball on
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Fig. 15—Schematic illustration of the wear mechanisms of NA-10WT during the sliding process at different temperatures.

the same worn surface of NA-10WT. WS, is characterized by
weak interatomic interactions between the layered structures
and is easily sheared, forming a lubricious transfer film between
the friction pair interface (Chhowalla and Amaratunga (22)).
Therefore, WS, easily overcomes the potential barrier of NiAl
substrate and accumulates near the frictional contact surface
under the action of continuous extrusion stress and cyclic shear
stress. Moreover, the presence of O element indicates that a
mild oxidation reactions occur. The oxidation protection film of
TiO, or mixture of TiO, and SiO,, which are beneficial in reduc-
ing the coefficient of friction and wear rate, can form for the oxi-
dation of TisSiC, (Li, et al. (34)). As shown in Fig. 13, a dense
friction layer is formed on the worn surface of NA-10WT. The
friction layer containing abundant WS, and Ti-Si oxides reduces
direct contact between the SizN, ball and NA-10WT and pro-
vides low-shear-strength junctions at the interface, as well as
decreases the friction between the SizN4 ball and NA-10WT;
hence, the coefficient of friction and wear rate are reduced.
According to the aforementioned analysis, WS, and Ti;SiC,,
which are added as lubricants, are beneficial to the formation
of an antifriction layer on the worn surface. The coefficient
of friction and wear rate of NA-10WT are decreased with
the formation of this antifriction layer, indicating that WS,
and TisSiC, play an excellent role in lubrication in NA-
10WT.

Figure 15 is a schematic illustration that shows the wear mech-
anisms of NA-10WT during the sliding process at different tem-
peratures. WS,, a low-temperature solid lubricant, plays a
dominant role in lubrication at RT and 200°C. As shown in
Fig. 15a, lamellar WS, particles overcome the potential barriers
and accumulate near the sliding surface during the friction pro-
cess. Under the action of continuous extrusion stress, some
detached plastic particles including WS, particles are easily

smeared on the worn surface of NA-10WT, resulting in the for-
mation of a lubricating film. The friction layer forms low-shear-
stress junctions at the sliding interface, which not only has a sig-
nificant antifriction effect but also has a protective action on the
worn surface. As the temperature increases to 400°C, as shown
in Fig. 15b, the mild oxidation phenomenon proceeds during the
continuous sliding process. Ti-Si oxides are formed for the oxida-
tion of TizSiC,. At 400°C, a dense friction layer containing abun-
dant WS, and Ti-Si oxides is formed on the worn surface. It
effectively isolates the friction between the sample and SizN4
ball, which is beneficial to the lower coefficient of friction and
wear rate. As the temperatures approach or exceed 600°C, the
oxidation phenomenon becomes more serious during the sliding
process. Under the action of cyclic shear stress and continuous
extrusion stress, the oxides would be scaled off and then smeared
on the worn surface. The oxide layer mainly containing Ti-Si
oxides has a significant antifriction effect on the friction surface
and protects the worn surface. The coefficient of friction and
wear rate of NA-10WT are decreased with the formation of this
antifriction layer. According to the above analysis, we can con-
clude that the WS, lubricant is squeezed out from the matrix and
forms a lubricating film on the worn surfaces below 400°C, which
contributes to the lower coefficient of friction and wear rate of
NA-10WT at low temperature. With an increase in temperature,
the oxidation phenomenon becomes more serious, and WS,
lubricant is completely decomposed and oxidized. In addition, a
new friction layer is formed at higher temperatures, mainly con-
taining Ti-Si oxides, and replaces the lubricating film containing
WS, to continuously protect the worn surface. The self-lubrica-
tion properties of NA-10WT in a wide temperature range are
realized by WS, at low temperatures ranging from RT to 400°C,
as well as TizSiC, at high temperatures ranging from 400 to
800°C. Hence, adding WS, and Ti;SiC, into the NizAl matrix



Downloaded by [University of Nebraska, Lincoln] at 19:54 02 April 2015

NizAl-WS,-Ti3SiC, Composites 465

self-lubricating composites is a direct and effective way to widen
the operating temperature range.

CONCLUSIONS

The dry friction and wear behaviors of NASC containing vary-
ing amounts of WT sliding against an SizN,4 ball at temperatures
from RT to 800°C were systematically researched. The wear and
lubrication mechanisms were investigated according to the anal-
ysis of the morphologies and compositions of the worn surfaces
and cross section of the wear scar. The main conclusions were as
follows:

1. The tribological properties of NASC were improved by adding
composite solid lubricants WS, and Ti;SiC,. The coefficients
of friction and wear rates of NASC containing WS, and
Ti3SiC, were lower than those of NizAl alloy over a wide tem-
perature range.

2. WS, can provide good lubricity at temperatures from RT to
400°C and Ti3SiC, can provide good lubricity at temperatures
above 400°C. The synergetic lubricating effect of WS, and
Ti3SiC, ensured that NASC possessed a low coefficient of fric-
tion and wear rate over a wide temperature range.

3. NA-10WT exhibited the best self-lubricating performance and
tribological properties in comparison with other composites.
When the test temperature increased from RT to 800°C, the
coefficients of friction were in the range of 0.18-0.31 and the
wear rates were in the range of 1.5-3.1 ¢ 10> mm*N~"'m~.

4. NASC containing WS, and Ti3SiC, showed excellent tribologi-
cal properties from RT to 800°C, which was attributed to the
formation of the lubricating layer on the worn surface during
the sliding process. The lubricating film formed low-shear-
stress junctions at the sliding interface, which not only had a
significant antifriction effect but also had a protective action
on the worn surface below 400°C. When the temperature was
above 400°C, a friction layer containing Ti-Si oxides had a sig-
nificant antifriction effect on the friction surfaces and continu-
ously protected the worn surfaces.
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