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Abstract: The using longevity of mechanical components like gear and sliding
bearing was related with their tribological behavior. The tribological behavior of TiAl
matrix composite containing 10wt.%Ag (TiAl-10wt.%Ag) was investigated at the
different four wear stages. Wear stages, which were identified by the obtained friction
coefficient and wear rate, were divided into the initial wear stage (INITIAL), fast
wear stage (FAST), stable wear stage (STABLE) and severe wear stage (SEVERE).
The results showed that tribological behavior at INITIAL was improved for work
hardening. Friction coefficient and wear rate at FAST were small for the forming of
mixed layer containing solid lubricant Ag. Excellent tribological behavior at STABLE
was attributed to the existence of lubricant film containing massive solid lubricant Ag.
Poor tribological behavior of TiAl-10wt.%Ag at SEVERE was obtained for the

lubricant film destroyed by the propagation of fatigue crack. It was found that
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TiAl-10wt.%Ag, for the excellent tribological behavior at STABLE, could be chosen
as the promising structure material of mechanical components.
Keywords: Sliding wear; Solid lubricants; Electron microscopy; Surface analysis
1. Introduction

TiAl alloy, for its eminent mechanical behavior and thermal property, was accepted
as the promising structure materials of aerospace components like turbine blades,

divergent flap, turbocharger or nozzles, etc'”.

Mechanical components were
fabricated using the materials of poor tribological performance, resulting in the
wasting of materials and energy sources. TiAl alloy, for the poor tribological property,
was also limited to further develop in the acrospace and automotive industries®”’.

Tribological performance of material could be significantly improved by
fabricating the self-lubricating composite containing solid lubricants. Solid lubricants
such as MoS,'’, multilayer graphene'', graphite'*"*, boron nitride'®, Ti;SiC,'" ',
multi-walled carbon nanotubes (MWCNTs)"” and silver (Ag)20 have been
demonstrated to significantly improve the tribological property of self-lubricating
composite. Shi et al.? fabricated TiAl matrix self-lubricating composite containing
10wt.%Ag (TiAl-10wt.%Ag) by adding solid lubricant Ag into TiAl alloy, and found
the tribological performances of TiAl-10wt.%Ag were more excellent at the
temperatures of 25-800°C, if compared to those of TiAl alloy, TiAl-5wt.%Ag and
TiAl-15wt.%Ag.

After the three wear stages of fast wear, stable wear and severe wear’', the failure

of mechanical components was caused due to the excessive wear of materials. It was
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generally thought that the period of stable wear was in more close relation with the
using longevity of mechanical components, if compared to that of fast wear or severe
wear. The period of stable wear could be significantly prolonged by shortening the
periods of fast wear and severe wear, resulting in the improving of the using longevity
of material. In order to explore the using longevity of mechanical components (gear
and sliding bearing) of TiAl-10wt.%Ag, the tribological behavior of TiAl-10wt.%Ag
would be respectively discussed at the different wear stages. To the best of our
knowledge, it was rarely reported that the tribological test of 600min sliding was
divided into the four wear stages according to the obtained friction coefficient and
wear rate, and the tribological behavior of TiAl-10wt.%Ag was respectively discussed
at the different four wear stages.

In this study, TiAl-10wt.%Ag was chosen as the material of sliding tribological
tests for its excellent thermal property and mechanical performance. The friction
coefficient and wear rate were continuously obtained during the 600min sliding wear.
The four wear stages of TiAl-10wt.%Ag were judged by the acquired friction
coefficient and wear rate. The tribological behaviors of TiAl-10wt.%Ag at the
different four wear stages were respectively analyzed by studying the subsurface
hardness of wear scar, wear mechanisms, the surface texture of wear scar and the
cross-section micrographs of wear scar, as well as the distribution of solid lubricant
Ag.

2. Experimental details

2.1 Materials
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Spark plasma sintering (SPS) of D.R. Sinter™ SPS3.20 apparatus (Sumitomo Coal
& Mining, now SPS Syntex Inc.) was adopted to fabricate TiAl-10wt.%Ag
(48at.%Ti-47at.%Al-2at.%Cr-2at.%Nb-1at.%B-10wt.%Ag). TiAl-10wt.%Ag
consisted of Ti (20pm in average size (IAS), 99.9% in purity (IP)), Al (20um IAS,
99.9% IP), B (25um IAS, 99.9% IP), Nb (10pm IAS, 99.9% IP), Cr (10um IAS,
99.9% IP) and Ag (74um IAS, 99.95% IP). Before SPS process, the powders of Ti, Al,
B, Nb, Cr and Ag were mixed using the vibration milling with the frequency of 45Hz.
The mixed powders were loaded into the graphite molds of the inner diameter of
25mm, and sintered for 10min at the temperature and pressure of 1100°C and 30MPa
in pure Ar atmosphere protection. The heating rate of 100°C/min was chosen in this
study.

2.2 Vicker’s microhardness and density

ASTM standard E92-82 was strictly executed to test Vicker’s hardness of
TiAl-10wt.%Ag using the Vicker’s hardness apparatus of HVS-1000*. Ten tests were
respectively executed to obtain the mean hardness of 5.97GPa. In accordance with the
ASTM Standard B962-08*, the Archimedes’ principle was employed to attain the
mean density of 4.22g/cm3 .

2.3 Tribological test

In order to explore the tribological behavior of TiAl-10wt.%Ag, the sliding
tribological tests were repeatedly carried out on the high temperature tribometer of
HT-1000 (made in Zhong Ke Kai Hua Corporation, China) on the basis of ASTM

Standard G99-95%*. At the sliding velocity and applied load of 0.5m/s and 12N, the
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TiAl-10wt.%Ag of 25mm diameter rotated against the SizN4 balls of 6mm diameter.
Three tribological tests were tautologically executed for 600min to acquire the mean
wear rate at 45-65% relative humidity. During the 600min sliding wear, the friction
coefficient was automatically recorded by the computer system of HT-1000. The wear

rates of TiAl-10wt.%Ag at the different sliding time were respectively calculated

using the formula of wear rate, as shown in formula 1%

y

=ﬁ (1)

where V' was wear volume, F was applied load and L was sliding distance. The wear
volume V of TiAl-10wt.%Ag could be obtained by measuring the cross-section area A4

of wear scar using the surface profiler of ST400.
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Fig.1 Representative morphologies of wear scar of TiAl-10wt.%Ag sliding against
Si3Ny balls: 3D profile of wear scar (a), 2D profile of wear scar (b)

Fig.1 showed the representative morphologies of wear scar of TiAl-10wt.%Ag
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sliding against Si3Ny balls. As shown in Fig.1, when the measured stylus of surface
profilometer (ST400) slowly moved across wear scar along the straight line 44 (see
3D profile of wear scar in Fig.1a), the coordinate positions of measured stylus were
continuously recorded to form a 2D cross-section profile (see Fig.1b). Similarly, three
tests were repeatedly executed to acquire the mean cross-section area 4 of wear scar.
Wear volume V of wear scar could be calculated using the formula of wear volume
(V=A4-L), where A was the cross-section area of wear scar and L was the perimeter of
wear scar”".
2.4 Microstructure analysis

TiAl-10wt.%Ag was examined by the XRD with CuKa radiation at the scanning
velocity of 0.01°s™". Cross-section area 4 of wear scar was measured by the surface
profiler of ST400 (Nanovea). Morphologies of wear scar of TiAl-10wt.%Ag were
analyzed by the electron probe microanalysis of JAX-8230 (EPMA). Cross-section
micrographs of wear scars were analyzed by a SIRION 200 field emission scanning
electron microscope (FESEM).
3. Results and discussion
3.1 Compositions of TiAl-10wt.%Ag

Fig.2 showed the typical XRD pattern of TiAl-10wt.%Ag fabricated by SPS. As
was obvious in Fig.2, TiAl-10wt.%Ag was mainly composed of TiAl and Ag

according to the intensity of different diffraction peaks.
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Fig.2 Typical XRD pattern of TiAl -10wt.%Ag fabricated by SPS
Fig.3 exhibited the microstructure and elemental distribution of the cross-section of
TiAl-10wt.%Ag. As shown in Fig.3, the solid lubricant Ag was uniformly distributed

in TiAl-10wt.%Ag.

Fig.3 Microstructure and elemental distribution of the cross-section of

TiAl-10wt.%Ag
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3.2 Friction coefficient and wear rate

Fig.4 showed the representative friction coefficients of TiAl-10wt.%Ag at the
different four wear stages. As was shown in Fig.4a, the smaller friction coefficients of
TiAl-10wt.%Ag were obtained, if compared to those of TiAl alloy. According to the
acquired friction coefficients, the tribological test of 600min sliding could be
approximately divided into the initial wear stage (INITIAL) from O to 15min, fast
wear stage (FAST) from 15 to 60min, stable wear stage (STABLE) from 60 to 585min
and severe wear stage (SEVERE) from 585 to 600min.

INITIAL: As shown in Fig.4a, friction coefficients rapidly decreased with the
increasing of sliding time in the range of 0-15min. Mean friction coefficient of 0.40
(see Fig.4b) and standard deviation (STDEV) of friction coefficients (0.11, see Fig.4c)

were respectively obtained.
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Fig.4 Representative friction coefficients of TiAl -10wt.%Ag at the different four
friction stages: dynamic friction coefficients (a), mean friction coefficients (b) and
STDEYV of friction coefficients (c)

FAST: In Fig.4a, friction coefficients gradually decreased with an increase in
sliding time of 15-60min. Mean friction coefficient and STDEV of friction
coefficients were 0.39 (see Fig.4b) and 0.03 (see Fig.4c).

STABLE: Friction coefficients (see Fig.4a) slightly fluctuated with the increasing
of sliding time from 60 to 585min. Mean friction coefficient (0.38, see Fig.4b) and
STDEV of friction coefficients (0.02, see Fig.4c) were severally obtained.

SEVERE: As was clear in Fig.4a, friction coefficients showed the upward trend,
when sliding time increased from 585min up to 600min. The mean friction coefficient
0f 0.42 (see Fig.4b) and STDEV of 0.03 (see Fig.4c) were severally attained.

Mean friction coefficients and STDEV of friction coefficients continually
decreased with the increasing of sliding time of 0-585min (INITIAL from 0 to 15min,
FAST from 15 to 60min and STABLE from 60 to 585min), and then increased with
the increasing of sliding time in the range of 585-600min (SEVERE from 585 to
600min). The period of stable wear (from 60 to 585min) was prolonged up to 525min
for the existence of solid lubricant Ag, if compared to 390min (from 160 to 550min)
of TiAl alloy. The smaller mean friction coefficient (0.38) and the lower STDEV (0.02)
of friction coefficients were severally obtained at STABLE, if compared to those at

INITIAL, FAST and SEVERE.
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Fig.5 Typical wear rates of TiAl-10wt.%Ag at the different four friction stages:
dynamic wear rates (a), mean wear rates (b) and STDEV of wear rates (c)

Fig.5 showed the typical wear rates of TiAl-10wt.%Ag at the different four wear
stages. As shown in Fig.5a, the smaller wear rates of TiAl-10wt.%Ag were attained, if
compared to those of TiAl alloy. In terms of the acquired wear rates, the tribological
test of 600min sliding was also divided into INITIAL from 0 to 15min, FAST from 15
to 60min, STABLE from 60 to 585min and SEVERE from 585 to 600min.

INITIAL: As shown in Fig.5a, wear rates showed the rapidly downward trend with
the increasing of sliding time from 0 to 15min. Mean wear rate (4.10x10*mm’N"'m™,
see Fig.5b) and STDEV of wear rates (0.49, see Fig.5¢) were respectively obtained.

FAST: In Fig.5a, wear rates showed the gradually downward trend with the

increasing of sliding time of 15-60min. Mean wear rate and STDEV of wear rates

10
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were 2.57x10*mm*N"'m" (see Fig.5b) and 0.33 (see Fig.5¢).

STABLE: As was shown in Fig.5a, wear rates (see Fig.5a) showed the slight
fluctuation with an increase in sliding time of 60-585min. Mean wear rate of
2.14x10°'mm*N"'m™ (see Fig.5b) and wear rate STDEV of 0.14 (see Fig.5c) were
severally attained.

SEVERE: As was clear in Fig.5a, wear rates rapidly increased with the increasing
of sliding time in the range of 585-600min. Mean wear rate of 2.97x10'mm’N"'m™
(see Fig.5b) and STDEV of wear rates (0.15, see Fig.5¢) were obtained.

Mean wear rate and STDEV of wear rates gradually decreased with the increasing
of sliding time of 0-585min (INITIAL from 0 to 15min, FAST from 15 to 60min and
STABLE from 60 to 585min), and then increased with the increasing of sliding time
in the range of 585-600min (SEVERE from 585 to 600min). The smaller mean wear
rate of 2.14x10*mm’N"'m™ and the lower STDEV (0.14) of wear rates were severally
obtained at STABLE.

At STABLE, the excellent tribological behavior of TiAl-10wt.%Ag was obtained
due to the smaller friction coefficient, wear rate and STDEV. The period of stable
wear (from 60min to 585min) was significantly prolonged up to 525min for the
existence of solid lubricant Ag, if compared to 390min (from 160 to 550min) of TiAl
alloy.

The wear resistance of material was in proportion to its hardness®®. Subsurface

hardness of wear scar could be continually altered with the evolving of subsurface

microstructure®’. Hence, it was significant to study effect of subsurface hardness on

11
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the tribological performance of TiAl-10wt.%Ag.
3.3 Influence of subsurface hardness of wear scar on tribological
behavior of TiAl-10wt.%Ag

Fig.6 showed the representative subsurface hardness of wear scar of
TiAl-10wt.%Ag at the different four wear stages. As shown in Fig.6, subsurface
hardness of wear scar was respectively studied at the four stages of INITIAL from 0
to 15min, FAST from 15 to 60min, STABLE from 60 to 585min and SEVERE from
60 to 585min.

INITIAL: As shown in Fig.6a, when sliding time increased up to 15min, the
subsurface hardness of wear scar was continuously improved for work hardening,
resulting in the improving of the tribological behavior of TiAl-10wt.%Ag. Mean
subsurface hardness of 6.16GPa (see Fig.6b) and STDEV of subsurface hardness
(0.12, see Fig.6¢) were respectively acquired.

FAST: In Fig.6a, subsurface hardness of wear scar was further improved with the
increasing of sliding time in the range of 15-60min, leading to the further decreasing
of mean friction coefficient and wear rate. Mean subsurface hardness and STDEV of
subsurface hardness of wear scar were 6.14GPa (see Fig.6b) and 0.13 (see Fig.6c)
respectively.

STABLE: As was shown in Fig.6a, small subsurface hardness of wear scar showed
the slight fluctuation with the increasing of sliding time of 60-585min, resulting in the
acquiring of the excellent tribological behavior of TiAl-10wt.%Ag. Mean subsurface

hardness (6.07GPa, see Fig.6b) and STDEV of subsurface hardness (0.09, see Fig.6c)

12
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were severally obtained.

SEVERE: As was clear in Fig.6a, the high subsurface hardness of wear scar was
rapidly improved with an increase in sliding time of 585-600min, leading to the
lowering of the tribological behavior of TiAl-10wt.%Ag. The mean subsurface
hardness of 6.20GPa (see Fig.6b) and STDEV of subsurface hardness (0.14, see

Fig.6¢) were severally obtained.

T 6.7 T T T T T T T T T T T T T
% 7.0 T T T T T T T T T T T T T ] 66
N o %67 b ]
& 68 a B (\D 6.5 j
:},’ 6.6 i & 6.4 -
& aé 6.3 E
g 641 15 62] ]
- ¢ & 6.1 ¢
6.2 ! 4 .14 4
o & 71 < o g o
e f { ¢ 601 o @ 21
g 6.0 ‘ﬁp g‘\:%;’*y“ Y | ¢4 8.1 2 L:v;’ oF 1
(1] Y
£ o I /' 2 S 581 & X &R
B8] e k4 £1% ¢ ¢ §¢
8 15| TiAl-10wt.%Ag ] 2 2 &7 2 3 g0
ﬁ ] § & § 3;, 1S 564 ;'a‘ :@ Initial wear stage from 0 to 15min 2@ §—
3 8
Q s4qs = 2 % : 5.5 f ¥  Fastwear stage from 15 to 60min kR
E 52 3 8 s e1e 5.4 T ©  Stable wear stage from 60 to 585min =
o g & 17 s 534 Severe wear stage from 585 to 600min 3‘“ .
'g 5011 1 L I L L 1 L L f ' 1 I 52 I L 1 I I ! L 1 L I | 1 1
* 0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Sliding time t (min) Sliding time t (min)

02— T T T T T T T T T

7]
@ 0204
4] ]
2 o8
T 0.16
o
T 0.14
e 0.12]
$ 0.10
‘T 0.08]
7 0.06]
< ]
S o.04
n 0.02]
S 0.00
>.0.02
Q0044
I~ 0.06 ]
-0.08

-0.10

|

0.14 severe wear stage

Initial wear stage from 0 to 15min
Fast wear stage from 15 to 60min

0.12 initial wear stage ﬂ
0.13 fast wear stage

Stable wear stage from 60 to 585min
Severe wear stage from 585 to 600min

0.09 stable wear stage

I ! 1 L L 1 ! L L 1 1
50 100 150 200 250 300 350 400 450 500 550 600

Sliding time t (min)

o

Fig.6 Representative subsurface hardness of wear scar of TiAlI-10wt.%Ag at the
different four friction stages: dynamic subsurface hardness (a), mean subsurface
hardness (b) and STDEV of subsurface hardness (c)

Mean subsurface hardness and STDEV of subsurface hardness was gradually
lowered with the increasing of sliding time in the range of 0-585min (/NITIAL from

0 to 15min, FAST from 15 to 60min and STABLE from 60 to 585min), and then was
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significantly improved with the increasing of sliding time of 585-600min (SEVERE
from 585 to 600min). The small mean subsurface hardness of 6.07GPa and the
smaller STDEV (0.09) of subsurface hardness were respectively obtained at STABLE.

When the subsurface hardness of wear scar was continually improved for work
hardening during the 15min sliding wear, the friction coefficient and wear rate of
TiAl-10wt.%Ag at INITIAL showed the gradually downward tendency. When sliding
time increased from 15 to 60min, the subsurface hardness of wear scar at FAST
exhibited the gradually upward trend, leading to the further improving of the
tribological behavior of TiAl-10wt.%Ag. When sliding time increased from 60min up
to 585min, the subsurface hardness of wear scar showed the slight fluctuation for the
smaller STDEV (0.09) of subsurface hardness, resulting in the acquiring of small
friction coefficient and wear rate at STABLE. The subsurface hardness of wear scar
was rapidly improved with the increasing of sliding time of 585-600min, and the
tribological behavior of TiAl-10wt.%Ag at SEVERE was significantly lowered. The
more excellent tribological behavior of TiAl-10wt.%Ag was obtained at STABLE, if
compared to those at INITIAL, FAST and SEVERE. Evan et al.*® thought that the
lower subsurface hardness of wear scar was corresponding to the high friction
coefficient and wear rate. The view of Evan was consistent with our research results at
INITIAL and FAST, but was inconsistent with our research conclusions at STABLE
and SEVERE. Hence, in order to obtain the reasonable explanation, the tribological
behavior of TiAl-10wt.%Ag would be further investigated by analyzing the

morphology of wear scar, the surface texture of wear scar, the cross-section

14
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morphologies of wear scar and the distribution of solid lubricant Ag.
3.4 Effect of wear mechanism and surface texture on tribological
behavior of TiAl-10wt.%Ag

Wear mechanisms at the four wear stages could be judged by the morphologies of
wear scar of TiAl-10wt.%Ag. The morphology of wear scar was examined by the
surface texture of the height parameters. The height parameters used in this study
mainly contained the arithmetical mean height of surface (Sa), the root mean square
height (Sq) and the kurtosis of height distribution (Sku). Mean roughness of wear scar
was measured by the Sa. Standard deviation of height distribution of wear scar could
be evaluated using the Sq. Flatness of wear scar was measured by the Sku.

Fig.7 showed the typical electron probe morphology and surface texture of wear
scar of TiAl-10wt.%Ag at INITIAL. As shown in Fig.7a, massive peeling pits and big
grooves existed on wear scar. It was apparent that the primary wear mechanisms were

peeling and plough at INITIAL. In Fig.7b, the poor surface texture of wear scar was

obtained for the high Sa (0.518), Sq (0.478) and Sku (8.166).

1ISO 25178 standard %5
Height parameters: L7
Sa: 0.518 ym Lass
Sq: 0.478 um &
Sku: 8.166 [455
? 45
475 r44.s
H4a
435
43
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42
415
#“
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X = 100.000005 pm 40
Y = 100.000005 pm 305
7=8225067 pm

Fig.7 Typical electron probe morphology and surface texture of wear scar of

TiAl-10wt.%Ag at INITIAL: morphologies of wear scar (a) and surface texture of

15
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wear scar (b)

Fig.8 showed the representative electron probe morphology and surface texture of
wear scar of TiAl-10wt.%Ag at FAST. Massive abrasive debris and continuous
grooves were on wear scar at FAST. It was obvious that the dominant wear
mechanism was abrasive wear. The surface texture of Sa (0.478), Sq (0.438) and Sku

(7.666) was improved at FAST, if compared to that at INITIAL.

SO 25178 standard o
Height parameters: 475
Sa: 0.478 ym 47
Sq: 0.438 pm 465
Sku: 7.666

X=100.000005 pm 40
¥ = 100.000005 pm 305

"100pm WHUT 7 =8586487 pm
WD 11.2mm|

Fig.8 Representative electron probe morphology and surface texture of wear scar of
TiAl-10wt.%Ag at FAST: morphologies of wear scar (a) and surface texture of wear
scar (b)

Fig.9 showed the typical electron probe morphology and surface texture of wear
scar of TiAl-10wt.%Ag at STABLE. Small and flat wear debris, shallow grooves
existed on the smooth wear scar. It was evident that the main wear mechanism was
plastic deformation at STABLE. The more excellent surface texture was obtained for

the smaller Sa (0.398), Sq (0.359) and Sku (6.866) at STABLE.

16
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Fig.9 Typical electron probe morphology and surface texture of wear scar of

TiAl-10wt.%Ag at STABLE: morphologies of wear scar (a) and surface texture of

wear scar (b)
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Fig.10 Typical electron probe morphology and surface texture of wear scar of
TiAl-10wt.%Ag at SEVERE: morphologies of wear scar (a) and surface texture of
wear scar (b)

Fig.10 showed the typical electron probe morphology and surface texture of wear
scar of TiAl-10wt.%Ag at SEVERE. Big peeling and massive wear debris appeared
on wear scar. It was obvious that the primary wear mechanisms were severe peeling
and abrasive wear at SEVERE. The poor surface texture of Sa (0.486), Sq (0.445) and
Sku (7.865) was caused for the severe peeling at SEVERE.

At STABLE, the wear mechanism of plastic deformation was obtained. The
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morphology of wear scar was significantly improved for the plastic deformation of
soft metal Ag during the sliding process, resulting in the improving of surface texture
of wear scar (Sa (0.398), Sq (0.359) and Sku (6.866)), the decreasing of frictional
resistance, and the improving of tribological behavior of TiAl-10wt.%Ag. Hence, the
excellent tribological behavior of TiAl-10wt.%Ag was acquired at STABLE. To
further explore the tribological behavior of TiAl-10wt.%Ag, the cross-section of wear
scar needed to be respectively investigated at the different four wear stages.

3.5 Effect of cross-section of wear scar on tribological behavior of
TiAl-10wt.%Ag

Fig.11 showed the representative FESEM micrographs of cross-sections of wear
scars of TiAl-10wt.%Ag at the different four wear stages. Fig.12 exhibited the typical
XRD patterns of wear debris obtained at the different four wear stages. At the
different four wear stages, the effect of the cross-section morphologies of wear scars
on the tribological behavior of TiAl-10wt.%Ag were respectively analyzed.

INITIAL: As shown in Fig.11a, the significant morphologies of two layers were
identified, which were marked as A and B. Layer A was known as the compacted
layer of submicron grains for work hardening, resulting in the improving of
subsurface hardness, and the lowering of friction coefficient and wear rate. Layer B
consisting of large grains was named as the matrix material of TiAl-10wt.%Ag. As
was clear in Fig.12a, wear debris at INITIAL primarily consisted of TiAl, Ag and
Al,O3 according to the diffraction peak intensity of different phases. The presence of

these phases indicated that during the sliding wear, the compacted layer (see layer A
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in Fig.11a) containing TiAl, Ag and Al,O; was gradually formed for the accumulation
of wear debris.

FAST: As shown in Fig.11b, the significant morphologies of three layers were
clearly identified. The three layers, which were marked as C, D and E, were called as
the mixed layer, granular layer and TiAl matrix material, respectively. Table 1
showed the elemental compositions (wt.%) of tested regions marked by 1-6 in Fig.11b.
As was clear in Table 1, during the sliding process, soft metal Ag showed the upward
migration for its plastic deformation, leading to the forming of mixed layer (layer C)
containing massive Ag. Smaller friction coefficient and wear rate, for the mixed layer
containing massive solid lubricant Ag, were acquired at FAST, if compared to those at
INITIAL. As shown in Fig.12b, the diffraction peak of Ag phase further indicated

that the mixed layer contained massive solid lubricant Ag.

) +8\-.‘ . B NS S =
/_:_._.L..‘____._-EIT‘.
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Fig.11 Representative FESEM micrographs of cross-sections of wear scars of

TiAl-10wt.%Ag at the different four wear stages: INITIAL (a), FAST (b), STABLE

(c) and SEVERE (d)
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Fig.12 Typical XRD patterns of wear debris obtained at the different four wear stages:
INITIAL (a), FAST (b), STABLE (c) and SEVERE (d)

Table 1 Elemental compositions (wt.%) of tested regions marked by 1-6 in Fig.11b

Element 1 2 3 4 5 6

Ti 31.24 33.67 36.76 37.66 45.97 48.89
Al 22.75 20.53 27.62 25.31 38.42 37.61
Ag 46.01 45.80 35.62 37.03 15.61 13.50

Table 2 Elemental compositions (wt.%) of tested regions marked by 7-12 in Fig.11¢

Element 7 8 9 10 11 12
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Ti 14.13 16.23 43.87 42.37 47.38 46.36
Al 11.66 13.75 34.40 3741 42.51 45.41
Ag 74.21 70.02 21.73 20.22 10.11 8.23

STABLE: As was shown in Fig.11c, the three layers of F, G and H were known as
the lubricant film, compacted layer and TiAl matrix material, respectively. Table 2
showed the elemental compositions (wt.%) of tested regions marked by 7-12 in
Fig.11c. The lubricant film (see layer F in Fig.11¢) was rich in solid lubricant Ag,
which existed above compacted layer (see layer G in Fig.11¢c), resulting in the
improving of the tribological behavior of TiAl-10wt.%Ag, the acquiring of excellent
surface texture (Sa (0.398), Sq (0.359) and Sku (6.866)). As was obvious in Fig.12c,
lubricant film was mainly composed of TiAl, Ag, Al,Os;, SiO,, TiO; and Si3;Ny4
according to the diffraction peak intensity of their phases. Hence, the lubricant film
containing massive soft metal Ag existed above compacted layer at STABLE, leading
to the lowering of subsurface hardness of wear scar, and the improving of tribological
behavior of TiAl-10wt.%Ag. The view*’, where the excellent tribological behavior
was obtained for its high hardness, was given the reasonable explanation.

SEVERE: In Fig.11d, layer I, layer J and layer K were named as the lubricant film,
compacted layer and TiAl matrix material, respectively. The lubricant film and
compacted layer were severely destroyed for the propagation of fatigue crack,
resulting in the improving of subsurface hardness, the forming of poor surface texture
(Sa (0.486), Sq (0.445) and Sku (7.865)), the increasing of frictional resistance, and

the improving of friction coefficient of TiAl-10wt.%Ag. The big peeling was caused
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for the propagation of fatigue crack, and was removed from wear scar at the effect of
inertia force, leading to the improving of wear rate of TiAl-10wt.%Ag. As shown in
Fig.12d, wear debris at SEVERE mainly consisted of TiAl, Ag, SiO, and TiO,
according to their diffraction peak intensity. The weak intensity of the diffraction peak
of Ag phase further indicated that the lubricant film was destroyed at SEVERE. The
view of Evan®®, where the friction coefficient and wear rate decreased with the
increasing of subsurface hardness, was also given the reasonable explanation.

At STABLE, the lubricant film containing massive solid lubricant Ag (see Table 2
and Fig.11c) was beneficial to the improvement of tribological performance and the
lowering of subsurface hardness. The smooth morphology of wear scar was formed
for the plastic deformation of soft metal Ag. The excellent surface texture of wear scar
was obtained for the smaller Sa (0.398), Sq (0.359) and Sku (6.866). In order to
further studied the effect of the lubricant film containing massive Ag on tribological
performance, the distribution of solid lubricant Ag at STABLE needed to be studied.
3.6 Effect of distribution of solid lubricant Ag on tribological
behavior of TiAl-10wt.%Ag

Fig.13 showed the microstructure and elemental distributions of wear scar of
TiAl-10wt.%Ag at STABLE. As shown in Fig.13, massive solid lubricant Ag was
uniformly distributed on wear scar to form the lubricant film at STABLE. The smooth
morphology of wear scar was formed for the plastic deformation of Ag during the

sliding wear.
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T00pm ¥ 100pm

Fig.13 Microstructure and elemental distributions of wear scar of TiAl-10wt.%Ag at
STABLE
3.7 Mechanism analysis of TiAl-10wt.%Ag at the different four wear
stages
In order to better analyze the tribological behavior of TiAl-10wt.%Ag, the wear
mechanisms needed to be analyzed at the wear stages of INITIAL, FAST, STABLE

and SEVERE.
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Fig.14 Schematic diagrams of the cross-section microstructures of wear scars of

TiAl-10wt.%Ag at the different four wear stages: INITIAL (a), FAST (b), STABLE
(c) and SEVERE (d)

Fig.14 showed the schematic diagrams of the cross-section microstructures of wear
scars of TiAl-10wt.%Ag at the different four wear stages. As shown in Fig.14a, the
big plough debris appeared on the wear scar of TiAl-10wt.%Ag under the condition of
the wear mechanisms of peeling and plough at INITIAL. At the repeating effect of the
high pressure stress, the compacted layer was gradually formed for work hardening,
resulting in the gradual improving of subsurface hardness, and the slow lowering of
friction coefficient and wear rate. As was clear in Fig.14b, the big plough debris was
refined into the small and hard wear debris at FAST. Due to the repeating effect of the

high pressure stress, the downward trend of small wear debris and the upward

24



Page 25 of 30

RSC Advances

tendency of solid lubricant Ag were obtained for the plastic deformation of Ag,
resulting in the forming of mixed layer, the acquiring of the wear mechanism of
abrasive wear, and the improving of subsurface hardness of wear scar. Hence, the
tribological behavior of TiAl-10wt.%Ag was improved for the existence of the mixed
layer containing massive Ag, if compared to that at INITIAL. As was shown in
Fig.14c, during the sliding process, the solid lubricant Ag was uniformly spread out
on wear scar to form the lubricant film of antifriction and antiwear behavior. The
small wear debris was continuously compacted to form the compacted layer at the
effect of the high pressure stress. Hence, the main wear mechanism was plastic
deformation, and the smaller friction coefficient and wear rate were obtained at
STABLE. The subsurface hardness of wear scar was lowered for the existence of
lubricant film containing massive soft metal Ag. In Fig.14d, the big peeling appeared
on wear scar for the propagation of fatigue crack, and was removed from the wear
scar of TiAl-10wt.%Ag at the effect of inertia force, leading to the improving of
subsurface hardness of wear scar, the improving of friction coefficient and wear rate,
and the lowering of the stability of tribological tests.

In this study, the sliding tribological behavior of TiAl-10wt.%Ag was investigated.
In accordance with the obtained friction coefficient and wear rate, the tribological test
of 600min sliding was divided into the four wear stages of INITIAL from 0 to 15min,
FAST from 15 to 60min, STABLE from 60 to 585min and SEVERE from 585 to
600min. The tribological behavior of TiAl-10wt.%Ag and the period of stable wear

were significantly improved, if compared to those of TiAl alloy. At INITIAL, the
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wear mechanisms of peeling and plough were obtained. The subsurface hardness of
wear scar of TiAl-10wt.%Ag was gradually improved for work hardening during the
15min sliding wear, resulting in the gradual forming of compacted layer, and the slow
lowering of friction coefficient and wear rate. At FAST, the wear mechanism of
abrasive wear was acquired. During the sliding tribological test of 15-60min, the hard
wear debris showed the downward motion tendency, and the solid lubricant Ag
exhibited the upward migration trend for the plastic deformation of soft metal Ag,
resulting in the forming of mixed layer, the improving of subsurface hardness of wear
scar, and the improving of tribological behavior of TiAl-10wt.%Ag. At STABLE,
under the condition of the wear mechanism of plastic deformation, the solid lubricant
Ag was uniformly spread out on wear scar to form lubricant film, and the excellent
surface texture of Sa (0.398), Sq (0.359) and Sku (6.866) was obtained, leading to the
improving of the contact area between TiAl-10wt.%Ag and SizN, balls, the lowering
of subsurface hardness of wear scar, the decreasing of friction coefficient and wear
rate, as well as the improving of tribological test stability. At SEVERE, the severe
peeling was caused for the propagation of fatigue crack during the sliding wear of
585-600min, and the poor surface texture of Sa (0.486), Sq (0.445) and Sku (7.865)
was obtained, resulting in the lowering of the contact area between TiAl-10wt.%Ag
and Si3Ny balls, the destroying of lubricant film, the improving of subsurface hardness
of wear scar, the improving of friction coefficient and wear rate. Hence, the poor
tribological behavior of TiAl-10wt.%Ag was caused for the propagation of fatigue

crack. The friction coefficient and wear rate slowly decreased, and the STDEV of
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friction coefficient and wear rate gradually lowered with the increasing of sliding time
of 0-585min (INITIAL from 0 to 15min, FAST from 15 to 60min and STABLE from
60 to 585min). The friction coefficient and wear rate, as well as the STDEV of
friction coefficient and wear rate were rapidly improved with the increasing of sliding
time of 585-600min (SEVERE from 585 to 600min). Hence, the excellent tribological
behavior was obtained for the existence of lubricant film at STABLE.

4. Conclusions

In this study, the tribological behavior of TiAl-10wt.%Ag was respectively studied
at the four wear stages of INITIAL from 0 to 15min, FAST from 15 to 60min,
STABLE from 60 to 585min and SEVERE from 60 to 585min. The conclusions were
obtained as follows:

1) At INITIAL, the main wear mechanisms of peeling and plough were obtained.
TiAl-10wt.%Ag was repeatedly squeezed at the effect of high pressure stress,
resulting in the strengthening of work hardening, and the improving of subsurface
hardness of wear scar, as well as the gradual lowering of friction coefficient and wear
rate.

2) At FAST, the primary wear mechanism was abrasive wear. Solid lubricant Ag
showed the upward tendency for its plastic deformation, and wear debris exhibited the
downward trend, leading to the forming of mixed layer containing massive Ag, and
the gradual lowering of friction coefficient and wear rate.

3) At STABLE, under the condition of the wear mechanism of plastic deformation,

the lubricant film of antifriction and antiwear behavior was formed for the plastic
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deformation of soft metal Ag. The excellent surface texture of Sa (0.398), Sq (0.359)
and Sku (6.866) was obtained. The contact area between TiAl-10wt.%Ag and SizNy4
balls was improved, and the frictional resistance was decreased during the sliding
wear, leading to the lowering of the subsurface hardness of wear scar, and the
improving of the tribological behavior of TiAl-10wt.%Ag.

4) At SEVERE, the main wear mechanisms were severe peeling and abrasive wear.
The lubricant film of excellent lubricating property was gradually destroyed for the
propagation of fatigue crack. The poor surface texture of Sa (0.486), Sq (0.445) and
Sku (7.865) was obtained. The contact area between TiAl-10wt.%Ag and Si;Ny balls
was lowered, and the frictional resistance was improved during the sliding wear,
resulting in the improving of the subsurface hardness of wear scar, and the lowering
of the tribological behavior of TiAl-10wt.%Ag.

5) The excellent tribological behavior at STABLE was obtained for the existence of
lubricant film of excellent lubricating property, if compared to those at INITIAL,
FAST and SEVERE.

6) The period of stable wear of TiAl-10wt.%Ag was significantly prolonged for the
lubricant film of antifriction and antiwear behavior, if compared to that of TiAl alloy.

7) TiAl-10wt.%Ag for its excellent tribological behavior could be chosen as the
promising structure material of mechanical components in the industries of aerospace
and automotive.
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