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on nanotubes enhanced the
friction layer evolution and self-lubricating
property of TiAl-10 wt% Ag-1 wt% MWCNTs
sample†

Kang Yang, a Hongru Ma,*a Xiyao Liu,b Yangming Zhanga and Qiang He *a

The necessity of reducing energy consumption and usage of material in aerospace and aviation industries

drives the further optimization of friction and wear properties of TiAl alloys. Herein, the effect of MWCNTs

on the friction layer evolution and lubrication properties of TiAl-10 wt% Ag-1 wt% MWCNT (TAM)

composites sliding against Si3N4 balls are studied on a ball-on-disk tribometer. The research results

show that the friction coefficients and wear rates of TAM sample at 0–160 min are smaller than those of

TiAl-10 wt% Ag (TA). During the process of sliding wear, MWCNTs in TAM were gradually exposed to

wear scar and were tightly combined with silver, which was beneficial for the formation of lubrication

film on the wear scar. Consequently, the formation of lubricating film was accelerated by the MWCNTs,

and the evolution process of the friction layer of TAM sample was shortened. The excellent synergetic

lubrication behavior of MWCNTs and silver in the lubricating film effectively reduced friction resistance

and material loss, resulting in TAMwith smaller friction coefficient and lower wear rate in comparison to TA.
1. Introduction

Because of their outstanding properties, such as low density,
high elastic modulus and creep resistance, TiAl alloys are widely
applied in the manufacturing of aerospace components and
automobile accessories, such as turbine blades and exhaust
valves.1–3 However, poor friction and wear behaviour of TiAl
alloys are obstacles in the improvement of thrust load and also
for increasing the service life of TiAl alloy-based mechanical
parts under some extreme conditions.4–6

In order to realize low friction and less wear, several
researchers have devoted their attention to optimizing the
friction and wear behaviors of TiAl alloys by fabricating TiAl
based self-lubricating composites containing solid lubricants
such as silver,7 graphene8 and MoS2.9 During the sliding friction
and wear process, massive amount of silver is gathered on the
wear scar to form a silver-rich lubricating lm with the evolu-
tion of friction layer, resulting in excellent anti-friction and anti-
wear properties.8–10 Tribology researchers such as Xu et al.10 and
Yang et al.11 probed the friction and wear behavior of TiAl-10
wt% Ag (TA) sliding against xed Si3N4 ball and found that
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silver was gradually squeezed out of TA with the structure
evolution of the friction layer and enriched the wear scar, which
caused TA to obtain the small friction coefficient and less wear
rate. Xu et al.12 studied the anti-friction and anti-wear property
of silver lubricating lm, and found that silver lubricating lm
exhibited low friction and less wear for the plastic deformation
of silver. In addition, it was also found that silver lubricating
lm possessing low tensile strength of about 140–170 MPa was
easily destroyed by the high von Mises contact stress,13 which
was not advantageous towards the improvement of the anti-
friction and anti-wear properties. Zou et al.14 utilized gra-
phene to improve the tensile strength of the lubricating lm
and found that graphene could effectively enhance the lubri-
cating property of silver lm, which further caused the TiAl–
graphene–Ag to exhibit small friction and low wear. Multiwalled
carbon nanotubes (MWCNTs) possessing excellent mechanical
properties, such as elastic modulus of 1 TPa and tensile
strength of 50–200 GPa,15 are considered to enhance the tensile
strength of the lubricating lm.16 It was found that the tensile
strength of the silver lm was signicantly improved by the
enhanced phase MWCNTs, which could effectively protect the
lubricating lm from destroying the matching pair, resulting in
the excellent tribological behavior of TiAl–MWCNTs–Ag sample.
To the best of our knowledge, there are only few papers
reporting the inuence of MWCNTs on friction layer evolution
and self-lubricating properties of TAM sample.

Herein, in order to explore the effect of MWCNTs on the
friction layer evolution and lubricating behavior of TAM sample,
This journal is © The Royal Society of Chemistry 2017
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TiAl-10 wt% Ag-1 wt% MWCNTs (TAM) sample was fabricated
using spark plasma sintering with reference to the research result
of Yang et al.16 According to ASTM Standard of G99-95 (ref 17),
HT-1000 ball-on-disk tribometer was adopted to measure the
friction and wear performance of TiAl-10 wt% Ag-1 wt%
MWCNTs by sliding against Si4N3 balls. With the assistance of
electron probe microanalyzer (EPMA), the primary wear mecha-
nism was analyzed by observing wear scar micro-morphology.
Field emission scanning electron microscopy (FESEM) was
adopted to observe the cross-sectional micro-morphologies of the
friction layers. The main elemental contents in the friction layer
were measured by energy dispersive spectroscopy (EDS). X-ray
photo electron spectroscopy (XPS) was performed to charac-
terize the main existing phases on wear scars.
2. Experimental
2.1 TAM sample fabrication

Table 1 exhibits the representative main element components
of the TAM sample. As exhibited in Table 1, the commercial
powders of Ti, Al, B, Nb, Cr, Ag and MWCNTs (1–25 mm in mean
size, $95.5 wt% in purity) were adopted to fabricate the TA and
TAM samples using spark plasma sintering (SPS) of D.R.
Sinter® SPS3.20. Before SPS process, the raw powders were
mixed for 45 min using vibration milling at 45 Hz frequency in
a Teon vial with 50 mm inner diameter and loaded into
a cylindrical graphite mold with 25 mm inner diameter. Aer
loading, the TA and TAM samples were fabricated by SPS under
the protection of pure Ar atmosphere. The operational param-
eters chosen for preparing TA and TAM samples include 100–
115 �C min heating rate, 900–1100 �C sintering temperature,
10–15 min holding time and 35–45 MPa holding pressure.

Fig. 1 exhibits the typical FESEM morphologies and XRD
patterns of MWCNTs and silver. As can be seen from Fig. 1, with
the assistance of FESEM instrument, the typical micro-
morphologies of MWCNTs (see Fig. 1a) and sliver (see Fig. 1c)
are better observed. According to the XRD intensities of phase
diffraction peaks in Fig. 1b and d, the high purity powders of
MWCNTs and sliver were used to improve the friction and wear
behavior of TiAl alloys.
2.2 Measured density and Vicker's hardness

Before being measured, the as-prepared specimens were
ground to remove the surface layer mechanically polished using
emery papers of 1000–1200 grit and polishing diamond paste of
0.02–0.05 mm. In accordance with ASTM standard of E92-82,18

with the assistance of Vicker's hardness instrument of HVS-
1000, the micro-hardness of each as-received sample was
Table 1 Representative main element component of TAM sample

Material Ti Al Cr

Matching (at%/wt%) 48 at% 47 at% 2 at%
Purity (wt%) $99% $99% $99%
Particle size #20 mm #20 mm #20 mm

This journal is © The Royal Society of Chemistry 2017
measured for the dwell time of 8 s at an applied load of 10 N. To
contradict the Vicker's indenter to impact reinforced particles
like MWCNTs, seven testing locations are chosen herein. Aer
the test, the mean Vicker's hardness (approximate 6.08 GPa) of
the TAM sample was found to be higher than that (about 5.97
GPa) of the TA sample. ASTM Standard of B962-08 (ref. 19) and
the Archimedes' principle were used to obtain the mean density
(about 3.78 g cm�3) of TAM and it was found to be smaller than
that (approximate 4.22 g cm�3) of TA.

3. Results and discussion
3.1 Phase research and element distribution

Fig. S1 in the ESI† is the FESEM cross-sectional morphology of
MWCNTs in TAM and XRD pattern of the TAM sample prepared
by SPS. As shown in Fig. S1a,† massive MWCNTs and slight
silver appeared in the TAM cross-section, which were tightly
combined with the TiAl alloys. As can be seen from Fig. S1b,†
the main phase compositions of the TAM sample were TiAl
alloys, silver, MWCNTs and slight TiC in accordance with the
XRD intensities of the phase diffraction peaks.

As described by Xu et al.20 and Yang et al.,21 with particular
reference to the second law of thermodynamics, the synthetic
reaction of slight TiC can be written as follows:

8<
:

DG0 . 0 no synthesis reaction
DG0 ¼ 0 equilibrium synthesis reaction

DG0\0 spontaneous synthesis reaction

(1)

Ti + 3Al / TiAl3 (2)

DG0
1 ¼ �390.49 + (74.44 � 3) + 127.09 ¼ �40.08 < 0

4Ti + TiAl3 / Ti3Al + 2TiAl (3)

DG0
2 ¼ �364.77 + (�205.44 � 2) + (127.09 � 2) + 390.49 ¼

�130.98 < 0

Ti + C / TiC (4)

DG0
3 ¼ �184.80 + 15.55 � 1373/1000 ¼ �163.45 < 0
Nb B Ag MWCNTs

2 at% 1 at% 10 wt% 1 wt%
$99% $99% $95.5% $97.5%
#20 mm #20 mm #25 mm #50 nm

RSC Adv., 2017, 7, 40592–40599 | 40593
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Fig. 1 Typical FESEM morphology (a) and XRD pattern (b) of MWCNTs, as well as FESEM morphology (c) and XRD pattern of (d) of silver.
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C + 4/3Al / 1/3Al4C3 (5)

DG0
4 ¼ �89.61 + 32.84 � 1373/1000 ¼ �44.52 < 0

TiAl3 + C / TiC + 3Al (6)

DG0
5 ¼ �152.85 + 7.64 � 1373/1000 ¼ �143.84 < 0

TiAl3 + 1/3Al4C3 / TiC + 13/3Al (7)

DG0
6 ¼ �63.24 + 25.21 � 1373/1000 ¼ �28.63 < 0

where DG0
1, DG

0
2, DG

0
3, DG

0
4, DG

0
5 and DG0

6 are Gibbs free energy.
As shown in the above-mentioned formulas, Al4C3, Ti3Al and
TiAl3 act as the intermediate phases during the process of the
synthesis reaction, leading to the formation of slight TiC.

The typical EPMA morphology and main elemental distri-
butions of TAM sample prepared by SPS are exhibited in ESI
Fig. S2.† As can be seen from Fig. S2,† aer being polished,
silver and MWCNTs are uniformly distributed on the surface of
the TAM sample fabricated by SPS.
Fig. 2 Typical schematic diagram of matching tribopair of the as-prepare
(c).

40594 | RSC Adv., 2017, 7, 40592–40599
3.2 Friction coefficients and wear rates

Fig. 2a exhibits the typical schematic diagram of the matching
tribopair of the as-prepared sample/Si3N4 ball. As shown in
Fig. 2a, according to ASTM Standard of G99-95,20 the friction and
wear properties of TA and TAM samples, sliding against the Si3N4

balls of 6 mm in diameter and 15 GPa in hardness, were
measured on a HT-1000 ball-on-disk tribometer at a high
temperature (Zhong Ke Kai Hua Corporation, China). The
measuring conditions (12 N and 450 �C) were chosen on the basis
of the ones proposed by Yang et al.,11 and it was found that better
friction and wear behaviour of TiAl-10 wt% Ag was achieved at
450 �C compared to other temperatures. Before being measured,
the rotating disks of the TA and TAM samples were cleaned by
liquid acetone and dried in hot air. During the friction and wear
process for 0–160min, the friction coefficients were continuously
recorded using the computer-controlled system of HT-1000. The
wear ratesW of the TA and TAM samples weremainly determined
by the computational formula ofW¼ (2Apr)/(LF).Herein, F, L and
r are the applied load, sliding distance and friction radius,
respectively. A is the mean cross-sectional area of the wear scars,
which could be calculated using the surface proler of ST400
(Nanovea Corporation, America). Fig. 2b and c are the represen-
tative measured 3D and 2D proles of the wear scars. As can be
seen from Fig. 2b and c, when the tested stylus of the ST400
proler slowly moved across the wear scar along the measured
line of AB (see Fig. 2b), the coordinate positions of the tested
stylus were continuously recorded to form the 2D prole of the
wear scar (see Fig. 2c). Similarly, other tests such as CD, EF and
HI were also carried out. Aer being tested, the three wear scars
were examined by ST400 to obtain the mean cross-sectional area
A for calculating the wear rates of the TA and TAM samples.
d sample/Si3N4 balls (a), measured profiles of wear scars: 3D (b) and 2D

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07158b


Fig. 3 Typical friction coefficients and wear rates of TA and TAM samples after 160 min sliding wear at 12 N-450 �C.

Fig. 4 Typical FESEM cross-sectional micro-morphologies of friction layers of TA sample at 20 min (a), 40 min (b) and 60 min (c).
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Fig. 3 shows the typical friction coefficients and wear rates of
the TA and TAM samples aer 160 min of sliding wear at 12 N-
450 �C. As can be seen from Fig. 3, compared to TA, the TAM
sample obtained smaller friction coefficients and less wear
rates. According to the friction coefficients and wear rates of
TAM, the friction and wear measurement at 160 min sliding
could be divided into two wear stages: initial wear stage (0–20
min) and stable wear stage (20–160 min). Similarly, the friction
and wear process of the TA sample is mainly composed of initial
wear stage (0–25 min), fast wear stage (25–60 min) and stable
wear stage (60–160 min). Hence, compared to that of the TA
sample, the friction and wear process of the TAM sample was
shortened into two wear stages from three wear stages at the
effect of the enhanced phase MWCNTs.

In order to further understand the effect of MWCNTs on the
friction layer evolution and self-lubricating property of TA and
TAM samples, it was necessary to analyze the structural evolu-
tion of the friction layer with increase in the sliding time.
3.3 Analysis of the friction layer

Herein, the cross-sectional structures of the friction layers were
obtained using the method of cooling fracture to prevent the
damage to the organization structure of the material. Aer
being cleaned, the as-prepared samples were incised down to
a residual thickness of 1–1.5 mm at the relative side of the wear
scars. Aer being incised, the tested samples were cooled for
40 min in liquid nitrogen, and were then divided into two parts
at the effect of high shearing stress.
This journal is © The Royal Society of Chemistry 2017
Fig. 4 shows the typical FESEM cross-sectional micro-
morphologies of friction layers of TA sample at 20 min,
40 min and 60 min. As shown in Fig. 4, during the 60 min
sliding wear process, the organizational microstructure of the
friction layer, which existed above the micro-deformation layer,
gradually evolved to particle renement layer at 40 min from the
work hardening layer at 20 min. When sliding time was
increased up to 60 min from 40 min, the friction layer micro-
structure of the TA sample transformed into a lubricating lm,
grain rened layer and micro-deformation layer.

Fig. 5 shows the typical FESEM cross-sectional micro-
morphologies of the friction layers of TAM sample at different
sliding times and indentation curves in cross-section at 15min. As
shown in Fig. 5a and b, when the sliding time was increased up to
15 min from 0 min, at the repeating effect of high von Mises
stress, the subsurface material of wear scar underwent plastic
deformation to form the friction layer, which mainly consisted of
the work hardening layer and the micro-deformation layer (see
Fig. 5b). As shown in Fig. 5c, in accordance with the nano-
indentation curves at 15 min, the mean nanohardness and elas-
ticity modulus (EM) of the work hardening layer are equal to 10.2
GPa and 193 GPa. As shown in Fig. 5d and e, when the sliding time
is increased up to 160min from 60min, the friction layer, which is
mainly composed of the lubricating lm (0.8–0.9 GPa in nano-
hardness, 72.1–77.5 GPa in EM), grain renement layer (10.4–11.2
GPa in nanohardness, 190.3–197.8 GPa in EM) and micro-
deformation layer (5.2–5.9 GPa in nanohardness, 142.2–147.6
GPa in EM) is gradually formed.
RSC Adv., 2017, 7, 40592–40599 | 40595
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Fig. 5 Typical FESEM cross-sectional micro-morphologies of friction layers of TAM sample at 0 min (a), 15 min (b), 20 min (d) and 160 min (e), as
well as nanoindentation curves in cross-section at 15 min (c).
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Further to the above-mentioned discussions in Fig. 3–5, we
found that the MWCNTs accelerated the structure evolution of
the friction layer, and caused the evolution time to be shortened
down to 20 min from 60 min. Namely, the evolution process of
the friction layer was converted into two stages (see Fig. 5) from
three stages (see Fig. 4).
3.4 Analysis of the wear scar

Fig. 6 shows the representative EPMA surface morphologies and
main element contents on wear scars of the TAM sample at the
sliding time of 0–160 min. As shown in Fig. 6b, when the sliding
time was increased to 15 min, the main wear mechanisms of the
TAM were peeling and plastic deformation resulting in the
appearance of peeled pits and a plastic deformation body. As
shown in Fig. 6c, when sliding time was further increased to
160 min, the plastic deformation body appeared on the wear
scar, indicating that the main wear mechanism was plastic
deformation at 160 min. As shown in Fig. 6d and e, when the
sliding time increased to 15 min from 0 min, the silver content
on the wear scar increased to 24.45 wt% from 10.06 wt%.
MWCNT content also increased to 1.56 wt% from 1.04 wt%. As
can be seen from Fig. 6e and f, during the sliding wear process
of 15–160 min, silver content ascended to 37.15 wt% from 24.45
wt%, whereas the MWCNT content increased to 3.95 wt% from
1.56 wt%. Additionally, oxygen element (O) content increased to
1.52 wt% from 0.14 wt% with an increase in sliding time from
0 to 160 min. It indicates that massive metallic oxides are
formed at 0–160 min sliding.

In ESI, Fig. S3† shows the representative EPMA morphology
and main elemental distributions of the TAM sample at
160 min. As exhibited in Fig. S3,† the MWCNT, Ag and O
40596 | RSC Adv., 2017, 7, 40592–40599
elements are uniformly distributed on the wear scar. Fig. 7 is the
typical XPS characterization of phases on wear scar of the TAM
sample at 160 min sliding. As shown in Fig. 7, solid lubricant
silver (see Fig. 7a) and enhanced phase MWCNTs (see Fig. 7b)
appear on the wear scar. Aer 160 min, main metal oxides such
as Al2O3, TiO2, SiO2 and Cr2O3 are gradually formed. The oxide
synthesis reactions could be written as 2Al + 3O / Al2O3, Ti +
2O / TiO2, Si + 2O / SiO2 and 2Cr + 3O / Cr2O3. For
attaining high mechanical strength and Vicker's hardness, the
metal oxides formed were subjected to normal stress during the
sliding wear process and it prevented the destruction of the
lubrication lm, resulting in small friction and less wear of the
TAM sample.

Fig. 8 shows the typical FESEM micro-morphologies of the
wear scars of the TAM sample at 5 min, 10 min and 15 min. As
shown in Fig. 8a, at 0–20 min (initial wear stage), when sliding
time increased to 5 min, a small amount of silver and slight
MWCNTs was gradually exposed to the wear scar. As exhibited
in Fig. 8b, with increasing sliding time from 5 min to 10 min,
sliver and MWCNTs abundantly gathered at the wear scar. As
can be seen from Fig. 8c, when the sliding time is increased to
15 min from 10 min, massive amount of sliver gets tightly
combined with MWCNTs on the wear scar.

Fig. 9 shows the representative FESEM morphology of the
wear scar of the TAM sample. Back-scattering morphology and
FESEM micro-morphology of the wear scar are marked by the
rectangle in Fig. 9a. As shown in Fig. 9, at 20 min (stable wear
stage), solid lubricant silver in white region and enhanced
phase MWCNTs in black region are uniformly distributed on
the wear scar (see Fig. 9b) which then spread out to form the
lubricating lm at the effect of the friction force, resulting in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Representative EPMA surface morphologies (a–c) and main element contents on wear scars (d–f) of TAM sample at the sliding time of 0–
160 min.
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smooth morphology of the wear scar (see Fig. 9a). As shown in
Fig. 9c, the FESEM ampliedmicro-morphology of the wear scar
marked by rectangle in Fig. 9a is benecial in better under-
standing the friction interface of the matching pairs. The
smooth wear scar is benecial to the lowering of friction resis-
tance and material loss. The synergetic lubrication of MWCNTs
and silver in the lubricating lm effectively improves the anti-
friction and anti-wear properties of the TAM sample. It then
leads to small friction and less wear of the TAM sample.

Fig. S4 in ESI† is the typical EPMA morphology of the wear
scar of the TA sample. Main element content and FESEMmicro-
Fig. 7 Typical XPS characterization of phases on wear scar of TAM sam

This journal is © The Royal Society of Chemistry 2017
morphology of the silver lubricating lm is in the region of
rectangle A in Fig. S4a.† As shown in Fig. S4a,† the plastic
deformation body appears on the wear scar, indicating that the
main wear mechanism of the TA sample is the plastic defor-
mation at 160 min. As can be seen from Fig. S4b,† the main
element contents in the region of rectangle A in Fig. S4a† are
approximately 32.14 wt% Al, 34.45 wt% Ti and 33.41 wt% Ag. As
shown in Fig. S4c,† solid lubricant silver gets abundantly
enriched on the wear scar to form the lubricating lm at
160 min. The micro-morphology of the lubricating lm in the
ple at 160 min sliding.

RSC Adv., 2017, 7, 40592–40599 | 40597
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Fig. 8 Typical FESEM micro-morphologies of wear scars of TAM sample at 5 min (a), 10 min (b) and 15 min (c).

Fig. 9 Typical FESEM morphology of wear scar of TAM sample (a), back-scattering morphology (b) and FESEM micro-morphology (c) of wear
scar marked by rectangle in (a) at 20 min.
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region of rectangle A is clearly observable with the help of
FESEM testing instrument.

Based on the above-mentioned discussions on lubricating
property of the friction layer, when the sliding wear is executed
up to 160 min, the friction layers of TA and TAM samples are
mainly composed of the lubricating lm, grain rened layer and
micro-deformation layer (see Fig. 4 and 5). However, at the
effect of the friction layers, TAM sample obtained the smaller
friction coefficient and less wear rate, compared to the TA
sample. During the sliding wear process, the MWCNTs in TAM
were gradually exposed to the wear scar and were tightly
combined with silver, which was benecial to the stable exis-
tence of silver lubrication lm on the wear scar. Consequently,
the formation of the lubricating lm was accelerated by the
MWCNTs, and the evolution process of the friction layer of the
TAM sample was shortened. The excellent synergetic lubrica-
tion behavior of MWCNTs and silver in the lubricating lm can
effectively reduce friction resistance and material loss, resulting
in TAM with smaller friction coefficients and less wear rates
compared to TA.
4. Conclusions

Herein, we primarily explored the inuence of MWCNTs on
friction layer evolution and lubrication property of TAM sample
prepared by SPS. The obtained conclusions are listed as follows:

(1) TAM sample obtained lower friction coefficients and less
wear rates at 0–160 min compared to the TA sample at 12 N-
450 �C.

(2) MWCNTs accelerated the structure evolution of the fric-
tion layer of TAM and caused the evolution time to be shortened
down to 20min from 60min compared to that of the TA sample.
40598 | RSC Adv., 2017, 7, 40592–40599
(3) MWCNTs were tightly combined with silver to form the
lubricating lm, which exhibited excellent synergetic lubrica-
tion behavior, resulting in the lower friction coefficients and
less wear rates of TAM in comparison to those of the TA sample.
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