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Abstract
The wear behavior of Ti–45Al–7Nb–0.3W (at%) alloy prepared by powder metallurgy (P/M) has been investigated using pin-
on-disk wear tests at the room temperature. The dry sliding wear tests were performed against on a zirconia disk in different 
environments, viz, argon, hydrogen in nitrogen mixture, air and oxygen. The worn surfaces of Ti–45Al–7Nb–0.3W pins and 
wear debris were examined by scanning electron microscope, X-ray diffractometer and X-ray photoelectron spectroscopy. 
It was found that the high Nb containing Ti–45Al–7Nb–0.3W alloy didn’t exhibit better wear resistance in the presence of 
oxygen than commercial γ-TiAl (Ti–47Al–2Nb–2Cr–0.2W) alloy. The oxidation on the worn surface and spalling of oxides 
caused by the mechanical force during sliding were the main reason for the high wear losses in the air and oxygen. The 
zirconia disk underwent a phase transformation caused by the high contact temperature and stress during the sliding tests. 
The abrasive particles produced in the wear tests largely consisted of the zirconia particles in different environments, except 
in the pure oxygen. The hard zirconia debris was embedded into the friction layer on the worn surfaces of TiAl pins, which 
provided protection against wear to some extent. The main wear mechanisms of Ti–45Al–7Nb–0.3W alloy were abrasive 
wear of two-body and three-body, some delamination and plastic deformation.

Keywords  Ti–Al–Nb alloy · Tribological properties · Wear and friction

1  Introduction

Since TiAl alloys exhibit many attractive properties, such as 
high specific strength, good oxidation resistance, and creep 
properties, they have become an outstanding candidate of 
high-temperature structural materials in the commercial air-
craft engines, automotive and energy industry [1, 2]. Many 
references [3–5] indicate that Nb can work as a β-stabilizing 
alloying element for TiAl alloys and can help to improve the 
deformability of TiAl alloys at high temperatures. Moreo-
ver, TiAl alloys with the high addition of Nb offer excellent 

oxidation resistance, as demonstrated for turbine wheels in 
turbocharger applications [6, 7]. As the 3rd generation TiAl 
alloys, high Nb containing TiAl alloys have drawn lots of 
attention [8]. The wear resistance is another challenge to 
the TiAl alloy when they work as moving parts in the aero-
space and automotive industries [9]. Over the past years, 
the wear behaviors of the 2nd generation γ-TiAl alloys have 
been widely studied [10–13]. Some references [14, 15] have 
shown that TiAl alloys have poor wear resistance and are 
difficult to lubricate, which may hinder their application in 
tribological components. And the wear behaviors of γ-TiAl 
alloys are sensitive to the environments, especially in the 
oxygen-containing environment [16, 17]. It is well known 
that Nb replaces Ti4+ in TiO2 with Nb5+ valence to suppress 
TiO2 growth and promotes the oxidation of Al to form dense 
Al2O3 [18, 19]. Obviously, Nb is effective to improve the 
oxidation resistance of TiAl. However, the wear behavior of 
high Nb containing TiAl alloy in different environments has 
been rarely reported.

In this paper, the dry sliding tests of Ti–45Al–7Nb–0.3W 
(at%) (referred to as Ti45Al7Nb alloy) against a zirconia 
disk were performed in different environments. The wear 
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behaviors of high Nb containing γ-TiAl alloy in different 
environments are discussed.

2 � Methods and Materials

The γ-TiAl alloy was prepared by hot isostatic pressing 
(HIPping) method at 1523 K for 5 h, using the nominal 
composition of Ti–45Al–7Nb–0.3W (at%) pre-alloy pow-
der from the plasma rotating electrode process (PREP). As 
shown in Fig. 1 [20], a home-made device was employed 
to perform the pin-on-disk wear tests. The TiAl cylindrical 
wear pins were obtained from the HIPed ingot by a wire 
electrical discharge machine. The hemisphere tips of 9.5 mm 
diameter on the pins were fabricated by a lathe machine and 
polished to a mirror by sand papers (2000 mesh). The coun-
terface disk was made of yttria-stabilized (2.8 mol% yttria) 
tetragonal zirconia (YSZ) and was polished to a surface fin-
ish of ~ 0.03 μm. The physical properties of the YSZ disk 
and the Ti45Al7Nb pins used in the sliding tests are shown 
in Table 1. Data for the YSZ disk come from Saint-Gobain 
Advanced Ceramics Company [21], and other data were 
measured in the lab. The Poisson ratio of Ti45Al7Nb alloy 
is the theoretical value. Dry sliding tests were conducted in 
the air, oxygen, argon and 4% (vol%) hydrogen in nitrogen 
mixture (H2 + N2) separately. The humidity of air in the lab 
was around 45%, and the argon, hydrogen/nitrogen mixture 
and oxygen were below 5%. The sliding speed was 1 m/s 
and the total sliding distance of each test was 1 km. Wear 
tests were repeated three times in each environment at room 
temperature (25 °C).

The mass of the Ti45Al7Nb pins was measured by a 
precision electronic auto-balance before and after each test 

to determine the wear loss. FEI XL-30 scanning electron 
microscope (SEM) equipped energy dispersive X-ray spec-
trometer (EDS) was used to investigate the wear particles 
and the worn tips of the TiAl pins. A Thermo Fisher X-ray 
photoelectron spectroscopy (XPS) system utilizing an Al 
Kα X-ray source (1486.6 eV) was used to analyze the ele-
ments on the worn surface of Ti45Al7Nb pins and the 
detecting depth was around 10 nm. High-resolution spectra 
of the Ti2p and Nb3d core level regions were recorded 
with the pass energy of 50 eV. Binding energies were cor-
rected using the C1s peak of the residual carbon 284.8 eV 
to eliminate errors from the charging of the surface dur-
ing measurement. A 3D optical surface profiler of Zygo 
Newview 7300™ was used to scan the wear tracks on YSZ 
disk.

The backscattered electron (BSE) image and energy 
dispersive X-ray spectrometer (EDS) of the as-HIPed 
Ti45Al7Nb alloy are presented in Fig. 2. As shown in 
Fig. 2a, the microstructure of Ti45Al7Nb alloy is mainly 
composed of γ phase (black) with a smaller amount of α2 
(gray) /γ lamellae phase. The α2 phase is also distributed 
along the grain boundary of the γ phase.

Fig. 1   Schematic illustration of 
home-made wear tests device

Table 1   Physical properties of YSZ disk and Ti45Al7Nb alloy

Material/property ZrO2 Ti45Al7Nb

Hv, Hardness (GPa) 13.5 3.1
E, modulus of elasticity (GPa) 205 161
Density (kg/m3) 6070 4234
Poisson’s ratio 0.25 0.33
K, thermal conductivity (W/m K) 2.0 14.7
C, Specific heat (J/kg K) 630 –
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3 � Results

3.1 � Coefficients of Friction (COFs) and Wear losses

Figure 3a, b are typical curves of COFs versus time of 
Ti45Al7Nb and Ti–47Al–2Nb–2Cr–0.2W (alloy 4722) dur-
ing sliding tests in different environments. The data of COFs 
versus time of alloy 4722 is from Ref. [16] in the same wear 
condition for comparison. For both γ-TiAl alloys, it is found 
that COFs in the non-oxygen environments were somewhat 
variable and the COFs in the oxygen-containing environ-
ments are relatively steady. The COFs of Ti45Al7Nb in the 
argon and hydrogen decreased from a higher initial value 
to a lower steady-state value. The COFs in the oxygen-free 
environments are higher than those in the oxygen-containing 
environments with the COF in oxygen showing the lowest 
value. References [12, 22, 23] indicated the TiO2−x formed 
during sliding tests in the air and oxygen showed lubrication 
action, which contributed to the lower COFs in the oxygen-
containing environments. Obviously, more TiO2−x formed in 
the pure oxygen resulted in the lowest COF for both γ-TiAl 
alloys. The high Nb content in the TiAl seemly displaces 
little difference in the COFs.

The mean wear loss and average COFs of Ti45Al7Nb and 
alloy 4722 in different environments are shown in Fig. 4a, b. 
The standard deviations were taken from three times wear 
tests in each environment. Note the data in Fig. 4b also 
come from the Ref. [16] in the same wear condition. The 
wear losses of both γ-TiAl alloys in the oxygen-containing 
environments are much more than those in the oxygen-
free environments. The microhardness of alloy 4722 is 
2.71 GPa [16], which is a little lower than that (3.10 GPa) 
of the Ti45Al7Nb in Table 1. According to the Archard wear 
equation, Ti45Al7Nb with higher hardness is supposed to 

Fig. 2   a BSE image and b EDS spectra of the as-HIPed Ti45Al7Nb alloy
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Fig. 3   Typical curves of COF versus time of a Ti45Al7Nb alloy and 
b alloy 4722 in different environments
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have better wear-resistance. On the other side, some studies 
[6, 18] have reported that high Nb content of TiAl-based 
alloys exhibit better oxidation resistance at high tempera-
tures. The main reason is the Ti4+ in TiO2 is substituted of 
by Nb5+, which reduces the oxygen vacancy concentration 
and decreases the inward diffusion of oxygen. Meanwhile 
the addition of Nb promotes the oxidation of Al to form 
dense Al2O3. Interestingly, Ti45Al7Nb did not exhibit dis-
tinguished wear-resistance, especially in the oxygen and air.

3.2 � Debris

Figure 5a is X-ray diffraction (XRD) patterns from the 
debris collected from the wear tests performed in different 
environments. The wear debris produced in the argon is too 
little to be analyzed. The positions of possible cubic zir-
conia diffraction peaks have been indexed. It can be found 
the wear debris mainly consisted of cubic zirconia and a bit 
of TiAl, except in the pure oxygen. The debris in the oxy-
gen was amorphous or nanocrystalline TiAl as indicated by 
the wide X-ray peak around 39o, which may arise from the 
highly localized stresses and the high contact temperature 
from friction heating (see Sect. 3.6). The peaks from cubic 

zirconia debris confirm that the YSZ disk underwent a phase 
transformation from tetragonal phase to cubic phase during 
sliding tests.

The morphologies of wear debris and corresponding EDS 
spectra from the squares are shown in Fig. 5b–e, respec-
tively. The wear debris produced in different environments 
is mainly irregular with some thin and flat pieces that may 
come from adhesive wear. More thin and flat particles were 
observed in the oxygen and air than in the argon and hydro-
gen. The EDS spectrum in Fig. 5c demonstrates the wear 
debris of Ti45Al7Nb alloy tested in the oxygen consisted of 
Ti and Al, with a little Zr and O elements. While, the EDS 
spectrum Fig. 5d indicates the wear debris in the argon con-
sisted of Zr and O, with a little Ti and Al elements. Based 
on the XRD results in Fig. 5a, it can be found that the wear 
debris produced in argon, hydrogen and air were mainly 
zirconia, while the wear debris in the oxygen is mainly 
TiAl alloy debris. This indicates that the wear behavior 
of Ti45Al7Nb alloy was affected by the oxygen seriously, 
which is consistent with the wear losses shown in Fig. 4a.

3.3 � Worn Surface

The morphologies with ESD results of worn surfaces on 
TiAl pins after sliding in different environments are exhib-
ited in Fig. 6a–f. The area of the worn surface after sliding 
in the oxygen is the largest, see Fig. 6b. The long parallel 
plowing grooves and the wear pits marked in Fig. 6b are 
the characteristics of abrasive wear. BSE images shown in 
Fig. 6d, f indicate that there are amounts of foreign materi-
als (bright areas) attached on the worn surfaces. The EDS 
spectrum in Fig. 6e demonstrates the large amount of white 
foreign materials should be the zirconia from the counter-
face. However, there was nearly no zirconia on the worn 
surface from tests in the pure oxygen, as shown in Fig. 6b, 
c. The micro-cracks on the worn surface in Fig. 6d may flake 
off by mechanical force during sliding and produce the wear 
debris. Some of the wear particles are adhered to the worn 
surface, which is also consistent with two-body and three-
body abrasive wear processes.

Obviously, the oxygen plays a great role in the wear 
behavior of Ti45Al7Nb. XPS system was also employed to 
analyze the status of elements on the original surfaces of 
TiAl pin and the worn surfaces after sliding in the air and 
oxygen. The spectra of the Ti2p and Nb3d were compared, 
see Fig. 7a, b. The Ti2p3/2-2p1/2 peaks corresponding to 
TiO2, and the Nb3d3/2-3d5/2 peaks corresponding to Nb2O5 
are present on the original surface at room temperature. It 
means that the original surface had been oxidized before 
the wear tests. The Ti2p peaks corresponding to TiO2 were 
also present on TiAl alloy after the wear tests in the air. 
The peak of Timet2p (453.2 eV) occurred with Ti2p3/2-
2p1/2 together only after testing in oxygen, see Fig. 7a. The 
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argon and f hydrogen. The direction of dry sliding is indicated by the arrow
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Timet2p spectra likely come from the TiAl matrix. Similarly, 
the Nbmet spectra from the TiAl matrix were also present 
after testing in oxygen, see Fig. 7b. Since the detecting depth 
of the XPS system was around 10 nm and the thick zirconia 
would block the detecting from XPS, Timet2p and Nbmet 
spectra of the worn tip produced in the oxygen confirm little 
zirconia was attached on the Ti45Al7Nb pins. The result is 
consistent with the worn surface after sliding in the oxygen, 
as shown in Fig. 6b, c. The wide spectra of Nb3d may be 
several convoluted peaks. Based on peak fitting, it can be 
found that both Nb2O5 and NbO are present.

3.4 � Zirconia Counterface

Since the counterface disk is too big to be observed in the 
scanning electron microscope, a 3D surface profiler were 
used to analyze the wear tracks on the YSZ disk, are shown 
in Fig. 8. Profile curves across wear tracks on YSZ disk 
are shown in Fig. 8a. It is evident that TiAl pins left obvi-
ous wear track on the YSZ disk after sliding in different 
environments, except in the pure oxygen. 3D image of wear 
track on YSZ disk produced in the oxygen displays more 
details in Fig. 8b, which demonstrates YSZ disk was hardly 
worn after sliding tests in the oxygen and some transferred 
materials which may come from TiAl pins were attached 
to the surface. It is a typical feature of adhesive wear. The 
3D image in Fig. 8c shows the deepest wear track pro-
duced in the hydrogen. In the Table 1, the YSZ shows much 
higher hardness than Ti45Al7Nb alloy. It is supposed that 
Ti45Al7Nb alloy is hard to bring in excessive wear on the 
YSZ disk. However, the zirconia attached on the worn tips 
of TiAl pins, see Fig. 6a, d, f, acted as hard material to make 

the YSZ disk be worn seriously. Without the help of zirco-
nia embedded in the worn surface, as shown in Fig. 6b, the 
Ti45Al7Nb pins didn’t bring in excessive wear on the YSZ 
disk in the pure oxygen. Ma et al. [24] reported that a certain 
amount of hydrogen improves the compressive properties of 
Ti–44Al–6Nb (at%) alloy because of the hydrogen-induced 
solution strengthening and hydrogen-promoted dislocation 
motion. It may explain why TiAl pins produced the deepest 
wear track on the counterface in the hydrogen in Fig. 8a, c.

3.5 � Cross‑Section of the Worn Surface and Friction 
Layer

The friction layer plays an important role in the wear behavior. 
The cross-sectional morphologies with elemental distributions 
of TiAl worn surface after sliding tests in the argon and oxy-
gen are shown in Fig. 9. The bright material adhered on the 
worn tip of Ti45Al7Nb pin after testing in argon was found 
in Fig. 9a. Figure 9c indicates that the bright material mainly 
consists of zirconium, which is consistent with Fig. 6d, e. The 
micro-cracks marked by the arrow in the friction layer may 
result in the zirconia on the worn surface was peeled off easily 
during sliding tests and bring in abrasive wear. As shown in 
Fig. 9e, no zirconia was attached on the worn surface of TiAl 
pin after test in oxygen, which is consistent with the results of 
Fig. 6b, c. And the plastic deformation along the sliding direc-
tion is evident in Fig. 9e. The distributions of titanium shown 
in Fig. 9b, f are homogeneous in the friction layer and TiAl 
matrix after wear tests in the argon and oxygen. As shown in 
Fig. 9g, the oxygen enrichment zone exists on the worn sur-
face and little oxygen is observed in the TiAl matrix. There is 
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no difference about the distribution of Nb after sliding in the 
argon and oxygen, see Fig. 9d, h.

3.6 � Estimate of Contact Temperature

It is well known that the contact temperature between the pin 
on disk has a close relationship with the oxidation [25, 26]. 
The methodology of Kennedy et al. [27] was employed to 
calculate the contact temperature rises. Here some important 
parameters and equations for the calculations are listed below. 
The total energy consumption rate during sliding tests is deter-
mined by the frictional force and the relative sliding speed. 
The rate of heat generated per unit area, qtotal, is given by

(1)qtotal =
� × w

�a2
× V = qp + qd

where μ is the COF, a is the radius of contact circle between 
pin and disk, w is the load force, V is the sliding velocity, 
qp is the generated heat enters into the contacting surface 
of the pin, qd is the generated heat enters into the surface 
of the disk.

Kennedy et al. [27] defined the heat partitioning function, 
α, can be calculated from:

where r0 is the radius of the disk, Kd and Kp are the thermal 
conductivities of the YSZ disk and Ti45Al7Nb separately, 
Pe is the Peclet number (Pe = va/2Kd), lp is the length of the 
pin and d is the diameter of the pin.

Then,

The maximum contact temperature, Tmax, can be calcu-
lated from:

where Tamb is the temperature of the ambient environment 
(25 °C). Note the radius (a) of the contact area between the 
TiAl pin and disk will become larger due to the abrasion in 
the sliding test, the Tmax will decrease with the time of wear 
tests. Therefore, the Eq. (4) provides the maximum calcula-
tion of contact temperatures at the beginning of pin-on- disk 
sliding tests. The maximum contact temperatures of the tips 
on TiAl pins are shown in Table 2.

4 � Discussion

Given the above, high Nb-containing Ti45Al7Nb alloy does 
not show better wear resistance in the oxygen-containing 
environment. As shown in Table 2, the highest contact 
temperatures of wear tests in different environments are all 
above 1100 °C. These contact temperatures are high enough 
to bring in the significant oxidation of Ti45Al7Nb in the air 
and oxygen. Based on the results in Sect. 3.3, it is found that 
the mechanical force during the rubbing process can easily 
break the oxide layer on the worn surfaces of Ti45Al7Nb 
pins. As shown in Fig. 6b, no dense oxide layer acts as a pro-
tective layer to prevent the TiAl from the further oxidation. 
The oxidation and spalling of oxides occurred alternately 
and repeatedly on the worn surface. This may be the main 
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reason that Ti45Al7Nb alloy still had serious wear loss in 
the air and oxygen.

Chevalier et al. [28] indicated that YSZ with 2.8 mol% 
yttria will have a phase transformation from the cubic phase 
to the tetragonal phase at ~ 950 °C, which produces a volume 
change of the grain and micro-cracking on the worn surface 

Fig. 9   Cross-sectional mor-
phologies of worn surface after 
sliding a in the argon with b–d 
Ti, Zr, Nb elemental distribu-
tion maps and e in the oxygen 
with f–h Ti, O, Nb elemental 
distribution maps

Zr L

Ti K

Micro-cracks
Fric�on layer

Worn surface

Plas�c Deforma�on

Nb L
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Table 2   Maximum contact temperatures (°C) of Ti45Al7Nb pins 
sliding on YSZ disk in different environments

Environments/alloys Argon Hydrogen/nitrogen Oxygen Air

Ti45Al7Nb 1992 2201 1183 1527
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of the YSZ disk. The high contact temperature and local-
ized stress would induce the phase transformation even in 
the tetragonal YSZ. The cubic zirconia indexed in the XRD 
patterns of the wear debris in Fig. 5a has confirmed that the 
YSZ disk underwent a phase transformation. With the help 
of repetitive shear stress, the YSZ disk would be abraded 
more and the zirconia particles removed from the YSZ disk 
could work as third-body abrasive particles to bring in more 
wear losses of YSZ disk and Ti45Al7Nb pins. Meanwhile 
the hard zirconia particles were embedded into the worn sur-
face of Ti45Al7Nb pins to work as a protective layer which 
prevents the Ti45Al7Nb pins from being worn too much 
[16, 26, 29]. While, the lower contact temperatures during 
the wear tests in the oxygen, see Table 2, might be not high 
enough to induce the phase transformation on the YSZ disk. 
As shown in Fig. 6b, no zirconia debris was attached on the 
worn surface of Ti45Al7Nb alloy in the oxygen. And the 
amount of zirconia adhered on the worn surface in the air, 
see Fig. 6a, is also much less than those in Fig. 6d, f. No 
enough protection from the friction layer mixed with hard 
zirconia particles might be another reason why Ti45Al7Nb 
had such higher wear losses in the air and oxygen.

5 � Conclusions

Dry sliding wear tests of Ti45Al7Nb alloy was performed 
on YSZ disk at 1 m/s for a 1 km sliding distance in different 
atmospheres. Based on the results above, the conclusions 
can be drawn as below:

The wear behaviors of high Nb containing Ti45Al7Nb 
alloy was sensitive to the oxygen but not to hydrogen. The 
high Nb content did not bring Ti45Al7Nb alloy better wear 
resistance in the oxygen-containing environments.

The friction layer mixed with hard zirconia particles on 
the Ti45Al7Nb pins provided protection against wear to 
some extent.

The main wear mechanisms of Ti45Al7Nb alloy are two-
body and three-body abrasive wear, plastic deformation and 
delamination.
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