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Ta-10W alloy has great potential in the aerospace and nuclear industries due to its
good formability, highmelting point and excellent high-temperature strength. The
purpose of this study was to experimentally research the tribological behaviors of
Ta-10W at elevated temperatures and the effects of temperatures on the friction
coefficient and the wear rate of Ta-10W in sliding wear. It was found that the main
wear mechanism of the material at 100°C was abrasive wear, as well as adhesive
wear and slight oxidative wear occurred at 200°C and 300°C. The friction
coefficients increased as the temperature rose, which was attributed to the
increase in metal viscosity at elevated temperatures. The wear rate gradually
decreased with the temperature rising, such that there was a conversion from
severe wear to light wear. At 200°C and 300°C, a large amount of stable oxide film
covered the scar surface, resulting in decreased wear rate.
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1 Introduction

Ta-10W has great potential in the aerospace and nuclear industries due to its good
formability, high melting point, excellent high-temperature strength and corrosion
resistance (Byun and Maloy, 2008; Liu et al., 2018; Li et al., 2020; Lv et al., 2020). It has
attracted considerable attention for high-temperature structural components in aerospace
and the jacket for nuclear waste (Zhou et al., 2015; Novakowski et al., 2018;Wang et al., 2020;
Zhang et al., 2020). Most of the workpiece surface failures are mainly caused by wear
behaviors. Especially in some elevated-temperature areas, wear occurs frequently and
inevitably. Therefore, it is necessary to research the wear mechanisms at elevated
temperatures of Ta-10W alloy.

The tribological properties of Ta have been intensively investigated over the past decades.
Kommel Lembit investigated the forming of gradientmicrostructures of pure tantalum under the
wear trajectory of a dry sliding wear test (Kommel et al., 2021). The results showed that the
coefficient of friction and wear was not dependent on the initial microstructure and hardness of
the material, but the depth of the grading layer under the wear trajectory was dependent on the
previous treatment history of the material. Many researchers had focused on the gradient
nanocrystal structure consisting of recrystallized nanometer-sized grains formed under the
surface layer of the sample when Ta was subjected to dry sliding friction (Zhang et al., 2014a;
Zhang et al., 2014b). Notably, Ta has different phases, including metastable-tetragonal β-Ta and
stable body-centered-cubic α-Ta phase. The β-Ta primarily has a high level of hardness, but it has
a high level of brittleness and poor load-bearing ability. It is susceptible to fracture andwear under
high load, which causes a high wear rate (Myers et al., 2013). Other studies showed the sample
with tantalum gradient transitional layer showed excellent tribological properties, which were in
close relation to the high critical load, low surface roughness and the phase transition from
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metastable β-Ta to stable cubic α-Ta under the action of frictional heat
in oxygen-less conditions (Bing et al., 2022). Furthermore, tungsten has
a uniform hardness, high melting point and superior oxidation
resistance. The tungsten oxide formed in friction can protect the
surface from damage (Li et al., 2017). Spark plasma sintering has
been used in a few studies to consolidate Ta-W alloys. In a study by
Shahram Seyyedin (Seyyedin et al., 2020), the effect of mechanical
alloying time on the microstructure, hardness, and tensile properties of
Ta-10 (wt%)W alloy sintered at 2000°C for 5 min using spark plasma
sintering was investigated. Furthermore, the corrosion resistance of
commercial purity titanium (CP-Ti) and Ti-6Al-4V (TC4) alloys coated
with Ta-10W via multi-arc ion plating was investigated by Pei Sun, and
electrochemical corrosion testing revealed that the Ta-10W coating
improved the substrate’s corrosion resistance (Sun et al., 2019).
However, there isn’t yet any research on the influence of
temperature on the tribological properties of Ta-10W alloy.

In this study, the effect of temperature on the frictional properties of
tantalum-tungsten alloys was examined. Like other superalloys, Ta-
10W alloy would have a “pest” oxidation phenomenon at about 500°C
(Dong et al., 2018), so the tribological tests at 100°C, 200°C and 300°C
were carried out. Then, the elevated-temperature tribological samples
were characterized by X-Ray diffractometer (XRD), Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The
tribological behaviors and mechanisms of Ta-10W at elevated
temperatures were studied.

2 Experimental

2.1 Materials

The Ta-10W plate provided by Ningxia Orient Tantalum
Industry CO.LTD., which was made by electron beam melting,
was used in this study. Samples with nominal dimensions of
20 mm × 10 mm × 1 mm were cut from the Ta-10W plate by

electro-discharge machining for tribological tests. The element
compositions of the Ta-10W plate materials were given in Table 1.

2.2 Wear tests

The elevated-temperature tribology tests were made with HT-
1000 high-temperature tribology tester manufactured by Lanzhou
Zhongke Kaihua Technology Development Co. LTD. The testing
schematic diagram was given in Figure 1. The GCr15 bearing steel
ball with a diameter of 5 mm was used as the friction pair and the
radius of friction was 3 mm. The steel ball came with the instrument.
The Vickers hardness was 800 HV and the accuracy was G10. The
tests lasted for 30 min under the conditions of a constant load of 4 N
and frequency of 10 Hz at elevated temperatures. The experiment
temperature was raised to the required temperature by using the
heating procedure (heating 10°C per minute), and the temperature
was held for 30 min. After the test, we measured the mass difference
of the sample before and after the tribology test with an analytical
balance and calculated the wear rate (Shu et al., 2022) to investigate
the wear resistance of the testedmaterial. The wear rate was obtained
from the following formula (Hu, 2010; Xu et al., 2018):

V � Δm
ρPS

(1)

Where V is the wear rate of the sample in mm3/Nm; Δm is the
wear amount of the sample in mg; ρ is the sample density in g/cm3; P
is the load applied in the friction test in N; S is the sliding
distance in m.

TABLE 1 The element compositions of the Ta-10W plate materials (wt%).

W Mo Nb Hf C O Ta

8.7 - - - - - 91.3

FIGURE 1
The sketch map of the high-temperature ball-on-disc friction
and wear test setup.

FIGURE 2
The macroscopic morphologies of specimens before and after
wear at different temperatures of 4 N: before the wear: (A) 100°C, (B)
200°C, (C) 300°C; after the wear: (D) 100°C, (E) 200°C, (F) 300°C.
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2.3 Characterization methods

The morphology and microstructure of the wear marks on the
surface of every sample were examined by SEM (Phenom LE,
Phenom-Scientific, Shanghai, China, the accelerating voltage is
10 kV) and the elemental composition of the wear surface and
friction film was studied by EDS analysis as part of the experimental
work to characterize the wear mechanism of Ta-10W at elevated
temperatures. Additionally, the worn surface was analyzed using
XRD (Empyrean, PANalytical B.V., Netherlands).

3 Results

3.1 Wear surface analysis

Figure 2 gave the macroscopic morphologies of specimens
before and after wear at different temperatures. It could be seen
from the macroscopic morphology that the wear mark of 100°C was
obviously larger than those of 200°C and 300°C. Figure 3 showed the
XRD patterns of the abrasion marks for each temperature and those
specially enlarged with the (110) pecks of every pattern. Diffraction
peaks of (110), (200), (211), and (200) crystal planes were observed
at the 38.5°, 55.5°,69.6°, and 82.4°, but no peaks of W appeared. In all
curves, the tungsten peak had vanished, suggesting the dissolution of
a large amount of available tungsten in the tantalum lattice (taking
into account the quantitative comparison of the X-ray analysis and
its errors) (Seyyedin et al., 2020), in the shape of the solid solution
because of electron-beam smelting.

According to the Bragg equation:

2d sin θ � nλ (2)
Where d is the distance between the crystal planes, θ is the

incident ray, the angle between the reflection ray and the reflection
crystal plane, λ is the wavelength, and n is the reflection series. The
XRD diffraction peaks of (110) of materials for 100°C and 300°C
experiments shifted to the right (the magnified peak referred to by

the dotted line), indicating that the crystal plane spacing decreased,
which was caused by lattice distortion in forging and rolling process
when manufacturing the material.

The typical characteristics of the wear mark patterns on the Ta-
10W surface after sliding tests at 100°C, 200°C, and 300°C were
shown in Figures 4A, 5A, 6A, respectively. There were a lot of deep
furrows in the wear marks at 100°C, and residual chips of different
sizes (Figures 4B,C), which was a typical wear characteristic of
abrasive wear. Abrasive wear is a very common and, at the same
time, very serious type of wear. It arises when two interacting
surfaces are in direct physical contact, and one of them is
significantly harder than the other. Under the action of a
normal load, the asperities on the harder surface penetrate the
softer surface thus producing plastic deformations. When a
tangential motion is introduced, the material is removed from
the softer surface by the combined action of micro-ploughing and
micro-cutting. And adhesive wear is invariably associated with the
formation of adhesive junctions at the interface. When adhesive
wear occurs, the material surface will always appear adhesive pull
phenomenon (Stolarski, 1990). At 200°C, the wear of Ta-10W
continued to reduce and there were no longer deep grooves to be
found on the worn surface. The wear particles adhered to the wear
surface and there was a successive tribolayer forming. An obvious
accumulation of abrasive particles was found on both sides of the
wear marks. Adhesion and drag phenomenon also appeared in the
wear marks (Figure 5A). In addition, there were a few micro-cracks
and spalling pits on the surface of the wear marks (Figures 5B,C).
The main wear mechanism under this condition was adhesive
wear. At 300°C, the wear surface was similar to that at 200°C, but
the crack defects were more obvious and there were a few furrows
(Figures 6B,C). EDS analyses of wear marks at all sliding test
temperatures were performed. There was a C element on the
surface of wear marks at 100°C and 200°C (Figures 7A,B),
which was caused by the damage and peeling of steel balls
during the wear process. Because of the detection of the O
element, an oxide film including Ta and W (seen in Figures 7B,
C) was formed at 200°C and 300°C.

FIGURE 3
XRD patterns of the abrasion marks for different temperatures of 4 N.
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3.2 Friction and wear

The friction coefficients and the wear rates were obtained from
wear tests. Figure 8 showed the results of the friction coefficient for
Ta-10W which were obtained at 100°C, 200°C, and 300°C. At the
beginning of wear, it showed a rapidly rising trend, which was the
run-in stage. The friction coefficient increased rapidly because the
real area in contact between the grinding ball and themicro-bulge on
the sample surface was small, the stress was large and the wear was

intense (Xu et al., 2022). Then it entered the stable wear stage, and
the average friction coefficients under the three conditions
fluctuated close to the average level, with an average of 0.57,
0.58 and 0.66, which were obtained at 100°C, 200°C, and 300°C,
respectively (Figure 8D). Cracks and spalling pits appeared on the
wear scar surface at 200°C and 300°C (Figures 5B, 6C), which would
aggravate the wear of the material surface, thus reducing the friction
and wear performance of the material (Zhang et al., 2021). In
addition, as the temperature rose, the viscosity of metal

FIGURE 4
SEM micrographs of different multiples of the wear scar at 100°C of 4 N: (A) 180×, (B) 5000×, (C) 10000×.

FIGURE 5
SEM micrographs of different multiples of the wear scar at 200°C of 4 N: (A) 180×, (B) 5000×, (C) 10000×.

FIGURE 6
SEM micrographs of different multiples of the wear scar at 300°C of 4 N: (A) 180×, (B) 5000×, (C) 10000×.
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increased, increasing the friction coefficient (Gautam et al., 2016).
Therefore, as the temperature increased, the friction coefficient
increased.

Figure 9 showed the typical 2-D surface contour measurement
images of wear marks following the sliding wear tests between 100°C
and 300°C. The areas surrounded by dashed lines and curves were

the wear tracks. As shown in it, the wear track at 100°C had a
maximum width of 942 µm. The widths of the wear tracks at 200°C
and 300°C were 760 µm and 560 μm, respectively. Furthermore, as

FIGURE 7
EDS micrographs of the wear scar at different temperatures of
4 N: (A) 100°C, (B) 200°C and (C) 300°C.

FIGURE 8
Friction coefficients of the Ta-10W with different temperatures
of 4 N: (A) 100°C, (B) 200°C, (C) 300°C, and (D) average value.
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you could see from the figures that the volume of the wear track of
100°C was larger than 200°C and 300°C, which meant that the wear
amount of 100°C was much more than 200°C and 300°C.

Figure 10 showed the wear rates of the Ta-10W with different
temperatures. The average wear rates of Ta-10W for temperature
condition of 100°C, 200°C, and 300°C at 4 N were 1.19 ×
10−10 mm3N−1m−1, 0.36 × 10−10 mm3N−1m−1, and 0.38 ×
10−10 mm3N−1m−1, respectively. When the load was constant, the
wear rate of Ta-10W tended to reduce with the increase in
temperature. The weight loss revealed significant inflection points
at 200°C (Table.2), and an abrupt decrease in the loss rate, indicating

a change in the wear mechanism. As shown in 3.1, the main wear
mechanism of the material changed from abrasive wear to adhesive
wear, and there was slight oxidative wear at 200°C. Materials
removed in elevated temperature tests were lower than the test of
100°C due to the formation of oxides at elevated temperatures. Partly
oxidized alloy particles reduced the metal-metal contact and thus
reduced the wear rate.

4 Discussions

It is well known that in the process of sliding contact when one
surface moved over another surface, the movement of the surface
would generate an interchangeable subsurface shear stress
(Okonkwo et al., 2012). With the increase of wear time, the
plastic strain of the subsurface layer gradually increased until
cracks developed and extended to pits or spalling, as seen at
200°C and 300°C in this research. When the surface was lubed
under these conditions, surface deformation was taken place, then
the surface was elongated. Therefore, the surface showed a fish scale-
like structure.

As Gautam G previously pointed out, the temperature rise may
lead to the increase of material viscosity at high temperatures. It was
reported that due to the temperature rose, the surface softening and
excessive oxidation resulted in the continuous increase of friction
coefficient (Gautam et al., 2016). Bai Yaping and Guo Yongchun also
pointed out this phenomenon. They studied the influence of Al2O3

nanoparticles on the tribological behavior of 7,075 Al alloy and
found that 7,075 Al alloy was easy to soften at high temperatures,
which would lead to serious adhesion between 7,075 Al alloy and the
corresponding vermicular cast iron. Thus, the friction coefficient
raised with the increase in temperature (Bai et al., 2017).

The structure of tantalum oxide is complex and there are many
phase structures, such as α phase, β phase, γ phase, and δ phase.
Tantalum oxide films prepared by physical vapor deposition usually
have an amorphous structure. When annealed in an air (or oxygen)
atmosphere higher than the crystallization temperature (about
873–973 K), the crystal with an orthogonal crystal structure is
mainly formed β-Ta2O5 (Dimitrova et al., 2001). In addition,
Ta2O5 also has a body-centered cubic structure α-Ta2O5 and
hexagonal crystal structure γ-Ta2O5. Tantalum oxide formed
during friction did not show any features in the XRD pattern,
which indicated that the atomic structure remained amorphous.

During the wear process, the scar surface was covered with a
large number of stable oxide films, resulting in a reduction in the
wear rate (Ahmadi et al., 2018). Figure 11 showed a schematic
description of the friction film. In this work, the influence of oxide
type and particle diameter on the transition behavior of light wear
was studied (Kato and Komai, 2007). Wear had been reduced from
severe wear to light wear. The transition to light wear was caused by
the formation of wear protective film on the friction surface. It was
observed that these friction films were generated by friction sintering
of the provided oxide particles (Kato, 2008).

Particles are joined together during the sintering process by
atomic transport events at temperatures below the melting point
(German, 1984). Sintering is fueled by a decrease in the system’s free
energy, which is manifested as the elimination of surface area.
Usually, sintering is controlled by atomic diffusion rates, which

FIGURE 9
2-D surface contour measurement images of wear marks at
different temperatures of 4 N.

FIGURE 10
Wear rates of the Ta-10W with different temperatures of 4 N.
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are controlled by surfaces, grain boundaries, and lattices. Generally,
the following formula may be used to express the sintering rate for
particles, S:

S � a
Dm

dn
(3)

where D is the diffusion constant of part within the sintering
material, d is the particle diameter, and a, m, and n are
constants. Brown and Ashby (Brown and Ashby, 1980) had
given the gas diffusion constant within the chemical compound,
D as,

D � D0 exp
QTm

RT
(4)

Where D0 is the diffusion frequency coefficient of about 5.3 ×
10−4 m2/s for oxides, Q is the activation energy of about 194.6 kJ/

mol, R is the universal gas constant of about 8.3 J/mol K, Tm is the
melting point of the oxide, and T is that the absolute temperature.
This equation means that oxides at a low melting point or high
temperature have relatively high diffusivity. Table 3 showed the
melting points of some oxides. A study by Kato H showed that the
provision of Fe2O3 and CuO nanoparticles caused a mild wear
change under the conditions used, while the provision of Al2O3,
ZnO or TiO2 particles did not (Kato and Komai, 2007). Zhou et al.
also reported that the addition of iron oxide particles during the
friction process led to the formation of a friction layer (Zhou et al.,
2018). Adachi Koshi proved the possibility of friction sintering of
wear particles in the process of friction between alumina and itself
under high operating pressure and high temperature through
experiments (Adachi and Kato, 2000). The study of Zhou showed
that for ultra-fine powder compacts, the sintering began as soon as
the temperature increased from room temperature (Zhou et al.,
1989). Several recent studies had indicated that the metal matrix
properties could be augmented with particles such as Al2O3, Al3Fe,
or solid lubricants (graphite) (Yang et al., 2010; Agarwal et al., 2014;
Li et al., 2015). When the tribological tests were carried out at 200°C
and 300°C, tantalum oxide had a high diffusivity, thus forming a
friction film, which changed the wear from heavy to light, so the
wear rate decreased.

In addition, there were α-Ta nanoparticles assembled into
nanoribbons on the reverse side, further reducing friction and
wear (Bing et al., 2022). When the strength of the bonding
point was lower than that of the two materials of the friction
pair, shear occurred at the interface. At this point, the wear was
very small, and the material transfer was not significant,
although the friction coefficient increased. This slight

TABLE 2 The average wear amounts and wear rates at different temperatures of 4 N.

Temperature/°C Average wear amount/g Average wear rate/10−10mm3N−1 m−1

100 0.00253 1.19

200 0.00077 0.36

300 0.00080 0.38

FIGURE 11
Schematic descriptions of tribofilms.

TABLE 3 Some oxides and their melting points.

Oxide type Melting point/°C

CuO 1,446

Fe2O3 1,565

WO2 1,473

Ta2O5 1800

TiO2 1840

ZnO 1975

Al2O3 2054
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adhesive wear usually occurred when there was an oxide film,
vulcanization film or another coating on the metal surface
(Sun, 2007). So at 200°C and 300°C, the friction coefficients
increased, but the wear rates were small.

5 Conclusion

The purpose of this study was to experimentally research the
influence of temperature on the frictional wear of Ta-10W. Elevated-
temperature tribological tests for Ta-10W with a normal load of 4 N
and a time of 30 min were conducted. Using SEM and EDS,
topography and morphology of the scars were performed.

The primary wear mechanism of the material at 100 °C was
abrasive wear, and adhesive wear and slight oxidative wear occurred
at 200°C and 300°C. The friction coefficients were graphed for
different temperatures. The average friction coefficients under the
three temperatures fluctuated close to the average level, with an
average of 0.57, 0.58, and 0.66, respectively. It was observed that the
friction coefficients increased with the temperature which was due to
the increase of metal viscosity at elevated temperatures.

We measured the mass difference of the sample before and after
the friction and wear test with an analytical balance and calculated
the wear rates. The results indicated that the wear rate at 100°C was
1.19 × 10−10 mm3N−1m−1, and the wear rates at 200°C and 300°C were
greatly reduced, which were 0.36 × 10−10 mm3N−1m−1 and 0.38 ×
10−10 mm3N−1m−1, respectively. It was observed that the wear rate
decreased as the temperature increased, resulting in a transition from
severe wear to light wear. At 200°C and 300°C, a large amount of stable
oxide films covered the scar surface, resulting in a lower wear rate.
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