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Clarification of howoxidation and counterfacematerials influence the high temperature tribological properties of
TiAl alloy is the main object of this research. As evident from the comparison tests in air and argon, surface
oxidation is detrimental to the tribological properties of the alloy at low temperature, but favorable above 600 °C.
Counterface (Si3N4, SiC and Al2O3) is an important factor that largely affects the tribological properties of TiAl
alloys, and this effect is strongly dependent on the system environment. In general, TiAl alloy shows superior
tribological properties when Al2O3 is mating surface, excluding at 800 °C in argon.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Because of the excellent properties of high strength-to-density
ratio, oxidation resistance and high temperature strength, TiAl-based
alloy has been considered as a new generation of lightweight high-
temperature structural materials for aerospace and automotive applica-
tions including turbine blades, divergent flap, turbocharger wheels, noz-
zles and exhaust valves [1–4]. However, considerable works, involving
the improvement of room temperature ductility and better understand-
ing of tribological behaviors, should be carried out to realize the engineer-
ing application of the TiAl alloys. Despite the fact that the research on the
tribological properties of the TiAl alloy has received substantial interest
[5–12], a systematic study about the effect of the oxidation on the tribo-
logical properties of the TiAl alloy is lacking, especially at the elevated
temperature. It has been reported that the formation of oxides during
wear process in an oxidizing environment is likely to reduce wear of
materials by preventing severe direct contact between the tribo-pairs or
forming a protective oxide glaze [13–17]. But there has been controversy
because some references have noted that the surface oxidation is not
always functional in reducing wear, depending on the types, chemistry
and structure of oxides [13]. With specific focus on TiAl alloys, room
temperature pin-on-disk tribotests on a Ti–47Al–2Cr–2Nb–0.2 W alloy
have shown that this type of alloy is sensitive to the presence of oxygen,
i.e. it has much lower wear rates in the oxygen-free environments [18].
Similar results were found by Cheng et al. [10]: the wear rate of the
licp.cas.cn (J. Yang).
Ti–46Al–2Cr–2Nb alloy in high vacuum is almost an order of magnitude
lower than that in air. In our previous paper, the high-temperature tribo-
logical behaviors of the TiAl alloy in air were investigated and revealed
that there is a wear mechanism transition due to the occurrence of
brittle-to-ductile transition of TiAl alloy [19]. Whereas how oxidation in-
fluences the tribological behaviors at a wide temperature range is not
well evaluated and understood. Clarification of this issue would be vital
to the high temperature applications of TiAl alloys and helpful to design
the self-lubricity and wear-resistance in TiAl-based composites.

Second, thewear and friction behavior is not an inherent property of
material, but is a system-response that not only depends on the compo-
sition, property of the materials but also depends on the testing parame-
ters including counterface selection [20,21]. It is noted that under dry-
sliding condition, wear loss of TiAl in the contact pair of TiAl/Al2O3 is
the highest, and that in the pair of TiAl/steel is the lowest [20]. Xu et al.
[21] also observed that the room-temperature tribological properties of
TiAl alloy are strongly dependent on the counterface materials. But
whether or not such dependency will change once taking into account
the oxygen-free environment and high temperature that simulates the
potential service conditions of titanium aluminides, is not studied.

In this paper, tribological properties of a TiAl alloy against Si3N4,
Al2O3 and SiC balls in air and argon from room temperature to 800 °C
were compared, aiming at the above two questions.

2. Experimental procedures

A Ti–46Al–2Cr–2Nb (atomic ratio) alloy was selected as the experi-
mental material. The starting materials were Ti (99% purity, b48 μm),

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2015.06.115&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2015.06.115
mailto:zhqiao@licp.cas.cn
mailto:jyang@licp.cas.cn
http://dx.doi.org/10.1016/j.matdes.2015.06.115
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jmad


α
γ

2

Fig. 1. The XRD pattern (a) and SEM image (b) of the Ti–46Al–2Cr–2Nb alloy [19].
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Al (99% purity, b150 μm), Cr (99% purity, b75 μm), and Nb (99% purity,
b150 μm). Before sintering, themixed powders of Ti, Al, Cr and Nbwith
an atomic ratio of 50:46:2:2 were dry milled uniformly under argon
atmosphere for 8 h. Then, the mixed powder was enclosed into
BN-coated graphite mold and sintered at the temperature of 1350 °C
and the pressure of 30 MPa holding 30 min, protected by high purity
argon atmosphere. The sintered productswere about 50mm in diameter
and 20 mm in thick. As follows, the sintered samples were machined to
desired sizes for different tests. Prior to the tests, the machined samples
were groundwith a 1000-grit emery paper, and thenmetallographically
polished.

The phase composition and microstructure of the alloy were identi-
fied by X-ray diffraction (XRD) and scanning electron microscope
(SEM). The densitywasmeasured by Archimedes' principle. A universal
material testing machine was employed to measure the three-point
bending and compression strength of the material. The results [19], as
shown in Fig. 1 and Table. 1, indicate that the alloy mainly consists of
γ-TiAl phase and a small amount of α2-Ti3Al phase, and themicrostruc-
ture is a duplex structure. The density and strength of the Ti–46Al–2Cr–
2Nb alloy is comparable to a cast Ti–41.7Al–8.3Nb–0.09Y alloy.

The friction andwear tests were performed on a home-built ball-on-
disk test rig. Fig. 2 shows the schematic picture of this tribometer. The
alloy disk with a dimension of 19 × 19 × 4 mm3 was rotated against a
stationary ball of 6 mm diameter.

The counterface sliders were commercial balls of Si3N4, Al2O3 and SiC
(Jienaier Cemented Carbides co., LTD) and Table 2 lists their properties
obtained from manufacturers' data. The error ranges of these properties
are controlledwithin±10%. The experimental parameterswere: applied
load = 10 N, testing time = 30 min, sliding speed = 0.188 m s−1 and
wear track diameter = 10 mm. The selected temperatures were 20,
200, 400, 600 and 800 °C. The tests were carried out in air and argon
with a continuous flow of 5 L/min. It is noted that the oxygen content
in the Ar is 2 PPM, thus it is speculated that the oxygen partial pressure
is in the order of 10−6 atm during wear test. The friction force was ob-
tained by the detector of tribometer. Then, the friction coefficient was
evaluated automatically by the software of the instrument in term of
the equation: μ = F/Q (F is the friction force and Q is the normal
load). In general, a tribo-pairs exhibits an initial running period in
which the friction coefficient is unstable and the time is no more than
several minutes. At the end of this period, the friction coefficient
Table 1
Characteristics of the Ti–46Al–2Cr–2Nb and Ti–41.7Al–8.3Nb–0.09Y alloys studied [19].

Materials Hardness
(GPa)

Bending s
(MPa)

Ti–46Al–2Cr–2Nb 3.65 563
Ti–41.7Al–8.3Nb–0.09Y 3.85 565
achieves a stable value, which was reported. After the tribological
tests, the morphologies of the worn surfaces were examined by SEM
(JSM-5600LV) equipped with energy dispersive spectroscopy (EDS).
A contact surface profilometer (Model 2206, Harbin Measuring and
cutting Tool Group Co., Ltd) was used to measure the cross-sections of
the worn surface and wear volume was calculated using the integral
method. The wear rate was calculated as wear volume divided by sliding
distance and applied load. A non-contact surface profilometer (Micro-
XAM-3D) was employed to generate high-resolution 3D images and
cross-section profiles of the wear scar of the alloy by white light interfer-
ometry. All the tribological tests and measurements were carried out at
least three times under identical conditions tomake sure of the reliability
of the data.

3. Results

3.1. Friction and wear properties of the TiAl alloy

Fig. 3 shows the friction coefficient of the alloy against Si3N4, Al2O3

and SiC balls at different temperatures in air and argon respectively.
As shown, whatever the counterface materials, the friction coefficient
of the alloy in argon is lower or at least comparable to that in air.

For the effect of the counterface on the friction behavior of TiAl
alloy, it is seen that in air, the friction coefficient of the alloy against
Al2O3 and SiC at 20 and 200 °C is considerably lower than that against
Si3N4, while TiAl/SiC tribopair exhibits the highest friction coefficient
at 400 to 800 °C. In argon, 600 °C is a transition point, below which
the friction coefficient of the alloy is insensitive to the counterface
materials, but above this point, the friction coefficient becomes sensi-
tive to the counterface materials, according to the following ranking:
TiAl/Al2O3 b TiAl/SiC b TiAl/Si3N4.

Fig. 4 shows the wear rate of the alloy against Si3N4, Al2O3 and SiC
balls at different temperatures in air and argon respectively. In short,
at the temperature from 20 to 600 °C the wear rate of the alloy in air
is markedly higher than those in argon. When the temperature is up
to 800 °C, the alloy is worn much more in argon than in air, especially
coupled with Al2O3.

In addition, the effect of the counterface materials on the wear rate
of TiAl alloy is strongly correlated to the system environment. The
wear rate of the alloy in air below 400 °C is sensitive to the counterface
trength Compressive strength
(MPa)

Density
(g/cm3)

1512 4.02
1916 4.32



Fig. 2. The schematic picture of the tribometer.

Table 2
Characteristics of the counterface balls used in this study.

Materials Hardness (GPa) Compressive strength (MPa) KIC (MPa m1/2)

Al2O3 16.5 2200 4.2
Si3N4 15 1800 6.2
SiC 28 2300 3.9
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materials, i.e. TiAl sliding against Al2O3 produces the lowest wear rate,
followed by TiAl/SiC and TiAl/Si3N4 tribopairs. However, counterface in-
fluence on the wear rate of the alloy is negligible in air above 600 °C. In
argon the difference in thewear rate caused by counterface is moderate
but pronounced at 800 °C. It is seen that at the temperature from 20 to
600 °C in argon, testing the alloy against Al2O3 also results in lowerwear
rate and the wear rates of the alloy mated with SiC and Si3N4 are analo-
gous. But at 800 °C in argon, the highest wear rate is obtained for the
alloy against Al2O3.

3.2. Surface analyses of the TiAl alloy and counterface materials in air
and argon

Fig. 5 shows the morphologies of the worn surfaces of the alloy and
counterface balls at different temperatures in argon. It is clear that
under all the testing temperatures in argon, there are some grooves
on all the worn surfaces of TiAl alloy against the three counterface
balls, indicating that the wear mechanism of TiAl alloy in argon is
dominated by abrasion wear. Further examination shows that the
worn surfaces of the TiAl alloys differ depending on the counterpartma-
terial, indicating a slight change of wearmechanism. For sliding contact
of TiAl/Si3N4, the increase of the temperature from 20 to 600 °C acceler-
ates the abrasion wear, demonstrated by much more numerous and
deeper grooves. But for TiAl/Al2O3 and TiAl/SiC tribo-pairs, the worn
Fig. 3. The friction coefficient of the alloy sliding against Si3N4
surfaces of the alloy are fairly smooth along with shallow grooves at
temperature range 20 to 600 °C. At 800 °C, the worn surface of TiAl
alloy is rougher and the quantity of fine particles is higher when the
mating surfaces are Al2O3 and SiC than when the mating surface is
Si3N4, sourced from relatively severe abrasion wear.

Apart from the abrasionwear, SEMobservation on theworn surfaces
of counterface balls (inserted in Fig. 5) provides the clear evidence
for the transfer of the alloy and thus, slight adhesion wear occurs. With
the aid of surface chemical composition analyses by EDS (Table. 3), the
quantity of transfer materials on the Al2O3 ball below 600 °C in argon is
considerably lower than those on SiC and Si3N4 balls. On the contrary,
the Al2O3 surface at 800 °C is covered by abundant transfer materials
while SiC and Si3N4 surfaces are pretty clear. This discrepancy on the
transfer of TiAl alloy depending on counterface materials seems to be re-
sponsible for the slight wear difference of TiAl alloy in argon.

Fig. 6 shows the 3D images and cross-section profiles of the worn
surfaces of the alloy against different balls at different temperatures in
argon. In general, the wear scar of the alloy generated by SiC ball is
much wider than that when the alloy runs against Si3N4 and Al2O3,
which is consistent with the larger worn cap of SiC ball in Fig. 5. This
is possibly attributed to the low fracture toughness of SiC ball that
may be easily fractured by external stress during wear tests. From the
analyses of the cross-section profiles, it is found that with the Al2O3 as
the mating surface, the depth and width of the wear scar of the alloy is
nearly the lowest between room temperature and 600 °C, corresponding
to the highest wear resistance. While at 800 °C the wear scar widths of
the alloy sliding against the three counterface materials are nearly the
same, but the alloy coupled with Al2O3 experiences the maximum
depth and thus has a high wear.

Fig. 7 shows the morphologies of the worn surfaces of the alloy and
counterface balls at different temperatures in air. In air, deep grooves
and a significant amount of white wear debris are the main features
on the worn surfaces of the alloy at the temperature from 20 to
600 °C, which are the primary characteristics of severe abrasion wear.
Meanwhile, inspection of the composition of white wear debris by the
EDS spectrum indicates that the constituents of this debris are the ox-
ides of titanium and aluminum. In addition, there are some distinctions
between theworn surfaces produced by different counterfacematerials.
In other words, unlike sliding against Si3N4 between 20 and 600 °C, the
interaction of the alloy with the Al2O3 and SiC leads to tiny grooves,
scarcewear debris and smoothworn surfaces, suggesting the alleviation
of abrasion wear. This phenomenon is particularly evident at 200 °C,
where theworn surface of the alloy against Si3N4 is covered by substan-
tial fine oxide particles. When the wear tests are performed at 800 °C,
the characteristic features on the worn surfaces of TiAl alloy against
Al2O3 and SiC are nearly identical to those against Si3N4, showing plastic
smearing and local tribolayer.
, Al2O3 and SiC at different temperatures in air and argon.



Fig. 4. The wear rate of the alloy sliding against Si3N4, Al2O3 and SiC at different temperatures in air and argon.

Fig. 5. The SEM images showing the morphologies of the worn surfaces of the alloy and counterface balls at different temperatures in argon.
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Table 3
Average element composition (wt. %) of the worn surfaces of counterface balls in argon at different temperature.

Temperature (°C) Si3N4 Al2O3 SiC

400 Si9.79N53.57Al23.34Ti11.27Cr0.47Nb1.57 O52.31Al33.91Ti8.83Nb4.96 Si32.94C17.8Al13.42Ti32.64Cr1.3Nb1.9
600 Si2.96N35.81Al24.07Ti28.87Cr1.22Nb7.06 O74.55Al21.66Ti1.67Nb2.71 Si27.33C11.95Al13.28Ti37.12Cr1.44Nb3
800 Si100 O59.12Al21.1Ti16.68Cr0.60Nb2.5 Si60.51C36.92Al0.71Si55.72Ti1.85
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In an effect to confirm the role of the counterface materials on the
wear behavior of TiAl alloy, the surfacemorphologies of the counterface
balls is inserted in Fig. 7 and the surface EDS analysis is provided in
Table. 4. In contrast to Si3N4 ball, large quantities of debris-transferred
layer exist on the worn surface of Al2O3 and SiC balls at temperature
below 400 °C. EDS analysis also confirms that Ti fraction (indicating the
quantity of transfer material to some extent) on the Al2O3 and SiC balls
are higher than that on the Si3N4 ball at this temperature range. With in-
creasing the temperature to 600 and 800 °C, the surface morphologies of
the three counterface balls are similar, along with the same amount of
transfer material.

Fig. 8 shows the 3D images and cross-section profiles of the worn
surfaces of the alloy against different balls at different temperatures in
air. Sharper, deeper abrasive grooves and more abundant, fine oxide
particles are formed in air than in argon below 600 °C, validated by
the 3D images and cross-section profiles. Moreover, at temperature
Fig. 6. The 3D images and cross-section profiles of the worn surfaces of
range 20–400 °C the wear scar assigned to the alloy mated with Si3N4

ball is much narrower and deeper than that mated with SiC and Al2O3

balls, while at 600 °C and 800 °C the cross-section area of the wear
scar of the TiAl alloy produced by the three counterface balls are nearly
identical and thus their wear rates are analogous.

4. Discussion

4.1. The role of oxidation on the tribological properties of TiAl alloy

On the basis of tribological data and surface analysis, it is inferred
that the friction andwear behaviors of the TiAl alloy are strongly related
to its surface oxidation and wear debris generated during wear test. As
mentioned previously, the friction coefficient of the TiAl alloy is lower in
argon than in air from 20 up to 600 °C. This friction behavior may be
originating from two factors. First, the fragmented oxide particles acting
the alloy against different balls at different temperatures in argon.



Fig. 7. The SEM images showing the morphologies of the worn surfaces of the alloy and different balls at different temperatures in air.
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as cutting tool that will be mentioned below, are contributing to the
high friction coefficient in air. Second, at this temperature range in
argon, oxidation preferentially takes place for titaniumelement, provid-
ing the lubricity and thus reducing the friction coefficient. However, at
800 °C, Al2O3 is predominant on the surface and responsible for the
high friction coefficient. The X-ray photoelectron studies on the surface
of TiAl alloys by preceding researchers [22,23] confirmed that at lowox-
ygen partial pressure titanium oxidation preceded aluminum oxidation
below 600 °C, whereas at higher temperature a much thinner oxide
layer consisted predominantly of Al2O3. From a thermodynamic point
of view, an Ellingham diagram (Fig. 9) has been provided to check the
relative thermodynamic stability of Ti- and Al-oxides as a function of
temperature and of oxygen partial pressure. It is seen that both the oxida-
tion of Ti and Al is feasible under the experimental oxygen partial pres-
sure (10−6 atm). Further, the oxygen equilibrium pressures of Al/Al2O3

and Ti/TiO are very similar.Whether A12O3 or TiO is stable in equilibrium
Table 4
Theweight concentration (wt. %) of Ti element on theworn surfaces of counterface balls in
air at different temperatures.

Temperature (°C) Si3N4 Al2O3 SiC

200 1.57 4.86 8.75
600 15.01 18.16 24.67
800 1.6 1.43 1.89
with the metal phase of Ti–A1 alloys depends on the activities of the
metals and the oxides [24]. From the variation of the thermodynamic
activities of titanium and aluminum in the region of γ-TiAl, the preferably
formed oxide changes from TiO to Al2O3 [25]. For 100 °C b T b 600 °C,
titanium oxides were reported with Ti in the II, III and IV oxidation states
[26–28]. In addition, the amount of Ti(II) species decreases and Ti(IV)
species increases, respectively, with increasing temperature [23]. The
above analysis confirms the speculations on the preferential oxidation
of Ti under low oxygen partial pressures below 600 °C. At higher temper-
ature, i.e. 800 °C, TiO and Ti2O3 are oxidized rapidly to TiO2, whereas the
Ti/TiO2 equilibrium pressure is several orders of magnitude higher than
that of Al/Al2O3. In this case, TiO2 could be reduced by aluminum. There-
fore, Al2O3 is predominant on the surface at 800 °C.

In terms of comparing theworn surfaces in air and argon, it is seen
that the worn surfaces produced in argon at the temperature from 20 to
600 °C are relatively smooth and grooves are large and shallow (particu-
larly at low temperature), along with fewer fine particles. In air, much
narrower and sharper abrasive grooves are formed. This could mean
that the grooves formed in argon are due to the direct contact of the
alloy surface with the counterbody surface (with no interposed debris),
while in air, the oxidized debris particles are interposed and act as a
cutting tool. With further increasing the temperature to 800 °C in
argon, the formation of oxide is slight and plowing is still the dominant
wear mechanism, which is significantly different from plastic smearing
and oxide tribolayer in air. Therefore, how oxidation influences the



Fig. 8. The 3D images and cross-section profiles of the worn surfaces of the alloy against different balls at different temperatures in air.
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wear mechanism is clarified and can be divided into two aspects. A sche-
matic simulating the process is proposed in Fig. 10. From room tempera-
ture to 600 °C (Fig. 10a), surface oxidation is relatively low and the alloy
does not experience brittle-to-ductile transition. The brittle and hard
oxide breaks down into smaller and loose particles under external stress,
which reside and tumble in the wear track between the two contact
surfaces. These fine oxide particles act as cutting tool, changing the
wear mechanism to third-body abrasion and thus, accelerating wear
and increasing the friction coefficient. Therefore, surface oxidation is
detrimental to the wear-resistant properties of the alloy below 600 °C,
and would also be the intrinsic reason for the low wear resistance in
air. However, high temperature above 600 °C improves the oxidation
rate and enhances sinterability of wear debris. Meanwhile, it is known
that TiAl intermetallics experience a brittle-to-ductile transition (BDT)
in intervening temperature range, which usually ranges from 600 to
820 °C [29]. In this situation, the good plasticity of the alloy provides
the good adherence to the oxidized particles. According to the above
two cases, much larger and harder oxide layer is retained on the worn
surface and the loose particles fractured by wear stress are sintered
together to form compacted layer, performing a protective role on the
worn surface in air (Fig. 10b) [30]. In contrast, no oxide layer is found
in argon at 800 °C and thus, the wear rate is higher than in air. It is
noted that the tribometer sealing system cannot ensure a completely
oxygen-free environment, which brings about slight oxidation. As a re-
sult, there are some fine particles interposed in the wear track in argon
at 800 °C, but severewear like in air below600 °C does not occur in such
situation.

4.2. Effect of counterface materials on the tribological properties of TiAl alloy

It is found that counterface (Si3N4, SiC and Al2O3) is an important
factor that largely affects the tribological properties of TiAl alloys, and
this effect is strongly dependent on the system environment. In air be-
tween 20 and 400 °C, the wear rate of TiAl alloy against Al2O3 and SiC
balls is lower than that with Si3N4 as mating surface. Two factors cause
this difference in wear rate. First, the debris-transferred layer on the
worn surface of Al2O3 and SiC balls decreases the direct contact of hard
asperities between tribo-pairs to reduce abrasion wear. Second, the frac-
ture toughness of ball counterbodies would be another factor. Si3N4

exhibits the highest fracture toughness among the three counterface
materials (Table 2). Thus, the asperities on the Si3N4 ball are not easily
fractured in wear, giving rise to narrow and deeper grooves on the
worn surfaces of the alloy and thus assisting wear. At 600 and 800 °C,
counterface materials inflict little influence on the wear rate of the TiAl



Fig. 9. An Ellingham diagram to check the relative thermodynamic stability of Ti- and Al-oxides as a function of temperature and of oxygen partial pressure.
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alloy in air. After analysis, it is found that similar to Al2O3 and SiC, the sur-
face of Si3N4 ball at 600 °C is covered by considerable amount of transfer
materials due to the increased ductility of TiAl alloy. Asmentioned above,
this transfer material is beneficial to reduce wear in air and therefore the
wear rate at 600 °C of the alloy is irrelevant to the ball counterbodies. At
800 °C there is no transfer material seen on the surfaces of all the ball
counterbodies (Table. 4) but the wear rates of the alloy against three
ball counterbodies are low and close. This may be attributed to the
good adherence of the surface to oxides at 800 °C and the formation of
protective oxide layer.

When sliding wear is performed at 20 to 600 °C in argon, the worn
surfaces present shallow grooves and a small amount of fine oxidized
Fig. 10. The schematic simulating the wear pro
worn debris. Thismay happen because in argon below600 °C, oxidation
is suppressed to a larger degree and the interface is relatively clean.
In this situation, the adhesion force between the contact surfaces is
stronger in argon than in air and thus, the wear difference of the
TiAl alloy caused by counterface materials in argon is influenced by
the adhesion wear. In combination with surface morphologies and
composition analysis of the counterface balls, TiAl alloy is more easily
transferred to the SiC and Si3N4 balls than to the Al2O3 ball in the tem-
perature range 20–600 °C, resulting in the slightly higher wear rate.
Under high temperature in argon, i.e. at 800 °C, abundant transfer
material covers the worn surfaces of Al2O3 ball, giving rise to high wear
rate of TiAl alloy.
cess: (a) below 600 °C; (b) above 600 °C.
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5. Conclusions

The role of oxidation and counterface materials on the high temper-
ature tribological behaviors of TiAl alloys is clearly shown in this paper.
The main conclusions can be summarized as follows:

1. The friction coefficient of the alloy is lower in argon than in air. There
is a transition point of thewear rate, i.e. below 600 °C the alloy wears
much more in air than in argon but the result is opposite at 800 °C.

2. It is revealed that oxide debris generated at low temperature in air
acts as a cutting tool, accelerating wear of the alloy. But above
600 °C in air, high oxidation rate and sinterability, in combined
with the increased ductility of TiAl alloy benefit the formation of a
protective oxide layer, resulting in improvement of wear resistance.

3. The wear rate of the alloy against Al2O3 is lower than that against SiC
and Si3N4 in argon and air at temperature from 20 to 600 °C, but it is
higher at 800 °C in argon.

4. The effect of counterfacematerials on thewear is strongly dependent
on the atmosphere and temperature. In air a significant role of
counterface materials on the wear is found below 400 °C but this
role is negligible above 600 °C. In argon the difference in the wear
rate caused by counterface selection is moderate but pronounced at
800 °C.
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