Letters on Materials 15 (4), 2025 pp. 369-375 www.lettersonmaterials.com

Received 3 July 2025; Accepted 5 November 2025

https://elibrary.ru/jihdvp Ok E
https://doi.org/10.48612/letters/2025-4-369-375 :

Temperature dependence of friction and wear in nanostructured
49.3N150.7

A. A. Dmitrievskiy™, V. V. Stolyarov*

shape memory alloy Ti

faadmitr@yandex.ru

'Derzhavin Tambov State University, Tambov 392026, Russia

*Mechanical Engineering Research Institute of the Russian Academy of Sciences, Moscow 101000, Russia
Abstract: The temperature dependence of friction and wear of nanostructured alloy Ti, Ni, . obtained by severe plastic
deformation is investigated. The friction coeflicient (K,) and wear rate (W) are investigated under conditions of reciprocating
motion and the absence of lubrication in the temperature range (25°C< T<140°C) corresponding to two-phase (A+M) and
single-phase (A) states. It is shown that the minimum friction conditions in the range ensure the absence of a temperature
flash in the contact area and allow us to state that the friction coeflicient, wear intensity and volume lost by the counterbody
linear increase with temperature change in the range of 25-90°C and are drawn on a plateau at temperature M,. With an
increase in the tribocontact temperature, the running-in stage is reduced. The change in friction characteristics is associated
with the ratio of martensite and austenite content.
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1. Introduction

The results of experimental and computer modeling
indicate that the initial microstructure of the alloys (grain
size, phase composition, dislocation density, type of crystal
lattice) and external conditions (environment, temperature,
surface roughness) have a strong effect on the physical
and mechanical properties of the materials, including
wear resistance and friction coefficient [1,2]. Moreover,
structural changes in the surface layer (phase transitions,
recrystallization, amorphization, refinement) caused by
plastic deformation during friction can significantly affect
the hardness and, accordingly, the tribological behavior of
the material.

This aspect was studied in the TiNi alloy, which undergoes
martensitic transformation under the action of external loads
or temperature [3]. The unique properties of superelasticity
and shape memory of TiNi alloys are the basis for their wide
functional application, for example, in sealants, drives and
the biomedical industry [4, 5]. Moreover, TiNi shape memory
alloys have high strength and plasticity and are therefore
promising structural materials. Relatively recently, it became
known that such alloys have increased wear resistance
compared to other high-strength materials [6 - 8]. Moreover,
wear and friction coefficient are structure-sensitive properties
to grain size or the ratio of austenitic and martensitic phases.
Therefore, tribological studies were investigated in both
martensitic and austenitic states [6]. Even though detailed

experimental data on friction and wear in TiNi are available
in the literature [6 -10], the physical reason for the increased
wear resistance has not been established due to the complexity
of the deformation behavior and temperature-dependent
reversible phase transformation [11-13]. As for the effect of
temperature on the tribological behavior of the TiNi alloy,
almost all the literature data refer to the coarse-grained state
of the alloy [6-9]. The first studies on the effect of grain
size on the friction coefficient in the TiNi alloy processed
by cold rolling with a pulsed current were presented in [10].
However, the measurements were performed with current
heating in such a wide temperature range of 20-800°C that
detailed data in the low-temperature (<150°C) region were
not available. Recently, the results of molecular dynamics
simulations of the temperature effect on friction during
nanoscratching in a single crystal TiNi alloy were published
[14]. The critical role of the start transformation temperature
A, is demonstrated. With increasing temperature in the
region T<A,, the friction coefficient K, decreases, and at
T> A, on the contrary, it increases. For a correct analysis of
the temperature dependence of friction in TiNi alloys, it is
important to keep in mind the existence of another important
temperature M, (the maximum temperature of martensite
formation under load), information about which is quite rare.

Thus, the temperature factor and its relationship
with friction characteristics in the region close to phase
transformations temperature remains insufficiently studied.
In this regard, the aim of the work was to establish the
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temperature dependence of the friction coeflicient and wear
rate in the ultrafine-grained TiNi shape memory alloy.
2. Materials and methods

The material for the study was the Ti,, Ni, _ alloy in the form
of a rod with a diameter of 3.5 mm. To form a nanostructure,
the alloy was subjected to severe plastic deformation by
screw rolling and rotary forging. More detailed information
concerning processing conditions and microstructure can be
foundin [15]. The average grain size in the alloy microstructure
was 60-80 nm. Tablel presents the temperatures of
martensite transformations during heating/cooling of the
Ti,, ,Ni_ . alloy, corresponding to the beginning (R,) and end
(M,) of the direct transformation, the beginning (A,) and end
(A,) of the reverse transformation, as well as the temperatures
of the corresponding peaks (T__ ). Based on the DSC results,
at room temperature all three main phases B2 austenite, R and
B19' martensite are present in the alloy [15].

Table 1. Transformation temperatures (°C) in nanostructured
Ti,, ,Ni, . alloy.
Mf Tmax RS AS Tmax Af
-67 35 56 10 25 63
< When cooling When heated —
For tribological tests, half-cylinders measuring

20x3.5 mm were cut from the original rod by electric
spark cutting. These half-cylinders were pressed into
thermoplastic, ground and polished to a surface roughness
of R =150+ 50 nm.

Tribological tests were performed on a TRB3 tribometer
(Anton Paar, Austria). The mode of reciprocating motion
of the counterbody according to the “ball-plane” scheme
without lubrication at a normal load of F=0.2 N was used.
The counterbody was a ball made of AlLO, ceramics, 1.5 mm
in diameter. The speed and amplitude of the sample motion
relative to the stationary ball were 2 cm/s and 5 mm,
respectively. Friction and wear tests were carried out at
several temperatures in the range from room temperature
to T'=140°C. For this purpose, the tribo-pair (sample-ball)
was continuously blown with an airflow of a given (elevated)
temperature. The temperature of the tribo-pair during the
tests was controlled using a thermocouple brought into rigid
mechanical contact with the sample. Additionally, the sample
temperature was controlled using a Testo 875-1i thermal
imager (Testo, Germany). The accuracy of measuring the
temperature of the tribocontact using a thermocouple and a
thermal imager was +2°C and £0.1°C, respectively.

In all wear tests, the number of friction cycles was kept
constant: N=3000. With a track length of 10 mm, this
provided a total travelled distance of L=60 m. The friction
coefficient K, was recorded throughout the test. The wear
rate W was calculated using the equation recommended by
ASTM G133:

v
FxL’

where Vis the volume of removed material (mm?), calculated
as the product of the track length and its cross-sectional

area, which was determined using a profilometer (Wyko
NT9080, Germany). Each point on the graphs of the K(T)
and W(T) dependencies is an average of at least 8 individual
measurements.

3. Results

3.1. Tribocontact temperature (without external
heating)

In the tribocontact zone, at high sliding speeds and pressing
forces of the test sample and the counterbody, the temperature
can increase significantly (by tens and even hundreds of
degrees) (the so-called flash temperature). This can be
equivalent to increasing the temperature to which the test
sample is deliberately heated from an external heat source.
For the ball-plane tribocontact, the flash temperature in the
contact zone can be estimated from the relationship [16]:

_ 8K.Fv
3n*a(k, + kp)’

where K, is the friction coefficient, F is the clamping force,
v is the speed of relative movement of the counterbody (in
the form of a ball) and the flat sample, k, and kP are the
thermal conductivities of the ball and sample, respectively,
a is the radius of the contact zone, which, in accordance with
[17], can be calculated from the equation:

1
(31&!&b js
a = * b
4E
where R, is the radius of the spherical counterbody, E* is the
reduced modulus of elasticity.

Possible increase in temperature AT in the contact zone
under identical friction conditions of a TiNi specimen and a
counterbody in the form of an Al O, ball was calculated in [15].
The calculation showed that under the used comparatively
low speeds v and loads F, the value of AT=2.15°C and is
comparable with ambient temperature fluctuations. Infrared
images were recorded to experimentally confirm the obtained
estimate of AT during friction (at the running-in stage and
at the steady-state wear stage). As an example, Fig. 1 shows
an infrared image of a friction pair and histograms of
temperature distribution along a line normally intersecting
the wear track being formed (at room temperature). The
recorded data at the initial stage of friction (100-150 cycles
of reciprocating motion of the friction pair), which, as will be
shown below, should be attributed to the running-in stage,
and at a later stage of wear (2000 cycles) — to the steady-state
wear stage.

It is evident that at the running-in stage the contact
area does have a slightly higher temperature. However, the
difference between the temperature of the main volume
of the sample and the ambient temperature AT does not
exceed 2.5°C, which is fully consistent with the calculated
value AT=2.15°C [15]. At the wear stage, corresponding
to 2000 cycles, the experimentally determined temperature
difference AT does not exceed 0.5°C. Thus, it is shown
that under the experimental conditions used, the flash
temperature cannot affect possible changes in the tribological
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Fig. 1. (Color online) Infrared image of a friction pair (a) and histograms of temperature distribution along a line normally intersecting the
formed wear track, recorded at the running-in stage (b) and at the stage of steady wear (c).

characteristics of the TiNi alloy with an increase in the test
temperature (of the entire sample from an external heat
source) even by several tens of degrees.

3.2. Effect of heating from an external source on the
friction coefficient

The dependences of the friction coefficient on the number
of cycles during the reciprocating motion of the friction
pair K(N) were recorded at different temperatures (in the
range 25°C<T<140°C). As an example, Fig. 2 shows the
dependences K (N) recorded at temperatures of 25°C, 70°C,
90°C and 140°C.

It is known that at the beginning of the test, the highest
unevenness of the friction pair surfaces are the first to
contact. In this case, overestimated K, values and the most
intense wear are observed. This stage is called the running-in
period or stage. As follows from the data presented in Fig. 2,
the running-in stage at room temperature (curve 1) lasts
about 750 cycles. An increase in the test temperature helps
to reduce the number of cycles required for running-in of
the rubbing surfaces (Fig. 2, curves 2 and 3, respectively).
As the number of wear cycles increases, the rubbing surfaces
are smoothed out (adapted to each other), the wear process,
as a rule, stabilizes, and the running-in stage is replaced by
the stage of steady-state wear. A comparative analysis of the
K(N) dependencies at the stage of steady-state wear (Fig. 2)
clearly demonstrates that an increase in temperature from
room temperature to T=70°C leads to a significant increase
in the friction coefficient. A further increase in temperature
(up to T=140°C) does not cause changes in K, (taking into
account the measurement error). The numerical value of the
friction coeflicient is determined by averaging the data at the
steady-state wear stage. Figure 3 shows the dependence of the
friction coefficient (calculated at the steady-state wear stage)
on temperature. It is evident that in the temperature range
of 25°C<T<70°C, the friction coeflicient increases linearly
from 0.57 to 0.78. A further increase in the test temperature
(up to T=140°C) is accompanied by a slight decrease in K,
reaching a plateau (at T>120°C K=0.73).

1500 2000 2500 3000

N

0 500 1000

Fig. 2. (Color online) Dependences of the friction coeflicient on the
number of cycles, recorded at temperatures: 1 — 25°C; 2 — 70°C;
3 —90°C, 4 — 140°C.
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Fig. 3. Dependence of the friction coefficient K, on the test
temperature T.
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3.3. Effect of heating from an external source on
wear rate

A wear track is formed during friction. It was found that
the volume of removed material (at the maximum number
of cycles N=3000) depends on the test temperature. Thus,
Fig. 4a,b show 3D profilograms of wear tracks formed during
friction at temperatures T'=25°C and T=140°C, respectively,
as an example. It is evident that the high-temperature track
is more than one and a half times wider and almost twice as
deep as the track formed at room temperature.

Quantitative analysis of wear track profilograms allows
calculating wear rate. The dependence of wear rate W on test
temperature T is shown in Fig. 4 ¢ (curve 1). It is evident that
with an increase in test temperature from room temperature
to 90°C, wear rate increases, and in the temperature range
90°C< T'<140°C, wear rate remains unchanged, taking into
account the measurement error. That is, the dependence
W(T) is qualitatively similar to the dependence K(T).

The dependence of the volume lost by the counterbody
(ALO, sphere) on the number of cycles V,(N), shown in
Fig. 4 c (curve 2), is qualitatively similar. That is, an increase in
the test temperature from room temperature to 90°C causes
an almost fivefold increase in the wear of the counterbody.
However, a further increase in temperature (by another 50°C)
does not lead to an increase in V, noticeable taking into
account the measurement error. The qualitative similarity
of the dependencies K(T), W(T) and V| (T), expressed in
their “inflection” in the test temperature range T_~70-90°C,
indicates a change in the wear mechanism in this temperature
range.

4. Discussion
Titanium nickelide is a complex object in which the

structural and phase state depends on both temperature
and stress (strain). When heated in the range of 25-140°C

b

even without external stress, a reversible martensitic
transformation occurs in it with an increase in the volume
fraction of austenite to 100%. Since the friction process
can result in additional structure refinement of the
surface layers, plastic deformation and acts mechanical
stresses, these factors can shift the intervals of martensitic
transformation (in particular the transformation of
B2—>R) by tens of degrees towards higher temperatures
[18]. As a result, external conditions (temperature and
normal pressure of the counterbody) during friction are
significant when measuring the friction coeflicient and
wear resistance. In addition, the alloy under study should
be considered as an elastomer that exhibits superelasticity
and shape memory properties, as well as a composite in
which there is a hard matrix (austenite) and relatively soft
inclusions (martensite). It should also be noted that due to
the very different hardness of the Al O, counterbody (tens of
GPa) and titanium nickelide (units of GPa), the main wear
mechanism is abrasive wear. For the same reason, despite the
low roughness of the contact surfaces (R =0.1 um), adhesive
wear is absent [19].

The dependences of the friction coefficient on the
number of cycles for all the studied temperatures in the range
of 25-140°C have a typical appearance and indicate the
presence of a maximum and minimum friction coefficient,
respectively, at the running-in stage and the steady-state
stage (Fig. 2). It is known that the maximum and minimum
of the friction coefficient correspond to static friction (static,
elastic deformations) and sliding friction (kinetic, plastic
deformations) [20], while the static friction coeflicient has
no practical significance. In this regard, when assessing
the temperature dependence of the friction coefficient of
titanium nickelide, the values at the steady-state stage will
be taken into account. For both stages, the friction process
can be considered isothermal, due to an insignificant, less
than 2.5°C, increase in the tribocontact temperature (flash
temperature) (Fig. 1).
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Fig. 4. (Color online) 3D profilograms of wear tracks formed during friction at test temperatures T'=25°C (a) and T=140°C (b), as well as the
dependence of wear rate W (curve 1) and volume lost by the counterbody V, (curve 2) on test temperature T (c).
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4.1. Friction and wear rate at room temperature

Tribological tests have shown that the friction coefficient
(Fig. 3) and the wear rate value (Fig. 4 ¢, curve 1) of the studied
alloy at room temperature and at the steady-state stage are the
lowest. In accordance with the structural and DSC data [15] the
nanostructured Ti,  Ni_ _ alloy at room temperature (before
tribological tests) is in a three-phase (M + R+ A) state, in which
the predominant phase is austenite. However, during friction
the ratio of the volume fractions of the phases apparently
changes.

Indeed, under conditions of isothermal friction the main
influence on the phase composition can only be exerted by
mechanical stress and the accompanying plastic deformation.
Since both shift the temperature range of martensitic
transformation to a larger side, it can be assumed that during
friction at room temperature the contribution of the martensite
phase will increase and become preferential compared to the
austenite. It is well known that the deformation of TiNi alloy
in the martensitic state proceeds through the stages of elastic
deformation, martensite reorientation, elastic deformation of
reoriented martensite and “dislocation” plastic deformation
of reoriented martensite. Thus, we assume that the main
deformation mechanism during the reciprocating motion
of the counterbody is the elastic deformation of detwinned
martensite. In addition, at room temperature, a certain
contribution is made by the superelastic behavior of austenite.
This combination of deformation mechanisms in the contact
area of the friction pair provides the lowest friction coeflicient
and wear intensity observed in our experiment. Note that
because of the change in the phase composition of the TiNi
alloy, the deformation mechanisms involved in the friction
and wear process become temperature dependent.

4.2. Friction and wear rate at 25°C< T< 70°C

An increase the tribocontact temperature from an external
source (to 70°C) promotes thermally stimulated R—>B2
transformation, i.e. redistribution of the relative shares of the
martensite (R) and austenite (B2) phases. This is accompanied
by a significant increase in the friction coeflicient, wear
rate and volume lost by the counterbody (Fig. 3 and Fig. 4),
which is obviously caused by an increase in the austenite (B2)
fraction. That is, in the temperature range of 25°C<T<70°C,
the contribution of the martensite phase (R) of the TiNi alloy
gradually decreases and the role of the austenite (B2) phase in
the deformation of the alloy during friction increases. It should
be noted that the deformation of TiNi alloy in the austenitic
metastable state (at T< M,) proceeds through the stages of elastic
deformation of austenite (B2), martensitic transformation
R-B2 under load, elastic deformation and “dislocation” plastic
deformation of stress-induced martensite (R).

4.3. Friction and wear rate at 70°C< T <90°C

As can be seen from Fig. 3 and Fig. 4, in the temperature range
70°C< T<90°C, inflections are observed in the temperature
dependences of the friction coefficient (at the temperature
T=70°C), wear rate and volume lost by the counterbody
(at the temperature T'=90°C). This may be the result of the

complete disappearance of the “low-temperature” martensite
fraction of the TiNi alloy. That is, in the contact zone of the
friction pair, deformation of the metastable austenite phase
can be realized through a sequence of stages described earlier.

It should be noted that in the temperature range under
consideration, an extremum (minimum) is observed in the
temperature dependence of the elastic modulus of TiNi alloys
[21] and, as a consequence, in the temperature dependence
of the average contact stresses in the friction pair o. This,
in turn, can affect the ratio of o, and critical stresses causing
mechanically induced A— M transformations and lead to a
change in the dominant wear mechanism. We will return to
the discussion of this issue below.

4.4. Friction and wear rate at T > 90°C

At temperatures above 90°C the temperature dependences of
the wear rate, volume lost by the counterbody and especially
friction coefficient, transform into a plateau (Fig. 3 and Fig. 4).
Apparently, this is the result of the termination of thermally
and mechanically induced martensitic transformations in the
contact area of the friction pair. At the same time, it is known
that at temperatures above M, the deformation of the TiNi
alloy occurs due to elastic deformation, and then “dislocation”
plasticity of stable austenite. Based on this, it can be assumed
that for the nanostructured Ti,, ,Ni_ . alloy M,~90°C.

4.5. Ratio of average contact and critical stresses

The friction coeflicient and wear intensity depend on the ratio
of elastic and plastic deformation of the material in the contact
zone of the friction pair. This ratio, in turn, depends on the
ratios of the average contact stresses in the friction pair o, and
the critical stresses causing phase transformations or dislocation
plasticity. In this regard, the elastic deformation in the contact
zone of the friction pair can dominate if o, does not exceed the
stress causing martensite reorientation at T<70°C (o, <o), or
the dislocation yield stress of martensite at T<70°C (o< 0;“),
or the critical stress inducing martensite transformation for the
austenitic state at T<90°C (o,,<0, ), as well as the critical stress
causing dislocation plasticity of austenite at 7> M. Otherwise,
that is, when o,>0), or o,>0M at T<70°C, or 0,>0,  at
T<90°C, and also if the average contact stresses are capable of
causing dislocation plasticity at T> M, then plastic deformation
dominates. An increase in the role of plastic deformation in the
tribocontact zone is accompanied by an increase in the friction
coeflicient and wear intensity [8].

To estimate the average contact stress in the ball-plane
system, according to [8], the following equation was used:

l6F(E')’
GH:3 ngrz) 4

where E* is the reduced elastic modulus, r is the radius of the
sphere (counterbody). The reduced elastic modulus E* was
calculated from the known equation:

2 2
1 _1-v N 1-v,

* >

E E E

p
where v, v , E, and E_are Poisson’s ratios and elastic modules
of the spherical counterbody and flat sample, respectively.
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Using the known data on Poissons ratios and elastic
modules of TiNi alloys and ALO,, for example, [17,22,23],
it is not difficult to calculate the contact stress o,,. For room
temperature 0,,=0.67 GPa.

As shown in [21,24] the elastic modulus of TiNi
alloys decreases by approximately 10% with an increase in
temperature from room temperature to 70-80°C and then
increases by 10-15% (relative to room temperature) with
an increase in temperature to 120-150°C. Such thermally
induced changes in the elastic modulus cause corresponding
changes in the average contact stresses o,: a decrease to values
of =0.63 GPa, and then, conversely, an increase to values of
=~0.73 GPa.

It should be noted that, according to [24], the
transformation yield stress and critical stress for martensite
reorientation decrease in a similar way, when the M, is
approached from the higher or from the lower temperatures.
In the temperature range A, <T<M, the critical stresses
of martensite transformations o,  increase. At T>M, a
decrease in the true yield stress is observed [24].

Thus, the decrease in average contact stresses in the
temperature range from room temperature to 70-80°C
(caused by a decrease in the elastic modulus) correlates
with a decrease in the critical stresses of martensite
reorientation o at T<M,. The increase in average contact
stresses at T>70-80°C (caused by an increase in the elastic
modulus) correlates with the temperature dependence of
the critical stresses of martensite transformations o,  (T)
in the temperature range M < T<M,. That is, in the entire
temperature range from room temperature to M, the ratios
of average contact stresses in the tribo-pair and critical
stresses o}, o' and o, ,, should not change significantly.
In this regard, an increase in the test temperature up to M,
should not cause a change in the dominant wear mechanism.
Indeed, as follows from the data presented in Fig. 3 and Fig. 4,
the friction coefficient, wear rate and volume lost by the ball
increase monotonically with an increase in temperature from
room temperature to 70-90°C. The growth of the listed
characteristics in the temperature range 25°C<T<70°C
should therefore be associated with a gradual redistribution
of phases as the temperature increases: a decrease in the
relative proportion of the R-phase (B19'-martensite) and an
equivalent increase in austenite.

The plateau of temperature dependences of the friction
coefficient, wear rate and volume lost by the counterbody
observed at T>90°C is obviously associated with the
temperature exceeding M, As noted above, at T>M,
martensite is not formed under load and, consequently, the
component of plastic deformation in the contact area of
the friction pair associated with the plastic deformation of
mechanically induced martensite disappears. A decrease in
the contribution of plastic deformation to the wear mechanism
helps to reduce the friction coefficient and wear rate and, as a
consequence, the volume lost by the counterbody.

4. Conclusions

The paper studies the regularities of the friction coefficient and

wear rate changes for Ti , Ni, _ alloy in the nanostructured

state (grain size 60-80 nm) under dry friction against a

spherical counterbody made of ALO, in the temperature
range of 25°C< T'<140°C. It has been established that the
thermo mechanically induced phase transformation of TiNi
alloy (the ratio of relative proportions of B2-austenite, R-phase
and/or B19'-martensite) play a decisive role in changing the
above tribological characteristics. The conducted studies
allowed us to draw the following conclusions:

1. The absence of a significant temperature flash in the
contact area of the tribo-pair (Ti,, ,Ni_ _alloy — counterbody
made of AL O,) at a relative motion speed of 2 cm/s and a
clamping force of 0.2 N has been experimentally proven.

2. It has been shown that an increase in the temperature
of the tribo-pair from an external heat source helps to reduce
its running-in stage.

3. A qualitative similarity of the temperature dependences
of the friction coefficient, wear rate of the Ti, Ni, . alloy and
the volume lost by the counterbody has been revealed. The
specified characteristics increase linearly with increasing
temperature in the range of 25°C < T'<70°C. At T>90°C, the
specified dependences reach a plateau.

4. It was found that the thermally induced increase in the
friction coefficient K, and wear intensity W of Ti,, Ni, _alloy
in different temperature ranges is due to different reasons.
In the range of 25°C< T<70°C, the increase in K, and W is
caused by an increase in the volume fraction of austenite
compared to martensite.

5. A joint analysis of the temperature dependences of the
phase composition, friction coefficient and wear rate allowed
us to conclude that in nanostructured Ti, Ni_  alloy, the
temperature of the austenite transition to a stable state (not
transformed into martensite under load) has a value of
M,~90°C.
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