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Abstract The paper presents experimental analysis of relation between friction coefficient and contact pressure
of MoS; film deposited on TigAl4 V substrate in contact with sapphire ball during reciprocating sliding motion.
It is shown that the value of friction coefficient decreases with increasing contact pressure. A microscale
modeling approach is next developed to mimic the experimental observations. Representative volume element
is defined based on the actual topography of outer surface of MoS; film. Assuming thermo-elastic material
properties, the calculations on the asperity level are performed in two steps. Firstly, the mechanical contact
between two surfaces is calculated. As aresult, the relation between the global load and micro-stress distribution
is obtained. Secondly, for a given stress load, thermal analysis is performed providing temperature fluctuation
within simplified conical asperity. By assuming relation between friction coefficient and temperature on the
microscale, it is possible to obtain macroscopic friction coefficient as a function of contact pressure. In the
end, model results are compared with experimental data. The novel aspects of presented approach lie in
the selection of three main factors on a micro-level defining macroscopic friction. They are actual surface
topography, microscopic temperature and microscopic friction-temperature relation.

Keywords Microscale modeling - Friction coefficient - Flash temperature - Reciprocating motion test

1 Introduction

Surface asperities can lead to local concentration of contact pressure that can be orders of magnitude higher than
observed macro-stress. The heat generated during frictional sliding is therefore concentrated on small contact
spots. Its density in such areas can be very high. It results in short-time temperature elevation by hundreds of
degrees. Because of that in tribology, it is common to distinguish three temperatures: the bulk temperature,
the average surface temperature and the flash temperature. Bulk temperature is the temperature averaged over
the bulk of one of the contacting bodies; surface temperature is the temperature averaged over the thin surface
layer of a body; flash temperature is the local increment of temperature at the contact of micro-asperities on the
rubbing surfaces. The notion of flash temperature reflects the discrete nature of frictional contact. The survey
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of some existing solutions on temperature distribution within asperities in a microscale can be found in [1].
The authors discuss the influence of surface roughness on temperature and related phenomena like oxidation.
In [2], a frequency domain thermoreflectance method is used to measure the thermal conductivity of a range
of tribological materials. Calculations of maximum flash temperature rise are performed next.

There is a wide range of materials with shear stress showing high dependence on the applied normal
loads. They are generally called friction-like or pressure sensitive materials, where different relations between
friction coefficient and pressure on a macro-scale can be observed in experiments, see, for example, [3]. In the
paper [4], effects of normal load on the measured friction coefficient by micro-scratch test with a spherical
indenter were studied. A purely geometrical intersection model was used to rationalize the increase in the
friction coefficient with increasing normal load. Maegawa et al. [5] studied the effect of normal load on the
friction coefficient for sliding contact, and found the friction coefficient decreased with increasing load for
rubber specimens. It is clearly seen that to properly understand qualitative mechanisms of frictional sliding,
tribological considerations should be introduced into friction models. A brief survey of some of them is
discussed in [6], and an experimental setup for identification of models material parameters is presented. In
review paper [7], a total of 21 different friction force models are described and their fundamental physical and
computational characteristics are discussed and compared in details. Authors conclude that both the choice of
the friction model and its parameters can significantly affect the simulated response of mechanical systems. In
[8], a strategy is proposed to characterize the friction behavior of materials of soft contact lenses by average
work. The work is defined as the average value of a nonlinear function fitted to the friction versus normal
force data, multiplied by a relevant sliding distance. In this way, the transition from coefficient of friction
to work circumvents the necessity for a relationship between the lateral and normal forces and provides the
energy dissipated when two interfaces slide over each other. Kumar et. al. [9] propose a unified framework
accommodating the complex interdependence of the coefficient of friction, sliding velocity, axial pressure
and temperature for implementation in response-history analyses performed on friction pendulum bearings in
seismically isolated structures. Based on experimental data, the authors define the relationship between the
coefficient of friction and sliding velocity, axial pressure and temperature. It turns out that frictional heating
is the most important factor that influences the maximum displacement of the isolation system for high axial
pressures. In the paper [10], Wang et al. study frictional behavior in dry metal forming. They show that the ratio
of flattened area to smooth tool surface starts to increase sharply after the occurrence of bulk plastic deformation.
To describe the observed response, they postulate a new friction law with constant friction coefficient at low
contact pressure and associated frictional stress at high contact pressures. Nielsen and Bay [11] provide a
concise summary of the most important contributions to friction modeling in metal forming since the early
findings in adhesion theory around 1940 until the present state of the art. Many aspects are covered in the
review: experimental techniques, upper bound solutions, slip-line analyses and numerical simulations. The
paper highlights the importance of the real contact area and the influencing parameters including the material
properties, surface conditions, normal pressure, sliding length and speed, temperature changes, friction on the
flattened plateaus and plastic deformation in contact zones.

Since the area of real contact of bodies is one to three orders of magnitude lower than the nominal contact
area, the solution of thermo-mechanical coupling on a macro-scale does not fully explain the wear process,
oxidation and the variation of friction coefficient as a function of normal stress and temperature. Thus, it
should be treated using two-scale modeling approach. The first scale is the macroscopic level, corresponding,
for example, to ball-on-disc test, and the second scale is the asperity microscale level, see [12,13]. Detailed
overview of recent findings in the field of multi-scale modeling of contact phenomena can be found in [14]. The
paper discusses surface representations, the breakdown of continuum theories at the nano- and microscales, as
well as multi-scale and multiphysics aspects for analytical and computational models relevant to applications
spanning a variety of sectors, from automotive to biotribology and nanotechnology. Localized deformation as
a part of multi-scale modeling is discussed by Placidi et al. [15] and by Spagnuolo et al. [16]. As some material
models do not seem suitable to describe the measured dissipation loops, Scerrato et al. [17] and Giorgio and
Scerrato [18] propose to introduce a micro-mechanism of Coulombian internal dissipation associated with the
relative motion of the lips of the micro-cracks present in the material. This microscale approach allowed for
suitable description of some experimental evidences.

In [19], typical conditions are reviewed in which low friction coatings are sought as well as the demands
for properties which coatings should fulfil in order to function in an appropriate way. An example of such
coatings for use in a vacuum is based on molybdenum disulphide (MoS,). Self-lubricating coatings with MoS;
exhibit low friction and are used in the great majority of applications requiring solid lubrication. As examples,
we could mention cutting tools such as drills and saws, highly loaded gear wheels made of titanium alloys,
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sliding and roller bearings, cast iron pistons in radial piston motors, piston rings and home appliances including
refrigerant compressors, washers and dryers.

The structure of MoS; is layered. Atoms belonging to one layer are strongly bonded by covalent interactions.
There are van der Waals bonds between the layers which are weak and result in sliding at adjacent sulphur
planes. Quasi-amorphous MoS;Ti composite coatings, where Ti is added to molybdenum disulphide, are more
adhesive, denser and more oxidation resistant than pure MoS,. The effect of deposition parameters and Ti
content on crystallographic orientation and friction coefficient and wear rate in MoS;Ti was examined in
[20]. The wear resistance and friction coefficient of the MoS,Ti-coated TigAl4V alloy were investigated at
various temperatures in the paper [21]. Review paper [22] compiles publications from last seventy years about
the research developments in metal matrix self-lubricating composites containing MoS;. Information on the
tribological properties of such composites according to the varied matrixes, contents, processing conditions,
testing temperatures and atmospheres is discussed.

The surface effects are important for modeling of some structures of nanofilms. In particular, they are
responsible for the size effect, meaning the dependence of the material properties on the specimen size, issues
relevant to thin films as MoS;Ti coating. This problem is discussed by Altenbach and Eremeyev [23], where
the theory of elasticity is applied to the modeling of shells with nano-scaled thickness. To capture the material
behavior at the nanoscale, Eremeyev et al. [24] use linearized Gurtin—-Murdoch surface elasticity approach
and discuss the propagation of transverse surface waves along a surface of an elastic cylinder with coating.
Authors provide other interpretations of the surface shear modulus.

The aim of present paper is to derive macroscopic relation between pressure and friction coefficient for
sapphire ball sliding on MoS; film deposited on TigAl4V substrate. As a starting point, we show results
of reciprocating motion experiments at specified amplitude and frequency (ball-on-flat-test) in unlubricated
conditions. The experiments were done in room temperature. Ball/coating friction coefficient was measured
as a function of mean contact pressure. Theoretical approach is developed next to mathematically describe the
relation between friction and pressure observed during the experiments. It is based on microscale modeling.
Representative volume element is chosen using the actual film surface topography. Assuming thermo-elastic
material properties, the calculation on the asperity scale is performed in two steps. The first step is the calculation
of mechanical contact within the representative element between the ball and the coating. As aresult, the relation
between the global load and micro-stress distribution is obtained. Next, for a given stress load finite element
thermal analysis is performed providing temperature fluctuations on the asperity level. By assuming relation
between friction coefficient and temperature on the microscale and applying averaging procedure, it is then
possible to obtain macroscopic friction coefficient as a function of macroscopic contact pressure. Predictions
of microscale modeling are compared with experimental data from reciprocating sliding test.

2 Reciprocating sliding test

A plate sample made of TigAl4V titanium alloy deposited with MoS, coating of thickness 3 wm was put in
contact with a sapphire (Al,O3) ball of 6 mm diameter undergoing reciprocating sliding motion of specified
amplitude and frequency (ball-on-flat-test) in unlubricated conditions. The topography of initial outer surface
of MoS; layer was measured using a scanning profilometer Hommel Tester T8000 Nanoscan. All roughness
parameters were determined using Hommel Map software for surface analysis. The following values were
obtained: arithmetic mean deviation R, = 0.62 um, root-mean-squared deviation R; = 0.82 jum, mean
spacing of profile elements Sy, = 30 wm, root-mean-squared slope of assessed profile Rqq = 7.9°.

The reciprocating sliding tests were done in room temperature using homemade wear tester. The ball was
loaded with different values of normal forces pressing it to the substrate. For each load, a reciprocating motion
was imposed with 100 cycles and stroke length of 3 cm. The value of sliding force was recorded. The frequency
of ball oscillation was 3.33 s~! and did not change for all the tests. It was not intended to examine the effect
of sliding velocity on frictional response. The experimental setup is illustrated in Fig. 1.

The friction coefficient was measured as a ratio of tangential and normal forces at the contacted surfaces.
Assuming Hertz contact conditions under the ball, the mean pressure was calculated for each normal loading
using formula F /(i a?), where F is the normal force and « is radius of contact zone given by

3 1—vi 1-v3
a3:—FR< v1+—v2>. (1)

4 E E>
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rec\

Fig. 1 Reciprocating test with 100 cycles and a stroke length of 3 cm. Frequency of oscillation was 3.33 s~!. Different loading
forces were applied

Table 1 Material parameters of MoS; layer (after [25] and [26])

Young modulus Poisson’s ratio Density Specific heat Thermal conductivity Thermal expansion coefficient
J w 61
200 GPa 0.3 5.06 C% 1.81 —5+ 0.6 -°¢ 8.65-107°¢

Table 2 Material parameters of Al,O3 ball

Young modulus Poisson’s ratio Density Specific heat Thermal conductivity Thermal expansion coefficient
g J w —61
380 GPa 0.3 3.89 =5 0.88 -k 30 ¢ 8.1-107°¢
0.25

—e—mos2_2-la

0.2

\ —#—mos2 2-1b
0.15 —=—mos2_2-lc
2 \\G&Ef

0.1 .
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0 . . , :
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Fig. 2 Reciprocating test. Friction coefficient as a function of Hertz mean contact pressure

In the above equation, R is ball radius, E1, vq, E», vy are Young’s modulus and Poisson’s ration of the MoS;
layer and the sapphire ball, see Tables 1 and 2, respectively.

Figure 2 presents obtained friction coefficient as a function of mean contact pressure. Two sets of tests were
performed for loading forces 0.24 N, 0.51 N, 0.71 N, 1.02 N, 1.20 N, 1.49 N, 1.69 N: tests (a) and and (b). The
third set of tests was done for forces 1.69 N, 3.31 N, 5.14 N, 6.47 N: test (c). In general, it can be stated that
friction coefficient decreases from 0.19 to 0.07 as the mean contact pressure increases from 314 to 949 MPa.
Only for loading force of 1.69 N applied during tests (a) and (b), a slight increase in the friction coefficient was
observed. Because of that the same force was used during test (c) and the results for 1.69 N showed expected
correlation with other loadings applied during tests (a) and (b). For mean pressures in the range 900—-1000 MPa
friction coefficient stabilizes around value of 0.073.

3 Microscale friction model

The surface topography of MoS; film obtained from scanning profilometer is used to build geometry of
the finite element model of a representative film and substrate volume with the typical roughness profile. Its
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(a)

Fig. 3 a Mesh of the representative volume element. b Mesh scaled twenty times in vertical direction to magnify asperities profile

dimensions 200 x 200 wm are taken to be sufficiently large for the unit cell not to be affected by the finite size.
The height of the model is 100 wm with 3 pm film thickness. Figure 3a depicts the 3D mesh approximation.
Figure 3b shows mesh scaled twenty times in vertical direction to magnify the roughness profile.

The following calculation scheme is applied for the micro-level, providing us at the end with the relation
between macroscopic contact stress and the friction coefficient. It is achieved by taking into account temperature
fluctuations on the asperity level.

(1) Obtain local stress By pressing a rigid flat surface against the representative volume element of film
deposited on the substrate, we calculate local normal contact stresses 0™ and the resulting mean normal
traction acting on the upper MoS, surface

1

= | o™MdA. )
0 JAy

o

Both ™™ and ¢ depend on the real contact area A, between the element and the pressing object. It can
be characterized by parameter «, 0 < o < 1, being the ratio between A; and the nominal surface area Ag
Ar

a =4 (3)
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Fig. 4 Nodal forces [N] within the representative element for « = 0.4

2

3

where in our case Ap = 200pm x 200pm. Periodic boundary conditions (zero horizontal displacements)
are imposed on the sides of the representative element, and the bottom surface is fixed. The calculated
o in formula (2) is simply normal contact traction on the macro-scale: For given macro-scale o, we can
establish the real contact area for our particular surface topography presented in Fig. 3.
Exemplary results of nodal forces within the representative element for « = 0.4 are presented in Fig. 4.
One can see non-uniform nodal force distribution and peaks in pressing traction due to real topography.
The overall picture depicts very irregular shape of real contact area. Nodal forces can be used next to
calculate maximum, mean and average contact pressure within the representative element as a function of
real contact area described by parameter «. This is presented in Fig. 5. Mean stress is given by Eq. (2) and
shows the value of loading force divided by nominal contact area omean = F/Ag. It is in fact the stress
level observed at the macroscopic scale during the pressing process. Average stress is the loading force
divided by real contact area o,y = F/A; and can be followed during numerical calculations. It should
be noticed that the maximum normal stress acting on the representative area is much higher than its mean
counterpart. For example, for « = 0.4 the maximum stress is 4494 MPa and the mean stress is 433 MPa,
so the difference is one order of magnitude. It clearly shows that on the micro-level, one can expect local
phenomena to happen which are not captured on macro-scale after averaging procedure.
Obtain local heat flux Knowing the distribution of local o™™ for a given «, we calculate the resulting
local heat flux ) ) ) _ )

qmlcro =f pmicro f 'umlcro(Tmlcro) o micro 4)
when the representative element slides against the contacting body with relative velocity v. In the above
equation, f = 0.5 is the fraction of the dissipated energy absorbed by the volume element of MoS; layer.
It means that the remaining part of the energy goes into the pressing object. It is assumed that the sliding
velocity on the micro-level is uniform and has the same value as its macroscopic counterpart. The relation
between the local friction coefficient and local temperature is assumed to have the form

) ) ) . . Tmicro _ Tmicro n
micro prmicroy - micro _ micro __ , micro min
/"L ( ) - /’Lmax (Mmax Mm]n ) TmiCI‘O _ Tl’IliCrO (5)
max min

micro micro micro micro
as temperature changes from 7,5 up to T, .

As presented in Fig. 6, it decreases from pup;© to ! e
Obtain local temperature The resulting heat flux g™ gives rise to a steady-state temperature increase

AT™C™ above the initial temperature 7" within the volume element. Locally, the sum

Tmicro — Tinit + ATrnicro (6)
can be greater than the averaged temperature
1 .
T=— T™ dAg @)

Ao Ja,
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Fig. 5 Maximum, average and mean stresses acting on representative element as a function of fraction of real contact area
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Fig. 6 Relation between local friction coefficient and local temperature

“)

on the upper surface on the macro-scale. The calculation of temperature 7™ should be performed

by assuming periodic boundary conditions, that is, zero heat flow through the vertical boundaries of the
representative element. Its height should be big enough for temperature fluctuations to occur only close to
its upper surface.

Calculate macroscopic friction coefficient By definition the macroscopic friction coefficient is the ratio of
macroscopic tangential and normal forces

on TmicrodAO
on O—mlcrodAO

w(T, o) = 3

where the integration is done over the upper surface of the representative element. It should be noticed that
the local relation (5) between temperature and friction coefficient is transformed now and provides us with
a macroscopic u being the function of macroscopic temperature and macroscopic normal contact stress.

Temperature 7 in the definition of macroscopic friction coefficient (8) is the averaged temperature on the

upper surface of the representative element, directly between the contacting bodies. It is difficult to be measured
experimentally, and for practical reasons, it is better to use 7'™" instead of T when comparing model results
with available experimental data. The value of 7™ can be interpreted as ambient temperature of a tribological
test.

To effectively calculate integrals in (7) and (8), a simplified representative element has been chosen with

external loading equivalent to real topography situation. It consists of a single conical asperity as presented
in Fig. 7. The upper surface is equal to the real contact area A;; the area of bottom surface has the nominal
value Ag = 40,000 umz. It is in line with original cubic representative volume element where horizontal
dimensions are 200 x 200 pm. The height of 100 jwm is the same as previously assumed for the volume with
real topography.
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Fig. 7 Simplified representative element: single conical asperity

Table 3 Material parameters of TigAl4V substrate (after [27])

Young modulus Poisson’s ratio Density Specific heat Thermal conductivity Thermal expansion coefficient
J w 61
110 GPa 0.31 442 C% 553 GK 7.1 5% 9.2-107°&

Axisymmetric contact loading o™ applied to the simplified conical element satisfies the following
conditions: It reaches its maximal value a,rr?;ff" on the symmetry axis and monotonically decreases to zero on
the boundary of the real contact zone. Micro-stresses presented in Fig. 5 provide input needed to properly
evaluate equivalent loading applied to the simplified representative element. The distribution of o™ acting
on the single conical asperity was chosen so that the area covered by 6™ "° bounded by 0; < 0™ < ;41 is
the same both for the simplified and the real topography volume elements. The number of divisions J, where
we have

O0=01<---<o0j < ... <0y = gmicro,
was J = 10, to ensure that the external loading imposed on the simplified element is equivalent to that acting
on the real topography.

4 Model results and discussion

The relevant material parameters of MoS; film, the ball and TigAl4V substrate are listed, respectively,
in Tables 1, 2 and 3. For micro-scale relation between the friction coefficient and temperature, we assume
in Eq. (9): pupie® = 0.2, upie® = 0.05, T3 = 200°C, T2 = 0°C, n = 1. It roughly matches with
experimental data presented by Kubart et al. [28]

Figure 8 presents the obtained distribution of normal contact stresses on the axisymmetric representative
element for various values of nominal contact area. It was obtained from real topography stresses by the
procedure described above. Obviously for higher value of «, that is for bigger nominal contact area, the pressure
increases, with its peak value reached on the symmetry axis of the representative element. By application of (4),
the pressure is related to shear stress and results in heat flux arising due to friction when the ball is sliding over
the disc. It has to be noted that heat flux depends on temperature values at contact zone of the representative
element through relation p™™(7™¢°°) given by Eq. (5). In order to properly calculate combined effect of
applied heat flux and resulting temperature distribution within the asperity, ABAQUS user subroutine DFLUX
was coded, see [29]. It can be used to define a nonuniformly distributed flux as a function of temperature in a
heat transfer analysis.

Temperature distribution obtained as a steady-state solution to heat flow problem is presented in Fig. 9
for nominal contact area @ = 0.016, « = 0.4 and ¢ = 0.89. Ambient temperature was set to 20 °C. The
notion of flash temperature can be seen for « = 0.016 and ¢ = 0.4, with its value significantly higher in a
localized contact zone, where it varies from 150 to 190 °C, depending on nominal contact area. It can lead
to local oxidation phenomena not captured by typical consideration, where microscale modeling aspects are
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Fig. 8 Distribution of normal contact stresses on the conical representative element of contact zone for various values of parameter
« depicting nominal contact area

excluded, as preliminary reported in [30]. Bulk temperature is much smaller with values between 20 and
35°C predominant within the examined volume. For ¢ = 0.89, that is for almost all upper surface of the
representative element being in contact with the pressing object, the effect of flash temperature disappears,
as heat flux is not imposed on a localized area in this case. The variation of 7™ on the upper surface of
the representative element is presented in Fig. 10 for several values of «. It can be observed that already for
nominal contact area « > 0.1 maximum values of temperature on the symmetry axis do not change much
with increasing «. They asymptotically tend to reach 195°C for « close to unity. For higher values of nominal
contact area, the temperature becomes uniform on most of the upper surface.

Figure 11 presents macroscopic friction coefficient p as a function of macroscopic o for surrounding
temperature of 20°C. It was obtained by the use of relation (8), where integration was done over simplified
representative asperity with flash temperature obtained as explained above. Simulation results are compared
with values of u measured experimentally during reciprocating test described in Sect. 2. We can see that
the general experimental trend is preserved by the multi-scale modeling approach: Coefficient is decreasing
as the stress is increasing. It varies mostly for lower values of contact pressure. Although simulation results
are not ideally matching, they can be used as a rough approximation of experimental data. Proposed multi-
scale approach explains the complex aspects of variation of u for different loading conditions. It shows that
friction coefficient is affected by the height of the asperity and the resulting temperature distribution on the
micro-level, when two bodies are in sliding contact. The model is also open for subsequent improvements.
On microscale, the ball was modeled as a flat rigid surface and its surface topography was not taken into
account when calculating contact pressure. By pressing two elastic-plastic bodies with real surface topography
on both contact surfaces, one could obtain better approximation of local stresses. In addition, the microscale
relation (5) between local friction coefficient and local temperature is the input to the proposed modeling.
This could be modified to better capture physics of contact phenomena. By using the proposed approach, it is
also straightforward to obtain value of friction coefficient as a function of sliding speed. The relative velocity
between two contacting bodies is already present in the formula (4), providing heat flux acting on contact area
of asperity. As a result, the macroscopic friction coefficient defined by averaging Eq. (8) can also be expressed
in terms of sliding speed.

5 Summary and conclusions

Experimental results of room-temperature reciprocating sliding motion at specified amplitude and frequency
(ball-on-flat-test) in unlubricated conditions are reported for sapphire ball in contact with MoS; film deposited
on TigAl4 V. They are used to calculate friction coefficient for various values of ball loading force. It is shown
that with increasing ball loading and subsequently increasing contact pressure, the value of friction coefficient
becomes lower.

Microscale model is developed to obtain relation between macroscopic pressure and macroscopic friction
coefficient. Due to surface roughness in the contact zone, we have areas where the ball sticks to the film and
those where they are separated. In the microscale, this leads to stress and temperature concentrations. This is
known in the literature as flash temperature: highly localized temperature in the peaks of asperities. This is a
microscale effect. By averaging pressure and shear stresses at contact within representative element, we can in
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Fig. 9 Temperature distribution within the conical representative element fora o« = 0.016,b o = 0.4, c @ = 0.89
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Fig. 11 Macroscopic friction coefficient as a function of average normal stress for ambient temperature of 20 °C: experiment
versus model results

turn obtain macroscopic friction coefficient as a function of normal stress. In this way, the nonlinear relation
(o) is a result and not an a priori assumption. It arises due to temperature fluctuation within the asperity and
consequent nonlinear character between normal and shear microscopic stresses

, ©))

micro

micro micro (Tmicro)o_micro

T =U

where g™ (7micro) j5 ojven by equation (5). As can be seen, the ratio of averaged values of & and ¢™micro

is therefore not constant. The results of the model are compared to experimental findings in terms of relation
between friction coefficient and pressure. Although simulation results are not ideally matching, they can be
used as a rough approximation of experimental data.

The novel aspects of presented approach lie in the selection of three main factors on a micro-level that will
define macroscopic friction. They are actual surface topography, microscopic temperature and microscopic
friction-temperature relation. Future research could combine this multi-scale model with simulating material
wear accompanying sliding between contacting bodies. Oxidation modeling is another research direction to
follow. When calculating flash temperature, it is clearly seen that its value on asperities can be orders of
magnitude higher than its macroscopic counterpart. By integrating microscale oxidation activation factors
dependent on distribution of local temperatures, it would be possible to capture formation of oxide layer. This
task might not be possible within conventional approach, where macroscopic temperature could be below a
macroscopic threshold value for oxidation initiation.

The tools presented in this work can be used for accurate evaluation of friction-related relations in damage
evolution problems [31,32] and can allow for a better insight into hysteresis phenomena occurring during
frictional sliding between several mechanical components [33]. They could also serve as a microscale input
for contact rules proposed on the macro-scale [34] or be used in the research trend on generalized continua
such as pantographic structures [35], where rotating joints are affected by frictional sliding.
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