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A B S T R A C T

We present a reactive molecular dynamics study on tribological properties of five vanadium oxides (𝑉2𝑂3, 𝑉3𝑂5,
𝑉8𝑂15, 𝑉9𝑂17, 𝑉 𝑂2) under elevated temperatures and pressures. All considered stoichiometries provide lubrica-
tion with a comparatively low coefficient of friction (𝐶𝑂𝐹 ∼ 0.2 at 600 K, 𝐶𝑂𝐹 < 0.2 at 800 and 1000
K) which is a valuable information relevant for the design of coatings containing vanadium as a lubricious
agent. An overall tendency of the decrease of friction coefficient with the increase of temperature represents
a tribological effect useful for self-adjusting lubrication. We observed the increasing trend of adhesion-related
offset of the friction force with the decrease of oxygen content in vanadium oxides.
1. Introduction

Friction and wear represent a serious obstacle to the efficient opera-
tion of engineering systems in all areas of industry. There is an estimate
that friction and wear cause a loss of approximately one-quarter of
the global energy production [1]. In every system where a contact
between surfaces in relative motion is present, the phenomenon of
friction occurs and causes energy losses. Considering this fact, the usage
of materials, referred to as lubricants, which can enable low friction and
prevent wear, is necessary [2].

The most common choices include liquid lubricants like water-based
ones [3–6], petroleum-based oils [7–9], or ionic liquids [10–14]. When
it comes to more specific operating conditions, including high tem-
perature or vacuum, solid lubricants need to be used instead of liquid
ones. The two major families include carbon-based solid lubricants
(such as graphite [15–17] or diamond-like carbon coatings [18,19])
and transition metal dichalcogenides (TMDs) [20–24]. However, both of
them show a tendency to degrade at elevated temperatures in oxidative
environment [25,26].

Taking into account that providing effective lubrication at high
temperatures/pressures and under oxidation is relevant for various
industrial applications, such as turbomachinery and cutting tools [27,
28], there is a need for designing suitable coatings. Those are hard
and oxidation-resistant coatings consisting of binary or ternary films
(e.g., Cr–N, Ti–N, Cr–Al–N, Ti–Al–N), doped with an additional element
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(usually a metal) [27–33]. Such coatings operate in a way that the
dopant diffuses to the surface of the coating, reacts with oxygen, and
forms an oxide layer that serves as a lubricant. Out of several possibili-
ties for the choice of the metal, vanadium and silver gained popularity.
There is either oxide (V–O ) or metallic (Ag) lubrication. Vanadium
oxides and metallic silver reduce friction and melt at relatively low
temperatures (below 700 ◦C in case of V2O5; melting point of metallic
Ag is 961.8 ◦C, both at atmospheric pressure), hence providing liquid
lubrication [28,32,34–39].

We have previously studied the tribological properties of vanadium
pentoxide V2O5 [40]. We found out that even a single layer of it present
on the surface of a vanadium doped solid lubricant provides efficient
lubrication with the coefficient of friction 𝐶𝑂𝐹 < 0.2, which is an es-
tablished value when considering lubrication based on solid-lubricating
materials [26].

The dopant of solid coatings investigated in the present study is
vanadium (as in the Ref. [40]), which reacts with oxygen and forms
oxides with different stoichiometries, depending on the working con-
ditions [41]. Accordingly, the amount of oxygen present in the oxida-
tive environment, can be taken as a study parameter, leading to the
consideration of different vanadium-oxide stoichiometries.

This study aims to explore the tribological performance of under-
oxidized vanadium lubricants. The key questions which we are target-
ing are related to the usability (i.e., providing lubrication regardless
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Fig. 1. Snapshots ((a) 𝑥𝑧 and (b) 𝑦𝑧 cross-sections) of the simulated tribological system taken at the start (𝑡 = 0) and at the end (𝑡 = 2.5 ns) of a simulation. Vanadium and
oxygen atoms are represented as smaller yellow and bigger red spheres, respectively. The top and bottom V2O5 layer represent rigid counter-bodies, while V and O atoms confined
between them constitute a vanadium oxide lubricant of a certain stoichiometry, in general labelled as V𝑥O𝑦.
of the stoichiometry) and efficiency (i.e., enabling low friction coef-
ficient) of such lubricants. We have conducted a reactive molecular
dynamics study on the tribological properties of five vanadium ox-
ide stoichiometries. Our study includes V2O3,V3O5,V8O15,V9O17,VO2,
which are observed in experimental investigations of coatings with
vanadium oxide-based lubrication [37,41,42].

2. Methods

We have employed an atomistic model within the ReaxFF (reactive
force field) potential [43] to describe the interactions of vanadium and
oxygen atoms. ReaxFF is an empirical potential based on the bond order
concept. The total potential energy of the system is calculated as a sum
of energies of different components: bonds, atoms, lone-pairs, valence
and torsion angles, hydrogen bonds, van der Waals and Coulombic in-
teractions. ReaxFF uses bond orders which change dynamically during
the simulation, depending on the interatomic distances.

In this study, we used the Chenoweth et al. force field parame-
terization [44], which was originally developed for oxidative dehy-
drogenation on vanadium oxide catalysts. Besides that purpose, the
aforementioned force field has been used to study the chemical stability
and surface stoichiometry of solid vanadium oxide phases [45]. Also,
the Chenoweth et al. force field has been used in a study on the tribo-
logical properties of crystalline and amorphous V O lubricants [40].
2
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All reactive molecular dynamics simulations presented in this work
have been conducted using the reax/c package [46] of the LAMMPS
code [47,48].

Since the main target of our study is the exploration of the effects
of stoichiometry on the tribological properties of vanadium oxides, our
present simulation setup is designed analogously to the one utilized in
a previous study on the mechanism of tribological action of V2O5 [40].
Such approach allows comparisons of the tribological performance
of under-oxidized vanadium and vanadium pentoxide lubricants. Our
tribological system consists of two V2O5 layers, which are used as rigid
counter-bodies, and an initially random arrangement of 𝑁𝑉 = 144 vana-
dium atoms and an appropriate number of oxygen atoms 𝑁𝑂, which
are used as a lubricant confined between the two V2O5 layers. The
above-mentioned term appropriate means that the number of oxygen
atoms is determined in correspondence with the chosen stoichiometry
of vanadium oxides, which is in general labelled as V𝑥O𝑦, hence 𝑁𝑂 =
𝑦
𝑥𝑁𝑉 . The mass density of considered V𝑥O𝑦 phases was selected in a
way that it is equal to the mass density of the corresponding crystalline
vanadium oxide, minus 10% to account for a lower density of the
amorphous phase. Regarding the periodic boundary conditions applied,
our system was periodic in all three directions (i.e., 𝑥, 𝑦 and 𝑧), however
in the 𝑧 direction we effectively had rigid layers acting like walls.
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Fig. 2. Representative total radial distribution function (RDF ), labelled as 𝑔 (𝑟), for the
set of parameters (V3O5, 4 GPa, 1000 K). For all sets of parameters the RDFs have a
similar dependence on the distance, taking into account the presence of short-range
and the lack of long-range ordering (check Figs. 3, 4 in Supplementary Information).

The first step of our simulations was a structural relaxation of the
initially randomly arranged V𝑥O𝑦 phase, where we applied the con-
jugate gradient method within LAMMPS [47,48], with the stopping
tolerance of 10−12 for energy and 10−12 kcal/molÅ for force; both
maximum number of iterations of minimizer and maximum number
of force/energy evaluations were set at 105. After the relaxation, we
proceeded to a melt-quench step at a target normal load of 0, 1, 2, 3
or 4 GPa, imposed on the top rigid V2O5 layer. We heated the V𝑥O𝑦
phase up to 5000 K and then quenched it at a rate of −10 K/ps to the
target temperature of 600 K, 800 K or 1000 K. After these steps, we
proceeded with the system equilibration at the target temperature for
100 ps, and then we started the sliding of the top V2O5 layer in the 𝑥-
direction at a velocity of 𝑉𝑥 = 1.133 m∕s. We chose the sliding velocity
so that 1 ns of sliding corresponds to a run through the primitive cell
of V2O5, which is consistent with our previous study [40]. The sliding
part of our simulations lasted for 2 ns and during this production stage
we recorded the atomic positions and forces, so that they can be used
in a subsequent analysis. In all simulations, we used a timestep of 0.5
fs. For any simulation conditions (comprising selected stoichiometry,
applied normal load and temperature), 5 independent runs were carried
out. Different independent runs correspond to the usage of different
seeds of the random number generator applied to obtain the starting
configurations of the confined V and O atoms in the V O phase. Such
3
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a procedure enabled us to determine the averages and the standard
deviations of the computed quantities. An illustration of our simulation
setup at the start and at the end of a simulation is shown in Fig. 1.

3. Results and discussion

3.1. Tribological behaviour of amorphous vanadium oxides

Let us label the set of parameters defining a distinguishable simula-
tion as

(

V𝑥O𝑦, 𝐹𝑧, 𝑇 , 𝑖
)

, which correspond to the stoichiometry, normal
load, temperature and index of the independent run, respectively. The
friction force was defined as the force acting on the top rigid V2O5 layer
in the direction opposite to the sliding direction; hence, we label it as
𝐹𝑥. For each set of parameters

(

V𝑥O𝑦, 𝐹𝑧, 𝑇
)

we determine the friction
force by computing the average value over five independent runs. The
associated error was computed as the unbiased standard deviation over
the independent runs.

In Fig. 2 we show the total radial distribution function related to
the sliding segment of our simulations for the representative set of
parameters (V3O5, 4 GPa, 1000 K). The results are analogous for all sets
of parameters. We notice a short-range ordering, arising from distinct
(though not fixed) bonding distances, but any long-range ordering is
lacking, identifying our V𝑥O𝑦 phase as amorphous or liquid. The bound-
ary between an amorphous solid and a liquid state is not clearly and
straightforwardly distinguishable, especially considering the working
conditions of our study (i.e., relatively high temperatures and normal
loads, together with sliding). Taking all relevant circumstances into ac-
count, we consider those two states as equivalent within the framework
of our study.

In Fig. 3 we present the evolution of the sliding force with respect
to time for the set of parameters (V3O5, 4 GPa, 1000 K). It is a repre-
sentative case for the sliding force vs. time relationship; the profiles for
other sets of parameters look qualitatively similar to the reported one.
We can notice in Fig. 3(a) the absence of upward/downward trends,
which implies that the system undergoes a steady sliding process. This
kind of tribological behaviour is expected for amorphous/liquid lubri-
cants, differently from, for example, crystalline V2O5 lubricant [40].
In Fig. 3(b) we show the temporal trends (computed as the moving
average over 1000 values) of all five independent runs. Qualitatively,
in all 5 cases the sliding force vs. time curves are analogous.

By following the standard approach in tribology, we applied a linear
fitting on the dependence of the sliding force 𝐹𝑥 on the normal load 𝐹𝑧:

𝐹𝑥 = 𝐶𝑂𝐹 ⋅ 𝐹𝑧 + 𝐹 0
𝑥 , (1)

where the slope corresponds to the coefficient of friction (𝐶𝑂𝐹 ), while
the offset 𝐹 0 corresponds to the sliding force when the normal load on
𝑥
Fig. 3. Time profiles of the sliding force 𝐹𝑥 in the case of V3O5 lubricant under the applied pressure of 4 GPa and at the temperature of 1000 K. Panel (a) reports the results of
the independent run 1. In the panel (a), the solid blue line represents raw simulation data, the solid red line represents the moving average, while the horizontal dashed orange
line is the global average. Panel (b) shows the moving averages of the sliding force corresponding to the 5 independent runs, represented by solid lines with different colours. It
also includes the global average calculated over all 5 independent runs (for the same set of parameters (V3O5, 4 GPa, 1000 K)), marked with a horizontal dashed orange line.
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Fig. 4. Dependence of the sliding force 𝐹𝑥 on the normal load 𝐹𝑧 at the temperatures
of (a) 𝑇 = 600 K, (b) 𝑇 = 800 K and (c) 𝑇 = 1000 K. The error bars represent the
standard deviation of the average values obtained from the sliding simulations. The
solid lines were obtained by linear fitting via Eq. (1). Corresponding parameters of the
applied linear fitting are listed in Table I of the Supplementary Information.

the top V2O5 layer is not applied (i.e., 𝐹𝑧 = 0). In Fig. 4 we present
the sliding force 𝐹𝑥 vs. normal load 𝐹𝑧 dependence for all considered
stoichiometries and temperatures. We can notice the effects of stoi-
chiometry and temperature on the frictional behaviour of amorphous
vanadium oxide lubricants: there is a separation and ordering of the
results (i.e., the offset of the linear fits) depending on the stoichiometry;
temperature affects both the slope and the offset of the linear fits.

To gain a more detailed insight into the dependence of the slope
and offset of applied linear fits (from Eq. (1)) on the stoichiometry and
temperature, we prepared the 𝐶𝑂𝐹 and 𝐹 0

𝑥 vs. stoichiometry plots at
all studied temperatures, shown in Fig. 5(a) and Fig. 5(b), respectively.
At a fixed temperature, we do not notice any statistically significant
changes of the 𝐶𝑂𝐹 as a function of stoichiometry. The values which
we obtained for the 𝐶𝑂𝐹 (∼ 0.2 at 600 K, ∼ 0.15 at 800 K and ∼
0.1 at 1000 K) are also in good agreement with the previously deter-
mined results for amorphous V O lubricant at the same temperatures
4
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(e.g., see Fig. 8 and Table 6 in the Ref. [40]), which means that even
under-oxidized vanadium is going to be an effective lubricant. There
is also an overall tendency of the decrease of 𝐶𝑂𝐹 with the increase
of temperature for all considered vanadium oxides, however, in some
cases the values of 𝐶𝑂𝐹 at different temperatures are indistinguishable
within the margin of error. The decrease of friction coefficient with the
increase of temperature is an expected tribological effect in the case
of the hydrodynamic lubrication regime of the Stribeck curve [49]. A
higher temperature of an amorphous/liquid lubricant leads to its lower
viscosity [50,51] and, consequently, to a lower friction coefficient.
Another consequence of such behaviour is a somewhat self-adjusting
character of the lubrication, which enables lowering of the friction
coefficient. Sliding at a lower temperature with a higher 𝐶𝑂𝐹 would
generate energy, dissipated in the form of heat, that would, in turn,
increase the temperature of the coating and hence decrease the 𝐶𝑂𝐹 ,
allowing easier sliding. We added a dashed horizontal line in Fig. 5(a)
at 𝐶𝑂𝐹 = 0.2 to denote an established boundary for the low value
of the friction coefficient of high-temperature self-lubricating coatings.
Such a boundary low value can be used for defining the quality of
novel solid-lubricating materials (e.g., see Fig. 5 in the Ref. [26]). All
the obtained values of 𝐶𝑂𝐹 at the temperatures of 800 and 1000 K
are well-below this threshold of 0.2, while at 600 K the values belong
to its vicinity. We should mention that there is a good agreement of
our results regarding 𝐶𝑂𝐹 with the values of experimentally measured
𝐶𝑂𝐹 of vanadium-containing nitride coatings [29,37,52].

The offset 𝐹 0
𝑥 of the linear fits from Eq. (1) is related to the adhesion

component of the friction force [53–55]. In Fig. 5(b) we present the 𝐹 0
𝑥

vs. stoichiometry dependence for the three studied temperatures. We
notice an overall decreasing trend of the 𝐹 0

𝑥 with the increase of the
oxidation level of vanadium. As 𝐹 0

𝑥 accounts for the adhesion between
the top rigid V2O5 layer and the V𝑥O𝑦 lubricant, a higher oxidation
level of vanadium in V𝑥O𝑦 enables formation of less bonds between the
V2O5 layer and the lubricant, which leads to a lower adhesion. This rep-
resents mainly a qualitative explanation of the adhesion-stoichiometry
relation. However, we provide a quantitative explanation based on
counting the bonds between the V𝑥O𝑦 lubricant and the top V2O5 layer
in the following subsection titled Structural analysis.

As already stated in the Methods section, our simulation setup was
built with the V2O5 layers as counter-bodies of the tribo-contact to
make the results comparable with the previous study [40] dealing with
the amorphous V2O5 lubricant. However, such a simulation setup can
also be somewhat relevant for practical applications. In the operation
of a real coating, utilized for example, as a cutting tool, we would
expect the tribolayer of vanadium oxides to be sandwiched between
the products of oxidation of the coating (primarily oxides like SiO2 and
TiO2) and the surface of the stainless steel, which is also an oxidized
surface. Even though our molecular dynamics model is far from perfect
to simulate such interactions, it might show some relevant trends. In
the applications like coatings for cutting tools, adhesion can be a very
important phenomenon since the cutting tool should not be stuck on
the surface.

3.2. Structural analysis

We have defined a V–O bond as V and O atoms being closer than
the cutoff distance of 2.5 Å, which is the length of the longest V–O
bond in crystalline oxides (2.2 Å, in ReaxFF-optimized V2O5), plus extra
15% to account for generally longer bonds in amorphous phase [56].
We looked at a number of V–O bonds, expressed as the average co-
ordination numbers of vanadium, 𝐶𝑁𝑉 , and oxygen, 𝐶𝑁𝑂. We paid
special attention to the bonding between the rigid V2O5 layers and
the amorphous V𝑥O𝑦 oxide phase. These bonds are almost exclusively
formed between the V atoms of the amorphous V𝑥O𝑦 phase and the
O atoms of the rigid V2O5 layers. Consideration of the aforementioned
bonds provides us a good measure of the adhesion interactions between
a rigid oxide body and an amorphous oxide. We quantify this type of
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Fig. 5. (a) Dependence of the friction coefficient 𝐶𝑂𝐹 on the stoichiometry at the temperatures of 𝑇 = {600, 800, 1000} K. (b) Dependence of the offset of the sliding force 𝐹 0
𝑥 on

the stoichiometry at the temperatures of 𝑇 = {600, 800, 1000} K. The points presented in the panels (a) and (b) were obtained as slopes and offsets of the linear fits from Eq. (1),
respectively, while the errorbars represent the associated error computed via the fitting procedure. Dashed lines in the panel (b) represent linear fits, that serve as guides to the
eye.
bonding as the number of such bonds per a V atom, and denote it as
𝐶𝑁∗

𝑉 .
We have seen from Fig. 5(a) that the stoichiometry of amorphous

vanadium oxide lubricants weakly affects the friction coefficient. How-
ever, it clearly impacts the offset of the sliding force 𝐹 0

𝑥 , as we can
observe from Fig. 5(b). This effect can also be noticed in the separation
and ordering, with respect to stoichiometry, of the sliding force vs.
normal load curves in Fig. 4. In order to quantitatively describe such a
behaviour, we analysed the structural features of V𝑥O𝑦 phases, looking
primarily into V–O bonds.

The effect of stoichiometry on the network connectivity and the
occurrence of such V𝑥O𝑦-to-V2O5 bonds at the temperature of 1000 K
(results for the other two studied temperatures are analogous) is pre-
sented in Fig. 6. We observe the almost constant coordination numbers
of vanadium (𝐶𝑁𝑉 ∼ 4 under the normal load of 0 GPa) throughout the
stoichiometries. On the other side, the coordination number of oxygen
𝐶𝑁𝑂 decreases with the increase of the overall oxygen content in the
V𝑥O𝑦 phase, in order to provide enough bonding to vanadium. Also,
as we move to more oxygen-poor stoichiometries, we observe a higher
tendency of the vanadium atoms from V𝑥O𝑦 to bond with the oxygen
atoms from V2O5 rigid layers, i.e., 𝐶𝑁∗

𝑉 increases. Since those bonds
are to be considered the main cause of the adhesion between the V𝑥O𝑦
lubricant and the rigid V2O5 layers, this tendency offers an explanation
for the increase of the offset of the sliding force 𝐹 0

𝑥 with the decrease of
the oxygen content in V𝑥O𝑦, as shown in Fig. 5(b). Also, we obtained
that, at a fixed stoichiometry, all coordination numbers (i.e., 𝐶𝑁𝑉 ,
𝐶𝑁∗

𝑉 and 𝐶𝑁𝑂) increase with the increase of the normal load. This
outcome can be easily explained taking into account that the increased
normal load causes a closer contact of atoms in the V𝑥O𝑦 lubricant
(i.e., a lower volume per atom; see Fig. 1 in the Supplementary In-
formation). Consequently, there are more atoms positioned within the
bonding cutoff distance of 2.5 Å. As the oxygen content decreases, the
overall increase of the average coordination number of oxygen causes
the increase of the average V–O bond lengths, as we show it in Fig. 7.
The elongation of the bonding distances lowers the bond energy, which
makes bond switching in the course of sliding, and hence the changes
in the network connectivity of the V𝑥O𝑦 lubricant, easier. This might be
a reason for the almost constant 𝐶𝑂𝐹 throughout the stoichiometries:
there are more bonds per atom as the amount of oxygen in V𝑥O𝑦
decreases (both by just increasing the fraction of atoms with a higher
𝐶𝑁 and by increasing the 𝐶𝑁 of oxygen atoms). However, those bonds
are longer and, consequently, weaker. Hence, the opposite changes of
the number of bonds and their length with respect to stoichiometry are
the effects cancelling each other, which results in a weak dependence
of the friction coefficient on stoichiometry (see Fig. 5(a)).

Similarly to a previous study (see Fig. 9 in Ref. [40]), we present
the effect of the network connectivity of amorphous V O lubricant
5

𝑥 𝑦
(expressed as the average coordination number of vanadium 𝐶𝑁𝑉 ) on
the sliding force 𝐹𝑥 in Fig. 8. As in the case of V2O5, we observe a linear
relation between the quantities in question, which is reasonable as a
behaviour consistent with the fluid lubrication regime of the Stribeck
curve [49]: higher network connectivity means higher viscosity [57,
58], which results in a higher friction force.

4. Conclusions

We have performed reactive molecular dynamics simulations to
study the tribological properties of practically relevant vanadium oxide
phases at elevated temperatures and pressures. Stoichiometries of vana-
dium oxides were selected in accordance with available experimental
studies. Sliding simulations explored the tribocontact of two rigid
V2O5 layers used as counter-bodies and a thermalized V𝑥O𝑦 lubricant
confined between them. Under the imposed working conditions, all
vanadium oxides were amorphous.

In general, the available amount of oxygen in an oxidative envi-
ronment in which a vanadium doped hard coating is used, might be
insufficient to form V2O5. The main goal of our study was to explore the
effectiveness of vanadium-based lubricants at lower oxidation states; in
other words: can they provide low friction in oxygen-poor environment.
We found no noticeable differences in friction coefficients between
various amorphous vanadium oxide phases. All of the studied vanadium
oxides provide lubrication with a considerably low friction coefficient
(𝐶𝑂𝐹 ∼ 0.2 at the temperature of 600 K, 𝐶𝑂𝐹 < 0.2 at the temperatures
of 800 and 1000 K). We figured out that the friction coefficient decreases
with the increase of the temperature, which can be favourable for self-
adjusting lubrication in the tribological conditions, when the energy
dissipation leads to the temperature increase.

We observed the increasing trend of the adhesion-related offset of
the friction force with the decrease of the oxygen content and explained
it by the more-pronounced tendency of vanadium atoms to bond with
the oxygen atoms of the counter-bodies in oxygen-poorer environment.
For all vanadium oxides we observed a linear relation between the
friction force and the network connectivity, consistent with previous
findings regarding V2O5. We obtained an overall tendency of the in-
crease in bond length and network connectivity with the increase of
normal load, for all stoichiometries and at all studied temperatures.

As a concluding remark, our study on vanadium oxide lubricants
provides a reliable reference relevant for the development of oxidation-
resistant hard coatings containing vanadium as a lubricious element.
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Fig. 6. Dependence of the average coordination numbers of vanadium (𝐶𝑁𝑉 in the
top and 𝐶𝑁𝑉 ∗ in the middle panel) and oxygen (𝐶𝑁𝑂 in the bottom panel) on the
stoichiometry at the temperature of 1000 K and under all applied normal loads. The
results at 600 and 800 K are quantitatively similar (i.e., impact of the temperature
within the studied range is negligible). The error bars represent the standard deviation
of the average values obtained from the sliding simulations. Dashed lines were obtained
by linear fitting and they serve as guides to the eye.
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Fig. 7. Dependence of the average bond (V–O) length on the stoichiometry at the
temperatures of (a) 𝑇 = 600 K, (b) 𝑇 = 800 K and (c) 𝑇 = 1000 K and under all applied
normal loads. The error bars represent the standard deviation of the average values
obtained from the sliding simulations. Dashed lines were obtained by linear fitting and
they serve as guides to the eye.
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Fig. 8. Relation between the sliding force 𝐹𝑥 and the average coordination number of
vanadium 𝐶𝑁𝑉 at the temperatures of (a) 𝑇 = 600 K, (b) 𝑇 = 800 K and (c) 𝑇 = 1000
K and for all considered vanadium oxide stoichiometries. Solid lines were obtained by
linear fitting and they serve as guides to the eye, pointing out to a linear relation
between 𝐹𝑥 and 𝐶𝑁𝑉 .

Appendix A. Supplementary information

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.triboint.2022.107795.
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