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Abstract: We used molecular dynamics simulation to investigate the friction of a single asperity against a rigid
substrate, while generating debris. In the low wear regime (i.e., non-linear wear rate dependence on the contact
stress, via atom-by-atom attrition), the frictional stress is linearly dependent on the normal stress, without any
lubrication effect from the wear debris particles. Both the slope (friction coefficient) and friction at zero normal
stress depend strongly on asperity-substrate adhesion. In the high wear regime (i.e., linear wear rate dependence
on the contact stress, via plastic flow), the friction-normal stress curves deviate from a linear relation merging
toward plastic flow of the single asperity which is independent of the interfacial adhesion. One can further link
wear and friction by considering debris generation as chemical reaction, driven by both normal and frictional
forces. The coupling between wear and friction can then be quantified by a thermodynamic efficiency of the debris
generation. While the efficiency is less than 5% in the low wear regime, indicating poor mechanochemical

coupling, it increases with normal stress toward 50% in the high wear regime.
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1 Introduction

Friction and wear are two paramount questions in all
tribological processes where two surfaces in relative
motion are brought in contact. Examples of such contact
range from conventional machineries (e.g., gears) [1]
to tectonic boundary (e.g., earthquake) [2, 3] and to
probe-based instrument for nanotechnology (e.g.,
atomic force microscopy (AFM)) [4, 5]. With a long
history of human tribology practice dating back to at
least ancient Egyptians [6], several empirical laws of
friction, i.e., Amontons’ laws [7-9], have been found
and broadly applied: (1) the friction is proportional to
the normal force, (2) the friction is independent of the
apparent contact area, and (3) the kinetic friction is
independent of the velocity. Recently, driven by device
miniaturization and the complexity of multi-asperity
contact, the focus of tribologists has been partially
shifted to the single-asperity contact, well-defined
between a slider-tip tribo pair [4,10-12]. Both experi-
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mental work and simulation work have provided new
insights into the friction and wear mechanisms for
single-asperity contact. For example, using molecular
dynamics (MD), Mo et al. [8] have demonstrated that
the friction force in a single-asperity contact is pro-
portional to the contact area which is defined based
on the number of atoms in contact. In our recent MD
studies, we have demonstrated a transition from atomic
wear to plastic wear in a single-asperity system and
showed that the work of adhesion promotes such
transition [13-15]. While the atomic wear is comprised
of isolated debris and is generated at low load and
low adhesion, the plastic wear involves collective
debris formation from plastic flow at either high load
or high interfacial adhesion. Both atomic wear and
plastic wear have been quantified and the results
are consistent with the experimental work by others
[10, 12, 16]. The conditions for either mechanisms have
been mapped out in the domain combining both the
contact stress and the work of adhesion.
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As friction is often investigated in the wearless
regime [17-21], appropriate for tribo-systems with
negligible debris during sliding [13, 14, 18-20], it is
interesting to examine the behavior of friction in the
wear regime. Debris particles may affect the contact
stress distribution as third bodies. At the same time, the
debris generation is an additional energy dissipation
mode which may affect friction. Specifically, we will
leverage the single-asperity sliding system in our
previous study on tip wear exhibiting atom-by-atom
attrition to large debris cluster generation, in which
the wear rate varies over four orders of magnitude
[13, 16]. In this study, we focus on the frictional force
(i.e., shear force) in the single-asperity contact system
under different normal stress and interfacial adhesion.
The effects of velocity, temperature and adhesion, and
the mechanical work efficiency will be investigated.
It appears that the friction is largely insensitive to the
debris generation, following the same trend over wear
rate spanning orders of magnitude. This is consistent
with the weak chemo-mechanical coupling of the
tribo-system, as quantified by the low thermodynamic
efficiency of debris generation. Furthermore, friction
force varies smoothly from atomic wear regime to
plastic wear regime, with the thermodynamic efficiency
of debris generation approaching 50%.

2 Simulation methodology
21 Simulation model

Two types of simulation setup have been used for the
current study. One has been shown in Ref. [13], in
which the system consists of an atomically-smooth
rigid slider and a truncated-cone-shaped tip. The other
setup is schematically shown in Fig.1 in which a
rectangular tip is used. The main advantages of using
a rectangular tip include that (1) the contact area can
be considered constant provided that the wear rate is
small, so that the contact stress can be controlled by
keeping the normal contact force at a constant value;
and (2) smaller samples can be used for simulating
over long period of time. Both the tip and the slider
are made of glassy binary alloy interacting with the
Wahnstrom potential [22]. The force field and the
preparation of the samples are detailed in Ref. [13].
The slider is moving in the x-direction at a constant

speed v varying from 0.01 to 30 m/s. The bottom of
the tip is fixed by setting a rigid layer, above which a
thermostat layer is set at a constant temperature T
(NVT ensemble, Nose-Hoover thermostat) in order to
maintain the temperature of the tip. For most sliding
conditions used in this study, the interface temperature
is close to the thermostat temperature. When the
thermostat temperature is very low and the work of
adhesion is high, the interface temperature can be
50 K higher than that of the thermostat temperature.
The top part of the tip is simulated without pressure
control or temperature control. For the rectangular tip,
either periodic boundary conditions or non-periodic
boundary conditions were used in the x-direction.
The difference between these two types of condition
is that the former does not allow tip atoms to leave
the interface so that the height of the slider is not
dropping, while the later allows tip atoms to leave
the interface at the trailing end so that the height of
the slider is continuously decreasing as a result of
wear as seen in Refs. [13, 14]. We note that the friction
is not sensitive to the boundary condition. In the
z-direction (Fig. 1), periodic boundary conditions are
used because we are interested in the friction and
wear along the sliding direction (x-direction). We
use LAMMPS package [23] to conduct all the MD
simulations.

2.2 Tuning the work of adhesion

The work of adhesion between the tip and the slider
is controlled by rescaling the bonding energy between
the tip atoms and the slider atoms with a factor «,

i.e., gTip—Slider

=ke where ¢ is the bonding energy of
the tip or the slider [13]. As «x increases from 0.1 to 0.4,
the work of the interface adhesion, W,y,, increases

following a power law form [13] (W,a = ax’ with a =

Load
Slider —
[ \
~3.3nm : }T
OF—x

~5.9 nm
Fig.1 Schematic of single asperity sliding model using a
rectangular tip. The thickness of the sample in z-direction is
about 5.0 nm.
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1.29 J/m? and b = 1.5). Since there will be no interaction
(attraction or repulsion) between the tip and the slider
if x is set to 0, to simulate a contact without adhesion,
we use the original Lennard-Jones force field but set
the potential cutoff at the bottom of the potential well
(or 2"g, in which ¢ is the Lennard-Jones length
parameter). Note that when x=0, there will still be
friction due to the atomistic-level surface roughness
between the slider and the tip.

2.3 Calculation of normal stress and shear stress

The normal contact stress and the shear stress are
both calculated by dividing the normal force and
frictional force with the nominal contact area. Because
both stresses fluctuate with time, the average values
and the standard deviation are reported where
necessary. Under non-periodic boundary conditions in
x-direction, debris atoms are generated and accumulate
at the trailing end as shown in Fig. 2(a), where the
change of the tip is relatively small and can be ignored
for atomic wear. In the case of plastic wear, data from
short sliding distance is used so that the change of
tip shape can be safely ignored. In the current study,
we define the wear debris as any tip atoms whose

(a)
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Fig.2 (a) A side view of the sliding system before and after the
sliding. As denoted by the arrow, some debris atoms (defined as
atoms whose displacement is beyond a threshold value [13]) can
be seen accumulating at the trailing end of the tip. Normal stress
(b) and frictional stress (c) distribution along the sliding direction.

displacement is beyond a threshold value, following
our previous study [13].

2.4 Calculation of the thermodynamic efficiency
of debris generation

During the sliding, mechanical work done by sliding/
compression is dissipated via both atomic/plastic
wear and frictional heat. One can consider debris
generation as chemical reaction, driven by mechanical
work. Therefore, the conversion of mechanical energy
to chemical energy (stored in the debris particles)
can be quantified by a thermodynamic efficiency,
characterizing the strength of mechanochemical
coupling between the friction and wear. As the energy
associated with wear is correlated with the potential
energy change of the slider-tip system during sliding,
the thermodynamic efficiency can be computed from
the ratio of the potential energy change over the
mechanical work done (including work done by shear
force in the sliding direction and work done by normal
force in the loading direction).

3 Results and discussion

3.1 Normal/friction stress distribution along the
sliding direction x

At the beginning of the sliding, the frictional force
increases monotonically due to the elastic deformation
of the tip until it reaches a peak value as seen in
both experiments and simulations by Refs. [17, 24].
Thereafter, the system reaches a steady state where
the frictional force fluctuates around an average value.
The steady state can be easily achieved in the binary
Lennard-Jones tribo-system as demonstrated in our
previous study [13]. Figures 2(b) and 2(c) show the
distribution of normal stress and shear stress along the
sliding direction. Finite element modeling on similar
geometry has shown a singularity of normal stress at
the leading edge between a post and rigid surface [25].
However, no stress singularity is observed because
of the breakdown of continuum elasticity for our
discrete MD model. Along the sliding direction, the
values of both normal stress and shear stress are
relatively constant.
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3.2 Temperature dependence of the frictional
stress

The influence of temperature and velocity on the
frictional stress is shown in Fig. 3. We found in most
cases the change of the frictional stress with tem-
perature is generally minor. For low adhesion, such
as W,an = 0.04 J/m?, there seems to be a small increase
of frictional stress with the temperature when the
normal stress is smaller than 0.6 GPa. Beyond that,
the frictional stress change with temperature can be
ignored considering its statistical variation.

For high adhesion, such as W,q, = 0.16 J/m?, the
situation is different in that the frictional stress is
unchanged for normal stress up to 0.4 GPa, and then
decreases with the temperature at higher normal stress.
For example, the frictional stress for the normal stress
of 1.2 GPa decrease from 0.51 GPa at T = 63 K to
0.42 GPa at T = 535 K. The drop of frictional stress
with temperature at high work of adhesion has been
observed by Spijker et al. [26] and is probably due to
the softening of the tip material under high shear
stress (the glass transition temperature of the tip has
been estimated to be ~1,000 K[13]). The influence
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Fig.3 (a, b) Variation of shear stress with the bath temperature
at two levels of work of adhesion using periodic boundary conditions.
The normal stress during sliding is shown in the legend. (c, d)
Frictional stress as a function of normal stress at two levels of work
of adhesion at different temperatures.

of the temperature on the dependence of the shear
stress on the normal stress can be ignored in low
adhesion case as shown in Fig. 3(c) whereas at high
adhesion and high temperature, the slope, i.e., friction
coefficient could drop at relatively high temperatures,
as seen in Fig. 3(d).

3.3 Velocity dependence of the frictional stress

The dependence of the frictional stress on the
velocity is shown in Fig. 4, where the shear stress is
independent of the sliding speed spanning almost
four orders of magnitude. Because the velocity in our
simulation is much larger than the typical scanning
speed used in AFM (<10° m/s), it may be possible
that the friction decreases at much lower sliding
velocity as seen in the experiments predicted from a
thermal activation friction model [27]. On the other
hand, when the sliding speed is increased to more
than 30 m/s, there is a small amount of increase in
friction, possibly due to the viscous damping for
which the frictional force is proportional to the sliding
velocity [28]. We also note that the velocity independence
of the friction has also been observed by Zworner et al.
[28] in the range of nm/s to um/s between a silicon tip
and carbon compounds when the sliding velocity is
smaller than the velocity of tip slip.

3.4 Relation between the frictional stress and the
normal stress

With increasing normal stress, the single asperity
sliding experiences a transition from the atomic wear
mechanism to the plastic wear mechanism as seen in
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Fig. 4 Variation of shear stress with sliding velocity at the normal
stress of 0.18 GPa. Wy, = 0.16 J/m” and T = 63 K. The sliding
velocity is varied from 0.01 to 116 m/s.
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Ref. [13]. Due to geometrical limitation, the simulation
setup (Fig. 1) does not allow the plastic wear to occur
via shear deformation in an angle declining along the
sliding direction if the slip line touches the bottom of
the tip. Therefore, sliding simulation using a truncated
cone tip is more appropriate in this case [10]. The
frictional stress as a function of normal stress is shown
in Fig. 5(a). It can be found in the atomic wear region
and under different work of adhesions that, the
frictional stress increases linearly with the normal
stress, which can be well fitted with a linear function:
T = 79 + Ho, Both 75 and u depend sensitively on
interfacial adhesion. From the linear fitting in Fig. 5(a),
7o and u are plotted against the adhesion factor x in
Fig. 5(b). In the plastic wear region, the frictional
stress-normal stress curves start to deviate and merge
into a master curve, see the white dash line in Fig. 5(a)
(a yield surface that can be described by Mohr-
Coulomb yield criterion [29, 30]), which corresponds
to plastic yielding of the single-asperity, independent
of interfacial adhesion.

It is important to note that, in the atomic wear
region, there are atomic wear debris constantly
generated at the interface. Intuitively, one may expect
that the atomic wear particles could serve to lubricate
the interface and therefore reduce the friction [31].
However, as shown in Fig. 5(a), the friction coefficient
stays constant for the entire range of normal stress,
spanning wear rate (see Ref. [13]) over three orders of
magnitude. It appears that debris particles generated
at the tribo-interface, without chemical alteration such
as oxidation, may not be considered as third bodies.
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3.5 Efficiency of the mechanical work

The efficiency for sliding simulation with a truncated
cone at different work of adhesion is shown in Fig. 6.
There exists a transition of the thermodynamic efficiency
of debris generation from low normal stress (atomic
wear) to high normal stress (plastic wear) which is in
correspondence with the wear rate transition between
the atomic wear regime and the plastic wear regime [13].
In the low wear regime, less than 5% mechanical
energy is dissipated through wear and most of the
mechanical energy is converted to frictional heat.
Debris generation can be considered as chemical
reaction, driven by the mechanical agitation of the
slider [12]. Thus, the low mechanical efficiency in the
low wear regime indicates a poor mechanochemical
coupling between friction and wear. For high normal
stress, the thermodynamic efficiency increases with
the normal stress, in a manner similar to the wear
rate in the plastic wear region [13]. It can be also seen
in Fig. 6 that, at very high normal stress, all three
curves saturate to an efficiency of roughly 50%, where
the normal stress is very close to the tip crushing
stress ~2.5 GPa[13]. That is, the mechanical work
is equally dissipated by wear, i.e., plastic flow, and
frictional heat, which is somewhat similar to the
equipartition of kinetic energy and potential energy
in a harmonic oscillator in equilibrium. Recently,
Aghababaei et al. [32] have discovered a linear
dependence of the wear debris volume on the frictional
work in single-asperity wear via fracture-induced
debris, which is a clear evidence that part of the
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Fig. 5 (a) Frictional stress as a function of normal stress and work of adhesion. The boundary between atomic wear (purple region) and
plastic wear (blue region) is schematically drawn according to Ref. [13]. The largest normal stress, ca. 2.52 GPa corresponds to tip crash
stress and the largest shear stress, ca. 1.05 GPa corresponds to x = 100%. The yield surface is denoted by the white dash line in the plastic
wear regime. (b) 7o and x from linear fitting in (a) at different x (the linear fitting for W,q, = 0.00 J/m® is forced to pass the origin).
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Fig. 6 Variation of the efficiency of the mechanical work with
normal stress at three levels of adhesion. The dash lines are guides
for eyes to show the linear dependence of the efficiency on normal
stress in the plastic wear regime.

mechanical work is spent on wear debris generation.
Since the authors have not reported any data on the
frictional heat during the sliding, it will be very
interesting to measure the efficiency of the mechanical
work in this type of wear.

4 Conclusions

For single-asperity sliding system, we have found the
friction is generally independent of temperature or
sliding velocity within our simulation range. In the
atomic wear region, Amontons’ first law is observed
from the linear dependence of the frictional stress
on the normal stress. No lubrication effect from wear
debris particles is observed. The frictional stress
deviates from the linear trend in the plastic wear
regime until the tip crashes. The low efficiency (<5%)
of the mechanical work in the atomic wear regime
indicates a poor coupling between wear and friction.
In the plastic wear regime, the mechanical efficiency
increases linearly with normal stress toward 50%.
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