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ABSTRACT: Decoupling the role of various stress components during atomic scale wear—
such as normal, shear, and hoop stresses—remains one of the biggest challenges preventing a
full understanding of how wear proceeds. Here we model atomic scale wear as two sets of
thermally activated processes, where normal load drives bonding between surfaces, and lateral
motion biases surface site hopping in the direction of sliding. We further utilize the model to
explain the velocity-dependent wear behavior at the interface between an atomic force
microscope tip and graphene oxide. The experimental and theoretical results show that, at tip
speeds slow enough to saturate bond formation at the tip—sample interface, breaking these
bonds is a thermally activated process with a rate that increases with speed. In addition, the
theoretical model predicts additional wear dependencies on velocity also observed in the
literature, where a decrease in wear with increasing velocity occurs when the tip moves too
quickly for bonds to form on the surface, and wear independent of velocity occurs at high loads
when the thermodynamic barrier to wear is vanishingly small. This theoretical framework
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potentially unifies the range of velocity-dependent wear behaviors found in previous studies of atomic scale wear.

1. INTRODUCTION

Nearly one-quarter of worldwide energy consumption is due to
losses in tribological contacts."”” Understanding mechanical
wear—the destructive attrition of surfaces in solid sliding
contacts—is critical to improving energy efficiency. Historically,
wear has been treated largely phenomenologically, interpreted
by using the Archard wear equation Q o FyL/H where Q is the
wear volume, Fy is the applied normal load, L is the sliding
distance, and H is the hardness of the softest surface.* While
this empirical observation holds remarkably well at the
macroscale, the relationship breaks down in nanoscale contacts
under low applied load, in which wear can be described as an
activated atomic attrition process.”® Although the exponential
dependence of atomic scale wear on applied normal stress has
become largely accepted within the tribology community, it
remains unclear how the applied contact stress and the motion
of the sliding interface work in concert to drive wear.

In contrast to atomic wear, studies of atomic scale friction
have flourished in the past decade to include effects from atomic
energy corrugation,7_9 contact aging via covalent bonding,lo’ll
chemically reactive lubricants,'* and geometric effects such as
the layer-dependent screening of long-range forces and Moiré
pattern effects in stacked 2D materials'” as well as atomic
rearrangement at the contact interface. In all of these cases, the
roles of normal and shear stresses on the contact mechanics are
fairly clear: (1) normal stress contributes to friction by
increasing contact area, increasing surface energy corrugation,
and mechanically activating chemical bonding within the
contact, and (2) shear stress is the byproduct of attempting to
overcome long-range forces, hopping the energy corrugation
barrier, and breaking interfacial bonds.
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While it is known that larger normal stresses increase atomic-
scale wear, it is currently unclear what role shear stress plays
during this process, as it is difficult to decouple increases in shear
stress from increases in normal stress. A number of velocity-
dependent wear theories have been proposed, decomposing
wear into two fundamental components: (1) an interaction
between contacting surfaces (either mechanical or chemical)
and (2) lateral transport of mass. If both of these are thermally
activated processes, then there should exist a range of sliding
conditions in which wear is exponentially dependent on both
applied contact load and sliding velocity. Depending on the
relative magnitude of each barrier, a number of velocity-
dependent behaviors can result. For wear rates limited by the
time required to form bonds within the contact, the rate should
decrease with increasing velocity, as the atoms on the contacting
surfaces have less time to interact. This behavior is the most
commonly observed behavior for atomic scale wear, making it
difficult to understand the role of lateral forces, as it is precisely
in this limit that lateral forces are insigniﬁcant.”'_18 In contrast,
if lateral transport of mass is the rate-limiting thermally activated
barrier, one would expect the wear rate to increase with
increasing velocity, in a manner similar to atomic-scale friction.
There are a few experiments that have shown increasing wear
with increasing velocity, although the effect of velocity on wear
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was explained by using different mechanisms, such as a
logarithmic dependence on sliding speed or exponential with
velocity due to flash heating in the contact.'”*’

Here we show through combined theory and experiment that
wear of a single layer of oxygen molecules on graphene under a
sliding silicon nanoasperity is activated by both normal stress
and lateral motion (Figure 1). Our previous experiments on the

Figure 1. (A) Schematic of the experiment, where the nanoscale
asperity of an atomic force microscope probe slides over graphene
oxide, mechanically removing oxygen groups during sliding. (B)
Theoretical dynamic picture of atomic scale wear, in which normal load
affects the rate of bonding and unbonding at the contact interface and
velocity biases thermally activated surface diffusion to produce a net
lateral diffusion of wear species on the surface.

mechanochemical removal of oxygen groups from graphene
oxide focused on the role of normal load and applied
temperature.”*” In this study, the primary focus is the effect
of tip velocity, and therefore lateral load, on the wear rate of the
oxygen groups. We propose a kinetic model of wear, in which
surface species must first bond to the tip before wear initiation,
where the bonding and unbonding rates—and therefore the
time that an interfacial bond persists—are modulated by applied
normal load (higher normal loads lead to longer bond lifetimes).
During the lifetime of the bond, the motion of the tip does work
to overcome the surface forces holding the wear species in place
and cause lateral motion across the surface. Because the work
performed on the bond over the bond lifetime is proportional to
velocity, higher velocities produce larger wear rates. Extrapolat-
ing the results determined here to a wide range of velocities and
forces predict previously identified wear processes as high force
and high speed limits to the general theory of thermally activated
atomic scale wear.

2. MATERIALS AND METHODS

2.1. Theoretical Treatment of Mechanochemical
Wear. In general, wear can be modeled as three thermally
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activated processes: bonding, unbonding, and lateral hopping
between surface sites. Specifically, the bonding process occurs
when an oxygen group on the graphene surface chemically
interacts with the tip, where the unbonding process is the reverse
of bonding, in which the oxygen group returns back to
interacting only with the graphene substrate. The removal of
oxygen species from the graphene surface is dictated by the
number of species bound to the moving tip and the speed of the
moving tip. The concentration of species attached to the tip is
determined by the relative rates of bonding and unbonding,
given by

k, = kye[(FayPEOAT/KT]

on

(1)

kg = ke Lot 2 PEOAT/KT]

)

where k, is the bonding rate, kg is the unbonding rate, k; is an
attempt frequency, E,, is the energy barrier for bonding, E ¢ is
the energy barrier for unbonding, P(#t) is the local pressure
within the tip contact, AV is the change in activation volume
between bound and activated states, k;, is Boltzmann’s constant,
and T is the local temperature. The pressure distribution at a
specific location on the surface along the sliding tip pathway is a
function of both the distance from the tip and time because of
contact area overlap during continuous sliding. More specifi-
cally, when the tip contact area initially reaches the point of
interest, the pressure at that time is zero and follows a parabolic
trajectory as the tip passes over it. Therefore, P(7,t) is given by an
axisymmetric radial pressure distribution in the asperity contact
that slides over the location at a constant velocity U
]—1/2
(©)

2\"1/2 2
S RS R
a 2aUt — (Ut)
where P is the maximum pressure at the center of the contact
and a is the radius of the contact area between the asperity and
the surface. The values of P, and a are given by eqs 4—6 using
Hertz contact mechanics
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’ E, E, (6)

where F, is the applied load and E; is the effective elastic
modulus of the interface calculated by using Poisson’s ratio v and
the elastic modulus E for both the tip and the substrate materials.
The Hertz contact model assumes there is no adhesion between
the surfaces, and while there is significant adhesion measured in
our experiments, adhesion is ignored in our model for the
following reasons. First, we assume that individual chemical
bonds that are formed in the contact are in time-averaged
equilibrium with its surrounding environment (that is, in the
absence of external load, the bond cannot perform mechanical
work on the tip or substrate). Second, existing adhesion models
primarily rely on purely attractive forces, while in our case here
we observe a significant energy barrier (repulsive interaction) to
bond formation. Depending on the exact shape of the potential
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energy surface of this reaction, this could lead to a net increase,
decrease, or no change in contact pressure. It remains an open
question as to what effect adhesion has on the contact area and
pressure distribution at the tip interface, although our
observation that the wear rate is strongly dependent on
compressive normal load suggests that the vast majority of the
reactions are occurring near the center of the contact, and any
net attraction at the perimeter is unlikely to be the dominant
driving mechanism here. Therefore, the Hertzian approximation
provides a reasonable relationship between applied normal force
and wear. Additionally, the contact area, and therefore dwell
time, depends on the tip radius of the AFM probe used, which
we estimate based on the width of our wear tracks to be ~100
nm. The wear rate is also modeled as an activated process

sUzh
2k, T )

k, = 2k0e_[Ew/ T ginh
where E,, is a function of P(7,t) and is the energy barrier for a
bonded species to hop surface sites (which can also be a function
of applied pressure), s represents the spring constant resisting
wear molecules hopping over the energy barrier (or the inverse
of the curvature of the potential energy well), 1 = 1.4 A is the
distance between carbon atoms in the graphene lattice (the
smallest discrete distance a surface species can travel), and 7= 1/
kogis the average lifetime of a bond. In the absence of sliding, the
net rate of lateral motion is zero due to symmetry and becomes
nonzero and positive in the direction of sliding.

Previous models of velocity-dependent, multibond wear—
though conceptually similar—have notable differences com-
pared to the model proposed here.”® For example, one stochastic
model only considered the effect of the applied normal load on
the bonding rate, without regard for how load may bias the
reverse unbonding reaction. In that case, the bond lifetimes are
independent of normal load. The model proposed here
distributes the work from the normal load equally between the
bonding and unbonding rates, so that bonded species are bound
to the tip for longer times with increasing normal load.
Additionally, the previous model restricted unbonding and
wear to the same reaction coordinate, such that lateral load
biases both wear and unbonding rates. Here we assume the other
extreme, in which only the wear rate is impacted by velocity
driven work, while unbonding is independent of velocity. In
general, reality is likely somewhere in between these two
extremes in which both wear and unbonding are driven by lateral
force, albeit not necessarily in an identical way. Nevertheless, the
model proposed here provides an explicit link between the wear
rate and the bond lifetime, where the time over which the wear
reaction might proceed is determined by the lifetime of the
bond. Within the lifetime of a single bond, the tip can apply a
maximum lateral force of sUz. The present framework thus
allows the normal load to determine the bond population and
bond lifetime, while the lateral motion determines the wear rate,
linked to the normal load through the bond lifetime. Finally, the
wear rate in the previous model is not zero in the absence of a
lateral load, implying that wear would proceed in the absence of
any actual sliding. Our model treats wear as a biased surface
diffusion phenomenon, in which no wear occurs in the absence
of sliding.

For the case of functionalized graphene, the wear rate of the
functional groups from the carbon sheet depends on the surface
concentration of functional groups, where the total numbers of
bonded and unbonded species at initial time zero are Ny,(t=0) =
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0 and N,(t = 0) = ¢pma’/A*, with ¢ representing the relative
fraction of graphene carbon atoms that are occupied by
functional groups. The total number of reactive species is
related to the local surface concentration through integration
over the entire contact area (eq 8).

N= fo n(7, t) dF ©

The rate of change in bonded 7, and unbonded n, surface
concentrations is then given by eqs 9 and 10

dn (7, t) o - -
bT = kooty(7, t) = kogm,(F, £) — kymy(7, t) (9)
d”u(7) t) _ - =

T - koffnb<rl t) - konnu(r’ t) (10)

which account for the spatial variation of pressure within the
contact over time. In general, removal of reactants need not be
first order, although for simplicity we assume a first order
reaction for the wear process. The total number of functional
groups in the contact at any given time is then given by the
integration of the concentration field within the contact. Within
this proposed framework the primary unknowns are E_, E ¢ E,,,
AV, s, and k, (see the Methods section for a discussion of how
the additional parameters are selected).

2.2. Molecular Dynamics. The fully atomistic model
consisted of a silicon oxide block on top placed on a bilayer
graphene with top layer graphene passivated with oxygen atoms.
The graphene substrate had dimensions of 2 X 2 nm?; the
bottom layer of graphene was treated as a fixed rigid body, and
one end of the top layer of graphene was also fixed. A model
amorphous silicon oxide block had dimensions of 3 X 2 X 1 nm?;
the topmost atoms in the block were treated as a rigid body
under a constant load and slid at a constant speed. A reactive
force field (ReaxFF) was applied to the atoms in the model.**~>°
A Langevin thermostat was applied to the free atoms maintained
a temperature of 300 K. The simulations were performed by
using LAMMPS simulation software.””

2.3. AFM Experiments. All atomic force microscopy
(AFM) experiments were performed with an Asylum Research
MEFP 3D in ambient mode conditions. The tip material was
silicon, and the sample was 1—S5 layers of graphene oxide (GO)
obtained by spin-coating GO/water (1 mg/ mL) solution on a
silicon substrate. The AFM probe was a silicon tip (HQ:CSC17/
AL BS, k = 0.2 N/m). All measurements were done in a closed
cell with a continuous dry nitrogen purge, immediately after
spin-coating and drying. Pull-off force (POF) measurements
were obtained from the retraction half of force—deflection
curves performed as a function of normal force and sample
temperatures. Wear of graphene oxide was measured as a
function of sliding velocity by our two step-routine to measure
relative friction (see Movie S1 and the Supporting Information).
Wear was initiated by a “Drive Scan” (line scan with 0° scan
angle), and the resulting wear was measured by a “Measure
Scan” (rectangular scan with 90° scan angle). The friction of the
line scan relative to the adjacent unmodified area gave us a
“Relative Friction” datum. Relative Friction has been shown to
correlate linearly to surface chemical composition on function-
alized graphene by previous AFM experiments. By ramping the
sliding velocity after each iteration of the two-step routine, wear
on graphene oxide was explored for a wide range of velocities
between 10 nm/s and 12 ym/s.
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3. RESULTS

3.1. Effect of Normal Force. In the absence of sliding, eq 9
can be used with eqs 1 and 2 to experimentally estimate the
values of E , E ¢ ko, and AV,. Because there is no lateral force in
the absence of sliding, we propose that measurements of the
force required to separate the tip from the surface (the pull-off
force) is linearly related to the concentration of surface bonds in
the interface, making it possible to measure the net rate of bond
formation as a function of applied load and temperature over
time. First, we measure the relative amount of force required to
separate a single asperity from a graphene oxide contact as a
function of tip dwell time for various ambient temperatures
between 30 and 60 °C (Figure 2A) (see the Supporting
Information for non-normalized pull-off force data). The Figure
2A inset plots the logarithm of k obtained from each curve as a
function of 1/T to obtain the energy barrier. The results of the
fitting were E_, = 0.79 + 0.15 eV, E 4= 0.53 + 0.19 ¢V, and ky =3
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Figure 2. (A) Normalized pull-off-force measurements for an AFM tip
on graphene oxide as a function of tip dwell time (0.1—-120 s) and
surface temperature (30—60 °C). The inset shows a plot of k obtained
from each curve as a function T to obtain the energy barrier. (B)
Normalized pull-off-force measurements as a function of tip dwell time
and applied normal load (10—12S nN). Data are fit by using least-
squares regression of eqs 9 and 10 with U = 0. The slopes and intercepts
of the resultant rates from (A, B) are used to estimate E_,, E g E,,, and
AV, with 80% confidence.
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X 10"**? (using 80% confidence). In general, the pull-off-force
data were better fit by using a power law function, consistent
with previous investigations of rate—state friction of single
nanoasperities with chemical reactivity at the interface, although
it does not significantly alter the numerical estimation of the
energy barriers.”® In addition, we experimentally estimate the
activation volume AV by measuring the single asperity pull-off
force as a function of both tip dwell time and applied normal
load (Figure 2B). An activation volume of AV, = 30 + 15 A® was
found, which is consistent with previous experimental
estimations of activation volumes for wear of graphene oxide.

3.2. Monitoring Surface Chemical Composition during
AFM Experiments. To investigate the effect of tip velocity on
sliding wear, we utilize measurable changes in surface friction to
relate an immediately measurable quantity—tip friction force—
to the desired parameter surface concentration. Previous studies
have shown that tip friction force depends significantly on the
concentration of functional groups on graphene, where a linear
relationship between the two is reasonable.”’ We propose that
the relative friction difference between functionalized and
pristine graphene is linearly related to the surface concentration
of functional groups, meaning measurements of relative friction
can be used as a proxy for surface concentration. We have
previously shown using ex-situ spectroscopic studies that the
relative friction signal, which is the friction of the modified
region with respect to the unmodified surrounding region, is
linearly proportional to the concentration of functional groups
on graphene and is robust to chemical changes the tip undergoes
throughout an experiment. In addition, any catastrophic tear of
graphene film can be immediately identified by our experiments
ensuring just the removal of the oxygen molecule.”** Although
the simplest way to measure velocity effects is to measure wear
over time for a range of constant velocities in a sequential
fashion, the time required for an individual experiment
significantly restricts the range of reasonable velocities that
can be accessed, particularly for velocities below 1 pm/s. To
expand the range of velocities available to study wear rates, we
employ an experimental protocol in which the velocity is linearly
increased by some constant rate between each single tip scan on
the surface, allowing us to condense the experiment to a single
reaction curve. Thus, it is possible to measure reaction rates for a
velocity range spanning 4 orders of magnitude (see the Methods
section for details of the experimental design).

3.3. Effect of Lateral Force Induced by a Sliding Tip. To
determine the impact of velocity on wear rate, we employed
AFM line scan experiments while linearly ramping tip velocity
between 0.01 and 20 gm/s in 0.01 gm/s increments between
each single line scan. After each line scan, we measure the
friction difference between the scanned region and surrounding
unscanned region. Figure 3A shows the experimental results for
a range of applied normal forces between 15 and 300 nN. The
results show that at low loads wear is accelerated by velocity. For
example, at 15 nN we observe little wear below a velocity of 6
um/s, and this wear accelerates dramatically above this point. In
addition, as normal load on the tip increases, the velocity
required to drive wear decreases. It is worth noting that there is a
nonconstant minimum relative friction ratio as a function of
sliding speed, denoted by the solid yellow line in Figure 3A. This
trend is consistent with previous studies that show a logarithmic
velocity dependence of friction between an AFM tip and a
surface where no bond scission or formation occurs (noting that
the division of two logarithms with differently scaled inputs is
also a logarithmic function).”'” To ensure that this relative

https://dx.doi.org/10.1021/acs.jpcc.0c09191
J. Phys. Chem. C 2021, 125, 4139—4145


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09191/suppl_file/jp0c09191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09191/suppl_file/jp0c09191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09191?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09191?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

A 100

Forces (nN) Exp. Analytical

’ 15 o Redline
90 |y 25 2 Orange
o o 50 v Pink
g 75 Light pink
80 = 125 « Dark blue
150 o Light blue
175 Sky blue
70 200 Dark green

Light green
=]

Relative friction (%)

40
0.0 2.0 40 6.0 8.0 100 120 14.0
AFM tip velocity (um/s)
2
B ®  Analytical Ew 3.6
1.8 e AnalyticalEw g3.0F
- — - - Centrallinefit £ 2.4[
1.6 ) 2
95% confidence £ 1.8
1.4k n1.2pF
- 0.6}
%1'2- (1] NPT A AN I
g 40 6.0 8.0 10.0
u;J 1F Force per atom (pN)

10 20 30 40 50 60 7.0 8.0 9.0
Force per atom (pN)

Figure 3. (A) Relative friction between the AFM wear track and the
surrounding surface during linear tip velocity ramps for applied forces
between 15 and 300 nN (experimental data points). The data are fit
with least-squares regression of the numerical solutions to eqs 9 and 10
with scan histories matching experiment (solid lines). The solid yellow
line represents the logarithmic dependence of the ratio of friction with
speed both a reduced graphene oxide surface and pristine graphene
oxide surface. (B) Resultant E,, and s (inset) as a function of average
force per surface atom calculated by assuming the total applied force is
distributed equally to each graphene atom in the tip contact. Also
shown is a linear fit to the energy barrier and 95% confidence intervals.
The E,, at 4 pN is excluded from the fit, as the uncertainty in the fit was
larger than 200%.

friction floor—which is not part of the observed wear process—
does not influence our regression, we subtract the yellow line
from the data during fitting. We fit the numerical solutions of eqs
9 and 10 to each velocity ramp via least-squares regression with
E, and s as fitting parameters. Both E,, and s are plotted as a
function of the average force per atom on the graphene surface
(calculated by dividing the total force by the estimated number
of carbon atoms in the contact) in Figure 3B. The energy barrier
for wear extrapolated to zero applied load is E,,, = 0.87 & 0.07
eV. Between 15 and 300 nN normal load, the energy barrier
follows a linear relationship E,, = E, o — P, AV, where AV, = 3
+ 4 A3, Although the mechanism for a shrinking barrier for wear
with increasing load is unclear, we hypothesize that larger loads
would likely work to flatten out the sp® bond of the functional
group on graphene, making it less stable and more susceptible to
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wear. Finally, the parameter s, which represents the stiffness of
the energy barrier to wear, is s = 0.47 N/m at low and moderate
loads and begins to increase exponentially at higher loads. This
value is somewhat lower than those typically found for covalent
bonds (~1 N/m). Perhaps most notably, wear in this system
occurs at average atomic forces 2—3 orders of magnitude below
those typically required to break covalent bonds within the time
of the experiments.

4. DISCUSSION

4.1. Mechanism of Atomic Scale Wear. These results run
counter to many descriptions of atomic scale wear in the
literature, where the moving asperity binds to the surface atom,
breaks the bonds between the atom and substrate, and carries
the atom away.’ Here, the applied atomic forces are too low to
irreversibly cleave molecules from the surface. Instead, we
propose that wear in this system is driven largely by thermal
energy, in which the relatively gentle interactions with the sliding
tip slightly bias the probability to hop in the direction of motion.
This description of wear requires that wear be a dynamic
process, whereby a series of highly active reversible reactions
driven primarily by thermal energy are slightly perturbed and
biased by interfacial loads and sliding direction.

To understand the nature of atomic scale wear in this material
system, we perform molecular dynamics simulations of the wear
process using REAXFF in LAMMPS (Figure 4) (see additional
details in the Methods section). The interface consists of a
sliding silicon oxide slab on top and bilayer graphene on the
bottom. The bottom layer of graphene is rigidly fixed in space,
while the top layer of graphene is rigidly supported at one end.
This configuration allows the graphene to undergo lateral strain
during sliding. Before the initiation of sliding, oxygen is
introduced into the graphene—silicon system and allowed to
adsorb onto both surfaces, with any extra free oxygen removed
after the surfaces reach equilibrium. The velocity of the oxygen
atoms initially chemisorbed to graphene is monitored over time.
Figure 4B—D shows histograms of the oxygen atom velocities for
four snapshots in time for contact forces of 1.28 and 3.2 nN. At
short times, the higher loading results in more significant lateral
motion of the oxygen atoms. At long times, the oxygen atoms
comprise two distinct populations: (1) those moving with the
silicon oxide and (2) those attached to graphene. The median
velocity of each snapshot in time for contact forces of 1.28, 1.6,
2.4, and 3.2 nN is shown in Figure 4E, showing a nonlinear
increase in median velocity over time, which increases more
quickly with increasing load.

The equilibrium population of atoms transferred to the silicon
oxide surface was 75% for the 1.28 nN load and increased to 80%
for the 3.2 nN load. These results are consistent with the
following behaviors predicted by our model: (1) the rate of
bonding in the interface increases with increasing normal load,
(2) the equilibrium population of bonded atoms to the silicon
increases with increasing normal load, and (3) the bonding rate
follows a first order (or higher) rate law. Interestingly, the
bonding process did not largely proceed until sliding began,
indicating that the quality of the contact is low initially and
improves during sliding, consistent with previous simulations for
graphene friction.

4.2. Rationalizing Other Wear Behavior Types. We
further explore how wear might behave outside of our
experimental sample space by plotting the instantaneous wear
rate (eq 7) for the case of a fully functionalized surface as a
function of both applied normal load and tip speed (Figure $).
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Figure 4. (A) A molecular dynamics simulation of a sliding slab of
silicon oxide along graphene oxide, where the geometry allows for in
plane strain within the graphene sheet. Black, orange, dark blue, and
light blue spheres represent carbon, silicon, tip bound oxygen
molecules, and surface bound molecules, respectively. (B—D) Histo-
grams of the velocity (relative to the silicon oxide slab velocity) of each
oxygen atom originally attached to the graphene sheet at timesteps of
10000, 15000, 25000, and 110000. The histogram color depicts the
normal load applied to the interface (magenta = 1.28 nN; green = 3.2
nN). (E) The median relative velocity of the oxygen atoms as a function
of the MD simulation timestep, showing enhanced transport at higher
loads.

At all velocities, the wear rate is a monotonically increasing
function of applied load. At very large load, the barriers for both
bonding and wear disappear, resulting in an Archard-type wear
rate independent of velocity, although it should be noted that at
these loads it is likely that more catastrophic forms of wear
(which are also independent of speed) would begin to dominate.
For low and moderate loads and velocities, the wear rate is an
activated process that depends exponentially on load. As velocity
increases, wear becomes barrierless, and the wear rate is then
limited by the bonding rate, which is proportional to the tip
dwell time at any given point (inversely proportional to the tip
velocity). Previous works have identified experimental systems
that exhibit barrierless wear. This work extends this concept to
include thermally activated wear and experimentally verifies the
model for the wear of graphene oxide by an AFM tip. In addition,
some of the force dependent behavior is consistent with MD
simulations. Velocity dependent behavior was less clear from the
MD simulations, as the accessible velocities are well above the
activation velocity, and the mirror boundary condition does not
link tip dwell time to tip velocity. This dynamic picture of atomic
scale wear as a generally reversible interfacial reaction expands
our basic understanding of how wear behaves at small scales and

interacts with specific locations on the surface. At high enough forces,
wear is barrierless and independent of velocity, consistent with the
Archard equation. At high enough velocities, frictional heating should
begin to increase wear rates (not simulated here).

suggests additional strategies to modulate wear through the
interplay of reaction rates and sliding speed.

5. CONCLUSIONS

In summary, we have demonstrated that atomic scale wear is a
thermally activated process driven by the lateral forces generated
by the velocity of the sliding tip. A key concept behind the
framework proposed here is the dynamic, reversible nature of
atomic bonding and lattice site hopping within the contact, in
which wear is initiated not by mechanically breaking molecular
bonds but through mild bias of thermally driven reaction rates.
The model is also consistent with previous measurements of
nanoscale wear in which the tip dwell rate was the limiting rate
factor. The model further predicts a velocity independent wear
rate at high loads, consistent with more aggressive wear rates
observed in macroscale experiments. Linking atomic scale
transport phenomena to wear of a single nanoasperity is a key
step in the grand challenge of predicting macroscale, multi-
asperity wear from atomic scale forces.
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