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ABSTRACT: During sliding contact, asperities may undergo either ~What affect asperity wear behavior beyond material properties ?
ductile smoothing or brittle fracture, producing debris. A critical
junction scale, d*, governed by material properties, dictates this
transition. Previous studies using molecular dynamics (MD)
simulations with tunable interatomic potentials revealed this scale
under quasi-static conditions—fixed temperature and low sliding
velocities. Here, we extend that work to investigate how temperature
and sliding velocity influence the ductile-to-brittle transition at the
asperity level. Material properties governed by short-range atomic
interactions, such as stiffness and surface energy, remain relatively
constant with temperature. In contrast, shear strength, influenced by
longer-range interactions, decreases with rising temperature,
promoting a brittle-to-ductile shift in asperity behavior. Incorporating temperature-dependent shear strength into the d*
expression successfully predicts the lower bound of the transition. However, capturing the upper bound requires an additional term
to account for ductile fracture energy. At higher sliding velocities, a new brittle failure mode emerges: Instead of a single crack
forming at the asperity base, multiple dynamically propagating cracks develop, resulting in fragmented debris. Finally, long-time
scale MD simulations of rough-on-rough contact under adiabatic conditions reveal how interface heating influences wear during
extended sliding. Regardless of velocity, asperities initially fracture and generate debris that aggregates into a single rolling particle.
This particle grows steadily until the surrounding material nears its liquefaction temperature, triggering collapse. These simulations
reproduce known wear regimes: an early, high-wear running-in phase followed by a steady-state mild wear stage. Notably,
tangential work, heat generation, and wear rate depend primarily on total sliding distance rather than velocity.

effect:

Temperature

effect:
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1 Introduction

Almost any surface, when observed from close enough, is rough.
When two surfaces are pressed against each other, the contact
does not happen through the entire apparent contact area but
rather, due to the roughness, on micro-contacts happening
between asperities. As such, any phenomena happening at the
interface between two surfaces, such as friction, wear, or adhesion,
is dictated by the behavior of these micro-contacts.

During sliding experiments, when two asperities collide, two
main behaviors have been observed: Sometimes asperities
undergo large plastic deformation and the surfaces gradually
smoothen [1-8], whereas, in other experiments, the asperities
fracture and detach [4, 9, 10].

In recent years, there has been a stream of research using
molecular dynamics (MD) simulations to study the tribological

behavior of rough surfaces at the asperity level. In these
simulations, a family of interatomic potentials whose ductility can
be tuned is used. Thanks to these potentials, a single numerical
model could capture both experimentally-observed behaviors of
asperity collision [11]. A length scale, the critical junction size d*,
coming from an energy argument comparing elastic strain energy
to the critical energy release rate, was formulated to predict the
ductile-to-brittle transition. When asperities collide, they create a
junction, a micro-contact, and deform, accumulating elastic strain
energy. Then, asperities may detach only if the stored strain
energy becomes larger than the energy necessary to create cracks
at the base of the asperities. This transition happens at the critical
junction size d*. If the micro-contact size remains below d*, the
asperities deform plastically. However, if the contact reaches a size
comparable to d*, cracks appear and the asperities detach. For
brittle material, the critical junction size d* is expressed as [11]:
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Tel

where y_ . is the surface energy; y is the shear modulus; 7, is the

elastic shear strength; f is a geometry factor capturing the shape of

the asperity, the path of the fracture and the area plastified (of the

order of unity [11, 12]).

Among further studies, the critical junction size d* has been
found to still apply to different problems such as the adhesive
wear of heterogeneous materials [13], the abrasive wear with
rolling debris under different normal pressures [14] or the cutting
mechanism during machining [15, 16]. It was also linked to
another length scale, the fracture process zone size [17] to explain
why breaking asperities much larger than d* requires less
frictional work [18]. Finally, a recent line of work has focused on
finding first principles-based predictions of wear at the macro
scale, obtaining a qualitative agreement with Archard’s law
[19, 20] or a distribution for wear particle size of rubber
comparable to the one observed in experiments [21].

While all these studies show the importance of the critical
junction size in furthering the understanding of wear, the
influence of two important variables on d* was not yet explored:
the temperature and the sliding velocity. The sliding velocity
considered would be of low magnitude such that conditions could
be described as quasi-static. However, sliding velocity is a key
parameter in tribology, as it directly affects the impact speed and
frequency of asperity collisions as well as the deformation rate.
Both a higher frequency of collisions and a higher rate of
deformations lead to a higher rate of heat generation from
mechanical work, increasing temperature and changing the
mechanical properties of the material. One of the expected effects
is that the material will be more ductile at high temperature. In its
current formulation, d* assumes that the material is perfectly
brittle by considering only the free surface energy y, . in the
critical energy release rate G, :

GC = ZYSurf (2)

This formulation has been found to underestimate the critical
junction size for more ductile materials [13]. Indeed, for ductile
materials, the critical energy release rate should not only include
surface energy but also the energy dissipated as plastic strain near
the crack tip and possibly other intrinsic and extrinsic energy
dissipation mechanisms, regrouped under the term y :

G(T) = 2(Pue(T) +,(T)) 3)

with T the temperature. As the temperature increases, their
material properties may change. As such, the prediction of d*
becomes temperature-dependent:

¢ ()= fEED )

Higher rates of deformation can also lead to strain localization
and a more brittle behavior which would counteract increased
material ductility. Finally, previous experiments with atomic force
microscopy tips and numerical simulations at the atomic scales
suggest that sliding velocity has little impact on wear and friction
[22, 23] until a certain threshold above which friction and wear
diminish [9, 24]. This threshold corresponds to the moment
when, due to its inertia, the tip of the atomic force microscope
stops closely following the contour of the surfaces and instead
hovers above the surface.

The goal of this work is to study how these competing effects
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affect the tribological behavior of the material and how the critical
junction size can predict the ductile-to-brittle transition at
different temperatures and sliding velocities.

To answer these questions, the material properties that enter d*
formulation are measured at different temperatures. Then, two
sets of junction shearing simulations are run, one varying the
temperature and keeping the velocity constant, the other one
varying the sliding velocity while keeping the temperature
constant. Finally, rough-on-rough sliding simulations are run for a
long time frame in both thermostated and adiabatic, non-
thermostated, conditions to observe how the heat generated at the
sliding interface affects the tribological behavior over time and
sliding distance.

2 Method

All simulations are run using the MD software LAMMPS [25]
and are constrained to be two-dimensional in space. Unless
otherwise mentioned, all units are rendered dimensionless
(reduced units) by taking a reference energy ¢,, length r,
(respectively the depth and distance of the potential well), and
atomic mass m, as well as a unity Boltzmann constant kp =1.
The resulting reductions are summarized in Table 1.

Tunable model potential. The atomistic simulations use
interatomic pair potentials for which short-range and long-range
interactions are decoupled and can be tuned individually [26].
This is done by modifying the tail part of the potential without
changing the part close to the energy well. Mechanically, this
results in the possibility of changing the plastic properties
(strength, hardness, etc.) without affecting the elastic ones
(stiffness, equilibrium lattice spacing, surface energy, etc.). In
doing so, the brittle, fracture-dominated behavior can be favored
at computationally-affordable scales [11, 26, 27].

The potential energy can be expressed as

(1—ertrm))2 —1, r<Llr,
V(r) r 7
—~=qa—4o-tarta, Lln<r<ry, (5)
€o 6 2
0) T ST

where r is the interatomic distance, €, the depth of the well, r, the
interatomic distance of the bottom of the well, and @ = 3.93r;" a
parameter that tunes the stiffness. The tail of the potential can be
shortened or elongated with 7.,,. The parameters ¢, ¢,, ¢;, and ¢,
are chosen to ensure continuity of the potential and its derivative
atr = 1L1r, and r = 1.

Table1 Table of reductions used to render all quantities dimensionless. These
reductions are common within the atomistic simulation community and are
sometimes referred to as the Lennard-Jones reduced unit. kg is the Boltzmann
constant. The last column is indicative and gives an equivalent in usual units to
the reduced units [49]

Quantity Reduction 56Fe equivalent

Distance ro 2.88A
Mass mo 55.9 Da
Energy €0 0.409 eV

Time 104/ moeal 343 fs

Velocity \ /malfo 840 ms™
Force eorgl 0.227 nP
Pressure €Ty 3 2.74 GPa
Temperature cokg' 4,746 K
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One main potential, Py, is used in this work with 7, = 1.427,.
This potential is particularly brittle with a critical junction size
d* =~ 101, at low temperature. This allows for a clear observation
of the ductile-to-brittle transition with temperature increase at a
reasonably affordable scale.

For rough-on-rough simulations, a second potential with
reduced adhesion, Py, = 0.3P,, is used to mimic an initial
passivation of the surface.

Shear strength. A temperature increase is expected to render a
material more ductile. In the frame of the critical junction size,
this is reflected by a reduced shear strength leading to a larger d*.
To track how relevant the critical junction size is relative to
temperature variation, it is necessary to evaluate d* at varying
temperatures. For this, the shear strength of the material is
evaluated at different temperatures. The shear strength is
measured as follows: A square box with periodic boundaries is
sheared, and the maximum, volume-averaged, virial stress
attained is picked as the shear strength, as represented in Fig. 1(a).
The temperatures studied range from T = 0.05 to T'= 0.35. The
upper bound is chosen so that the material stays solid, the melting
point being between T'= 0.4 and T = 0.45. The box is deformed
at a shear rate of 0.001 and the time integration is solved via an
NVT scheme with a Nose-Hoover thermostat [28, 29] set at the
initial temperature and with a time step of 0.005. The shearing is
parallel to a weak plane of the lattice. The side of the box is 100-
atom long, and its size is a multiple of the lattice constant to avoid
initial tension at the periodic boundaries. For each initial
temperature, ten realizations of the simulations are run to take
into account the stochasticity inherent to finite-temperature
atomistic simulations. The shear strength at a given temperature is
then the average over the different realizations of the maximal
shear virial stress attained.

Critical junction size. The critical junction size is determined at
different temperatures with a process similar to the one described
in the previous work of Wattel et al. [13]. The simulation domain,
pictured in Fig. 1(b), represents two asperities that are in contact
and have formed a junction of size d. The size of the domain
scales with the size of the junction as indicated in the Fig. 1(b). A
pressure P = 0.3 is applied on the top and bottom boundary. A
velocity v =0.015 is imposed on the top boundary. The lateral
boundaries are periodic. A six-atom thick Langevin thermostat
layer is placed next to the top and bottom boundaries. For each
initial temperature and junction size, five realizations of the
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Fig.1 Simulation domains used in the simulations (a) for shear strength and (b)
for critical junction size.
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simulations are run to take into account the stochasticity inherent
to finite-temperature atomistic simulations.

Shear rate effect. To measure the effect of the sliding velocity,
simulations similar to the one of the critical junction size are
performed. The imposed velocity on the top boundary ranges
from v=10.05 to v=0.1. The initial temperature is set at
T = 0.2 and the junction size at d =15. A velocity field ranging
from 0 on the bottom boundary to the imposed velocity v on the
top boundary is superimposed on the initial velocity field
corresponding to the temperature initialization. This is done to
avoid vertical wave propagation from the top boundary. The
lateral boundaries are periodic. A six-atom thick Langevin
thermostat layer is placed next to the top and bottom boundaries.
For each sliding velocity, five realizations of the simulations are
run to take into account the stochasticity inherent to finite-
temperature atomistic simulations.

Long time frame rolling simulation. The final simulations are
long time frame simulations of rough-on-rough surfaces with
adiabatic boundary conditions. The simulation domain is a square
box of side 500 atoms as represented in Fig. 2. A normal pressure
P =0.02 is applied on the top and bottom boundary. The lateral
boundary conditions are periodic. The bottom boundary
condition is fixed horizontally, and the bottom block is initially at
rest. For the thermostated simulations, a six-atom thick Langevin
thermostat layer is placed next to the top and bottom boundaries.
None is placed for the adiabatic simulations. A velocity v = 0.05,
v =0.25, or v = 0.5 is imposed on the top boundary, and the top
block is initialized to the same horizontal velocity v. Initially, the
two surfaces are not in contact, but the pressure puts them in
contact. The initial temperature is set at T = 0.05. As there is no
thermostat in the simulation, the temperature can freely rise as
mechanical work is converted into heat.

The rough surfaces have self-affine properties and are randomly
generated with the software Tamaas [30, 31]. The surfaces have a
Hurst exponent of H = 0.8, close to natural surfaces [32], and the
power spectral density frequencies range from g, =3 to
Gmax = 50, meaning the surfaces are composed of three main
asperities. Two surfaces are generated, one for the top, one for the
bottom, and are scaled to be 100-atom high and placed as pictured
in Fig. 2. To reproduce the rough surfaces in the atomistic
simulations, a regular hexagonal lattice of atoms is first generated.
Then, any atom situated in the gap between the two random
surfaces is removed. All three long-time frame simulations start
from this same configuration.

Two interatomic potentials are used, the brittle potential P, and
a similar potential with reduced adhesion: Py, = 0.3P,. Atoms
initially on the surface interact with each other and the bulk atoms
through the potential Py,. Atoms in the bulk interact with each
other through P,. The number of neighbors of each atom is used
to determine which atoms are on the surface. Then, at the first
time step, the atoms on the surface are permanently assigned to
the surface atom group, and the rest are assigned to be bulk
atoms. Without this reduced surface adhesion, the initial contacts
between the asperities tend to interact with each other and act as
one large contact. As a result, deep cracks propagate to the top
and bottom boundary conditions. Reducing the initial surface
adhesion leads to smaller debris being created from the asperities.
It can be interpreted as a way to mimic an initial passivation of the
surface.

3 Results

Effect of temperature on material properties. As the temperature
rises, the material properties of the material are affected as
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Fig.2 Simulation domains used in the long-time frame simulation. (a) The geometry. (b) The area between the two rough surfaces removed from a regular hexagonal
lattice of atoms to create the starter simulation domain. The atoms in the bulk are colored in red, and the atoms with reduced adhesion at the surface are colored in blue.

represented in Fig. 3. Thermal dilatancy causes an increase of
around two percents of the equilibrium bond length over the
tested temperature range. This increased spacing between atoms
results in a modest reduction of the surface energy y, . by less
than 1%. In the box shearing simulations, as the shear strain
increases, the shear stress first also increases linearly until it
reaches a peak stress. After that, it quickly falls to a plateau, as
represented in the inlay of Fig. 3. Both the peak and plateau shear
strength depend largely on the temperature, with the peak
strength reducing almost threefold over the tested temperature
range. The shear modulus is barely affected by temperature. The
material properties that depends on the short-range interactions,
such as the stiffness and surface energy, vary only sligthly with
temperature whereas the material properties dependent on the
long range interactions, such as the shear strength, are
significantly reduced.

Effect of temperature on the critical junction size. The shearing
of a junction results in two different behaviors depending on the
temperature and junction size. Either cracks can appear at the
bases of the junction, leading to the detachment of a debris
particle or the junction can be "squished", sustaining large plastic
deformation and leading to the closing of the gap between the
surfaces. Figure 4 shows two junctions of the same size but
sheared at different temperatures, leading to the brittle behavior at
low temperature and ductile behavior at high temperature. To
delineate the two behaviors, several simulations are run at
different junction sizes and temperatures to create the map
presented in Fig. 5. Each dot represents a specific couple of
junction size and temperature. Each couple was run for five
different realizations, and the color of the dot represents the
proportion of simulations that led to debris creation. Two zones
can be identified: High junction size and low temperature lead to
brittle behavior, whereas high temperature and small junction size
lead to ductile behavior. The two zones are not clearly delineated,
instead, there is a transition zone where both behaviors coexist.
This transition zone is larger for higher temperatures. These
results clearly show that the ductile-to-brittle transition is also a
function of temperature.

By using the temperature-dependent material properties, the
critical junction size d*(T) can then be predicted at different
temperatures. The blue line in Fig. 5 represents d*(T) and falls
into the lower part of the transition zone. As such, a formulation
of d* that accounts for temperature-dependent shear strength can
reasonably predict the lower bound of the ductile-to-brittle
transition with temperature change.

Effect of the sliding velocity—short time frame. As for the effect
of temperature, the influence of sliding velocity on the ductile-to-
brittle transition is first studied with junction shearing simulations.
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Fig.3 Effect of raising temperature on material properties. From top to bottom,
equilibrium bond length, surface energy and shear strength. Two shear strengths
are measured, with one corresponding to the maximum virial shear stress
attained, the other one the residual shear strength. The lines represent the mean
and the error bars are the standard deviation, computed over ten realizations. In
the inlay, two examples of shear stress/strain curves for temperature T'= 0.05
and T'=0.35.

The junction size is fixed at d = 157, and the initial temperature at
T=0.2. Then, the junction is sheared with different sliding
velocities. For each sliding velocity, five realizations are run to
account for the stochasticity of finite-temperature MD
simulations. For low sliding velocity, both ductile and brittle
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Fig.4 Snapshots of two simulations at varying sliding distance s for the same junction size d = 20r, and different temperatures T = 0.05 and T = 0.2. At a low
temperature, a rolling particle is detached from the junction and rolls between both surfaces. At a higher temperature, the junction is squished between the surfaces,

which ultimately weld together.
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Fig.5 Results of single asperity sliding simulations. Each point represents the
average results of the five realizations at a given temperature and junction size;
the shade from blue to yellow gives the proportion of simulations that lead to
debris creation, as indicated by the legend on the right. The blue line corresponds
to the critical junction size calculated with the temperature-dependent shear

strength.

behaviors are observed; sometimes the junction fractures on its
top and bottom, leading the creation of a wear particle, sometimes
it sustains large plastic deformation and is squished between the
surfaces. For the higher shear rate, all the simulations behave in a

J

britle ~manner. Furthermore, the junction undergoes
fragmentation as shown in Fig. 6. This particularly brittle behavior
is observed for sliding velocities approximately one-third of the
shear wave velocity. It is clear from these simulations that the rate
of loading has an impact on the observed behavior beyond the
prediction of the critical junction size.

Fracture and plastic deformation usually generate heat, which
can increase temperature and lead to a more ductile behavior, as
shown in Fig. 5. In these short time frame simulations, the sliding
is not long enough to generate a significant temperature increase
as the junction is broken. Thus, longer time frame simulations are
needed to complete the picture of the effect of the sliding velocity
on the ductile-to-brittle transition. Such simulations are presented
in the next paragraph.

Effect of the sliding velocity—long time frame. In this section, the
results for the adiabatic simulations, without a thermostat, are first
presented. Then, the impact of thermostating the simulations is
discussed. All simulations start with the same initial roughness. As
the sliding begins, the tips of the asperities make contact and
break, creating particles that roll between the surfaces. These
particles quickly aggregate into a single large rolling particle. The
initial asperities are smoothed away, and the resulting surface
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Fig. 6 Effect of the shear velocity on the ductile-to-brittle transition at a junction size d = 15r(. At low shear velocity, both behaviors are present as pictured on the left.
At higher velocity, not only is the behavior brittle, a fragmentation of the asperity can also be observed, as seen on the right.
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roughness is smaller in amplitude. For the two higher sliding
velocities, there are times when, after a collision, the gap between
the two surfaces opens and the contact between them and the
particle is lost. The pressure eventually put them back in contact.
Figure 7 shows snapshots of the simulation sliding at medium
velocity. As the sliding proceeds, the rolling particle grows and,
since the boundary conditions are adiabatic, the temperature
increases, as represented in Fig. 8. All simulations reach the same
top temperature of approximately T = 0.42, which corresponds
to the liquefying temperature of the material, at which point the
rolling particle is squished between the surfaces. In the moments
before being squished, the wear particle stops accumulating mass
and its size actually decreases.

The wear process, as measured by the size of the rolling particle
pictured in Fig. 8(c), happens in three phases. A first phase of high
wear corresponds to the breakage of asperities and subsequent
agglomeration of smaller wear particles into one large particle. In
the second phase, the single aggregated wear particle rolls and
accumulates mass with a constant wear rate, lower than the one of
the first phase. Finally, as the temperature gets closer to the
melting point, the wear slows down, and the particle even loses
mass back to the surfaces. This pattern of wear, with an initial
running-in, transient, period of severe wear, followed by a steady
state of mild wear, is consistent with experimental observations
[33-36] and past numerical investigations [14, 37, 38]. As a note
regarding the initially reduced surface adhesion, the influence of
reducing interfacial adhesion in a similar manner was studied in
past work [39]. They concluded that reducing the adhesion did
not change the minimum debris size created but, depending on
the contact angle, it could increase the chance of slippage instead
of breakage. As such, it can influence the distribution of initial
fragment sizes. In this work, all initial fragments amalgamate
quickly to form one large rolling particle, thus mitigating the
influence of the initial fragment sizes.

The temperature and tangential work increase linearly with the

s = 13[10%r]

g e

sliding distance until liquefaction, and at almost the same rate for
all three sliding velocities. In other words, the rate of heat
generation is close to proportional to the sliding velocity. This can
be clearly seen in Figs. 8(a) and 8(b). Both temperature and
tangential work have a step pattern at the beginning of the
simulation with the faster sliding velocities. The steps correspond
to the collision events and the subsequent non-contact period.

When putting temperature against tangential work in Fig. 8(d),
the curves for the two higher velocities superimpose, but the
temperature increase is slightly higher for the same tangential
work for the lower velocity. One explanation could be that, for
lower velocity, contact is never lost between the particle and the
two surfaces, the particle continuously rolls leading to more
mechanical work being dissipated in heat and less in the fracture
and deformation of asperities. This connects with previous
observations that sliding velocity has little effect on wear and
fricion until a certain threshold is reached, above which
continuous contact between the surfaces is lost and friction and
wear diminish [9, 22-24]. The top velocity studied in this work
might be getting close to this threshold.

The results for thermostated simulations are similar to the
adiabatic case during the initial running-in and steady state phase.
Figure 9 compares the growth in particle size for adiabatic and
thermostated simulations. Smaller wear particles first agglomerate
into a single large particle that then rolls and grows. However, as
no temperature increase occurs, the wear particle does not liquefy
and is not squished between the surfaces. Instead, it continues to
grow.

Wear can be measured through the size of the wear particles.
At the end of the first wear phase, all the smaller wear particles
have agglomerated into one large particle, whose size indicates the
magnitude of wear. While the trend is not clear for adiabatic
simulations, the thermostated simulations show a clear correlation
between the sliding velocity and the particle size. The higher the
sliding velocity, the larger the wear particle after the initial running-

s = 16[10%r]

Fig.7 Snapshots of the long-time frame simulation for the medium sliding velocity v = 0.25 at increasing sliding distance s. The first image, at the beginning of sliding,
is at a time when all the small particles originating from broken asperities have not yet agglomerated into one large particle. The third snapshot shows a moment when
contact is lost between the surfaces and the particle; the fourth is near the peak size of the particle; the last is just before the collapse of the particle.
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Fig. 8 Results of the three long time frame simulations in adiabatic conditions for velocity v = 0.05, v = 0.25, and v = 0.5. The color of the lines indicates the velocity.
(a) Temperature as a function of time. (b) Temperature and tangential work as a function of sliding distance. (c) Particle mass, which is a proxy measurement of wear, as a

function of sliding distance. (d) Temperature as a function of tangential work.
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Fig.9 Wear particle mass, which is a proxy measurement of wear, as a function of sliding distance for both the adiabatic (plain curves) and thermostated (dotted curves)
simulations. The shaded lines highlight the wear rate during the second phase of wear, corresponding to a rolling particle wear mode.

in phase. This could be explained by the higher brittleness at
elevated sliding velocity, which makes the tips of asperities more
likely to break thus leading to more mass being agglomerated.
However, the second phase, corresponding to a rolling particle
wear mode, displays a constant wear rate, seemingly independent
of sliding velocity. This wear rate is higher for adiabatic
simulations with an average of 1[m,r;"] compared to 0.2 [m,r;]
for thermostated simulations.

The constant wear rate observed in thermostated simulations
for the second wear phase is in line with a previous numerical
study of rolling wear particles [14]. For the adiabatic case, the
temperature increases, leading to the shear strength being reduced
by half at the end of the second wear phase (sliding distance
between approximately s = 5[10°7,] to s = 25[10°r,]). Given that
shear strength and hardness are close to proportional, from
Archard’s wear law, which predicts that wear is inversely
proportional to the hardness of the material [40], and the previous
numerical study [14], we would be expecting to observe an

https://doi.org/10.26599/FRICT.2025.9441212

increasing wear rate instead of a constant one. Further
investigation would be needed to reconcile why a constant wear
rate is observed in both cases despite the significant temperature
increase in the adiabatic case.

From this set of simulations, we can conclude that, in both the
thermostated and adiabatic conditions, the state of the interface
and its behavior depend mainly on the sliding distance and not
sliding time or sliding velocity, both for the running-in and steady
state period. The sliding velocity has only a weak influence on
tangential work, wear, and friction. However, higher sliding
velocities seem to lead to more wear in the first running-in phase,
especially in thermostated conditions.

4 Discussion

Plastic fracture and the critical junction size. By assuming the
plastic dissipation to be zero, d* predicts a reasonable lower
bound of the ductile-to-brittle transition: It gives the point at
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which not only plastic deformation is expected but also the start of
the occurrence of cracks. To predict the upper bound of the
transition, where fracture becomes the main mechanism of wear,
a solution might be to add a term accounting for the temperature-
dependent plastic dissipation y, to d".

The plastic dissipation y, is not only a material parameter, it
also depends on the loading conditions. As such, it is not as
straightforward to measure as the surface energy, the shear
modulus or the shear strength. The toughness of the material,
which is proportional to the square root of the product of G. and
y, could be a proxy measurement. Experimental investigations of
real materials return a breadth of behaviors: Some studies have
found an increased toughness with temperature [41-43] while
other materials see their toughness decrease with temperature
[44-46]. How does the critical junction size d*, and its related
length scale the size of the fracture process zone [17], evolves with
temperature remains an open research question.

Heat diffusion. The simulations were run either thermostated
by an external heat bath or in adiabatic conditions. These
represent the two limit cases where heat diffusion in the bulk is
neglected. In most real applications, the heat generated at the
sliding interface could also diffuse through the bulk. In this case,
the different rates of heat generation with varying sliding velocities
would result in different temperature profiles. Figure 10 shows a
simple model of heat diffusion in a finite medium of depth L with
a heat source at the interface. The temperature increase is
proportional to the heat source rate and the distance to the fixed
temperature boundary:

AT =T — To = QL o< vL (6)

As the heat generation rate depends on the sliding velocity, the
temperature profile and peak temperature also depend on the
sliding velocity. Higher sliding velocity would lead to higher
temperatures at the interface, leading to a more ductile behavior.
This effect could be counteracted by strain rate effects leading to a
more brittle behavior at higher sliding velocity, as observed in the
short time frame simulations. However, this case was not studied
here as atomistic simulations of small scales are not appropriate to
study heat diffusion. Indeed, at this scale, heat propagation is not
only diffusive but also ballistic [47, 48]. Studying the effect of heat
diffusion would require either using another simulation method
or complementing the atomistic simulation with a continuum
model of heat diffusion. While this option is out of the scope of
the current work, it is a promising direction for future work.

5 Conclusions

The material studied becomes more ductile with increasing
temperature as evidenced by the higher critical junction size. By
measuring the shear strengths at different temperatures and using
those to compute d*, it is possible to estimate the critical junction
size at different temperatures. While the predictions are relatively
close to the observed ductile-to-brittle transition, the current
formulation of d* tends to underpredict and is closer to the lower
bound of the transition. This might be due to the assumption of a
perfectly brittle material in the current formulation of d*. For
ductile materials, the critical energy release rate should include the
energy dissipated as plastic strain near the crack tip. This energy
dissipation is temperature-dependent and could correct the
underprediction of d*.

The sliding velocity also influences the brittle-to-ductile
transition. At higher shear rates, a new brittle mode of fracture is
observed: fragmentation. As no term in d* is dependent on the
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Fig. 10 Steady state solution of the temperature profile with a heat source Q at
the sliding interface and a fixed temperature T at a distance L.

shear rate, it cannot predict this effect. How to include the effect of
the sliding velocity in the prediction of the ductile-to-brittle
transition remains an open question.

Finally, simulations of rough-on-rough surfaces sliding match
experimental observations for the wear rate pattern. In those
longer time frame simulations, sliding velocity has little impact on
heat generation, tangential work or wear rate in most cases, the
main predictor being the sliding distance. The only clear influence
of velocity is a higher amount of wear in the first running-in
phase. One caveat is that the conditions were either thermostated
or adiabatic. In most tribosystems, heat generated at the sliding
interface will also diffuse in the bulk, at which point heat
generation rate, and thus sliding velocity, is expected to have a
more significant effect on the tribological behavior and the ductile-
to-brittle transition.

Appendix Domain size justification

Shear strength simulations. The domain is a square box of width
and height of 100 atoms. The shear strength is indeed dependent
on the size of the box considered, see Ref. [13], Fig. 2(a). Smaller
box sizes lead to higher shear strength. For boxes with sides larger
than 50 atoms, the shear strength plateaus. In this work, the size of
the box, 100-atom large, is big enough to avoid this size effect.

Critical junction size and short time frame velocity effect
simulations. The size of the domain scales with the junction size as
indicated in Fig. 1(b).

Here, we have to distinguish between the lateral periodic
boundaries and the ones on the top and bottom where pressure
and velocity are enforced.

For the lateral boundaries, having them too close to the
junction could result in the asperity interacting with itself due to
the periodic condition. This effect of asperity interaction was
studied in Ref. [50]. It was found that a combined behavior can
happen only if

d,<d/d (7)

with d, the apparent surface area and d the junction size. In the
simulations, since the domain size scales with the junction size, we
have d, = 6d,. As such, asperity interaction could happen only if
the simulated junction size is six times larger than the critical
junction size. The only simulations close to this criterion are the
ones run at a low temperature of T'= 0.05. For this temperature,
d* was found to be approximately 10 =+ 5r,. Then, simulations
with a junction size d > 307, could be at risk of asperity
interaction. While these simulations could easily be removed from
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(a) (b)

(c)

0.1

Shear atomic strain

Fig. 11 Shear atomic strain for three edge cases: (a) with T'= 0.05 and d = 5, (b) with T = 0.05 and d = 50, and (c) with T = 0.35 and d = 10. The large atomic
strains are far removed from the top and botton boundaries. The noise is due to non-zero temperature. For (c), the whole free surfaces suffer from large strain because,

due to the high temperature, the surface atoms are detaching and flying away.

the results without changing in any way the conclusion of the
manuscript, a visual inspection of the results clearly shows that no
such interaction happens.

For the top and bottom boundary, it can be checked that the
strains are concentrated near the asperity, and dislocations stop far
from the boundaries. Example cases are illustrated in Fig. 11.

Concerning the thermostat layer situated at the top and bottom
boundaries, their reference temperature is corrected for rigid body
motion so that they do not create virtual viscous forces. It can be
verified that the temperature of the system is maintained at the
expected one as can be seen in Fig. 12.
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0.16 - R

0.14 - R

Temperature, £g k™!

01} [

0.08 I I I I I I
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Fig. 12 Average domain temperature for a simulation with junction size
d = 50 and initial temperature and thermostat set at T'= 0.1.

Long time frame adiabatic simulations. The domain is a square
box of width and height of 500 atoms. Given the adiabatic
conditions, increasing the domain height would increase the total
thermal mass to heat up but would not change the intensity of the
heat source. As such, it is expected that it would slow the increase
in temperature.

For the size of the box, a similar argument as above can be
made.
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