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Abstract

Friction is the force resisting relative motion of objects. The force depends on material properties, loading conditions and
external factors such as temperature and humidity, but also contact aging has been identified as a primary factor. Several aging
mechanisms have been proposed, including increased “contact quantity” due to plastic or elastic creep and enhanced “contact
quality” due to formation of strong interfacial bonds. However, comparatively less attention has been given to other mecha-
nisms that enhance the “contact quantity”. In this study, we explore the influence of crystal faceting on the augmentation of
“contact quantity” in cubic silicon carbide, driven by the minimization of surface free energy. Our observations reveal that
the temporal evolution of the frictional aging effect follows a logarithmic pattern, akin to several other aging mechanisms.
However, this particular mechanism is driven by internal capillary forces instead of the normal force typically associated with
friction. Due to this fundamental distinction, existing frictional aging models fail to comprehensively explain the observed
behavior. In light of these findings, we derive a model for the evolution of contact area caused by diffusion-driven frictional
aging, drawing upon principles from statistical mechanics. Upon application of a normal force, the friction force is increased
due to plastic creep. This investigation presents an alternative explanation for the logarithmic aging behavior observed and
offers the potential to contribute to the development of more accurate friction models.
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1 Introduction
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. Frictional aging is a phenomenon in which the strength of
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the interface between two contacting surfaces changes over
time under static loading conditions. This idea was first
suggested by Ernst Rabinowich in a pioneering study from
1951, in which he proposed that frictional aging is responsi-
ble for the dissimilarity between static and dynamic friction
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is responsible for the velocity-weakening effect observed in
dynamic friction [2], thus frictional aging is of fundamental
importance in friction science [3]. A deeper understanding
of frictional aging is important as it affects the behavior
of many mechanical systems, such as brakes, clutches and
bearings. Furthermore, frictional aging plays a role in many
natural phenomena, such as earthquakes [4], landslides [5]
and glacier flow [6], so studying it can lead to a better under-
standing of these events and how to mitigate their impacts.

Two possible mechanisms of processes causing fric-
tional aging have been proposed [7]. One is the increase in
the actual area of adhesive contacts between surfaces, also
known as “contact quantity”’. The other mechanism involves
an increase in the strength of these contacts, referred to as
“contact quality”. Both of these mechanisms have been
observed in experiments and are believed to play a sig-
nificant role in frictional aging. A study by Dieterich and
Kilgore demonstrated how the contact area increases with
contact age due to creep [8], while Li et al. showed that
strong interfacial bonds can form without a corresponding
increase in contact area [9]. Simultaneous occurrence of
the two mechanisms is also plausible [10]. A recent study
suggests a notable amplification of contact aging under the
influence of shear stress [11]. The time-dependent nature of
both increased contact quantity and enhanced contact qual-
ity, both of which exhibit a logarithmic behavior, can make
it challenging to ascertain which mechanism is operating
in a particular case. Presently, the employed friction mod-
els are of empirical nature, requiring the derivation of their
parameters through experimental investigations rather than
relying on inherent material constants [12]. Consequently,
this limitation prevents us from predicting friction behavior
without conducting experimental studies.

Atomistic simulations have been proposed as a promis-
ing method to bridge the gap between microscale friction
behavior and macroscale laws, to enhance our understanding
of frictional aging [13—15]. Atomistic simulations can offer
valuable information that may be difficult to acquire through
real-world experiments. Specifically, since the positions,
velocities, and forces of all particles are known at each time
step, the spatial and temporal resolution is only restricted by
the length of a time step. Molecular dynamics simulations
have already demonstrated their capability as friction simu-
lators [16-20], and have provided insights that are currently
unattainable in the laboratory with the available technology.

To investigate frictional aging at the microscopic level,
we model a silicon carbide asperity on a silicon carbide sub-
strate. When the asperity and the substrate are brought in
contact, the contact area grows with time due to diffusion, in
arecrystallization process driven by surface energy minimi-
zation. Such recrystallization is typically a slow process that
necessitates longer time scales than are available in atomistic
simulations. For example, quartz crystals develop naturally
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over many years under high pressure and temperature, while
diamond formation may take hundreds of millions of years
[21]. However, silicon carbide has high surface diffusion at
temperatures well below the melting point [22, 23], allowing
for diffusion-limited processes to be studied within the time
scales accessible in molecular dynamics simulations [24].
This feature enables atomistic simulations of processes that
are impractical for most other materials. Molecular simula-
tions of silicon carbide systems can therefore be considered
model systems for general aspects of aging.

Friction experiments of silicon carbide have been con-
ducted both in the laboratory [25, 26] and through computer
simulations [27], and they are often motivated by industrial
applications [28]. To our knowledge, experiments have not
yet been conducted in temperature regimes where recrystal-
lization resulting from surface diffusion is significant. In this
study, we investigate the frictional aging of silicon carbide
interfaces using molecular dynamics simulations at temper-
atures where surface diffusion is substantial, to determine
how the frictional strength of a silicon carbide asperity con-
tact evolves with aging time at various temperature. From
this time evolution, we suggest a simple energy activation
based model for the growth of the contact area and the fric-
tion force.

2 Simulations

We perform molecular dynamics simulations to study aging
and frictional properties of a silicon carbide nano-asperity
on a silicon carbide substrate, as illustrated in Fig. 1. The
nano-asperity is prepared by carving out a rectangular octa-
hedron from a cubic silicon carbide (3C-SiC) crystal with
distance 11.19 nm between the (110) planes and the center
of the asperity. Then, a rhombic dodecahedron with distance
11.70 nm between the (111) planes and the center of the
asperity is carved out making the asperity shape close to the
Wulff shape of our model silicon carbide [24]. The asper-
ity is attached to a rigid top plate that is used to impose a
normal load and lateral motion on the asperity. The normal
load is imposed by adding a force to the top plate particles,
and the lateral motion is imposed by controlling the lateral
position of the top plate. The bottom 1 nm of the substrate
is rigid and fixed in all directions to keep the substrate in
place, and the 1 nm above the fixed layer is kept at a constant
temperature using a Langevin thermostat. The uppermost
1 nm of the asperity (just under the top plate) is also kept
at constant temperature using a Langevin thermostat. The
non-rigid parts are integrated using Newton’s 2nd law, to
avoid disturbing the dynamics in the process region. This is
the de facto standard setup of atomistic friction simulations,
and has been used in many recent studies [13, 20, 29]. The
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Fig. 1 Illustration of the system
immediately after the asperity
and the substrate are brought in
contact. During the simulations
the lower part of the substrate
and the plate that the asperity

is attached to are held rigid e
(orange layers). The upper part .o
of the asperity and the layer ~
above the rigid layer of the
substrate are controlled by a
thermostat (blue layers). System
dimensions are marked with
double-headed arrows (Color
figure online)
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Fig.2 An illustration of the three simulation steps. In a an asper-
ity and a substrate are relaxed separately for 50 ns, at a temperature
T. Thereafter, they are brought in contact and relaxed for up to 100
ns under a pressure P. In b the system is equilibriated by gradually

overall system size is 30 X 30 X 20 nm, with 866,918 atoms,
half of them silicon and half of them carbon.

To assess the aging effect on static friction of the sili-
con carbide nano-asperity, we perform molecular dynam-
ics simulations in three steps: relaxation, equilibration and
deformation (see Fig. 2).

2.1 Relaxation

First, we relax an asperity and a substrate in separate simu-
lation cells for 50 ns at a temperature in the range [2000,
2300] K.! This first step is taken to bring the substrate and
asperity close to equilibrium configurations so that particle
fluxes observed in aging simulations are due to aging of the

! For the case with an applied normal force, we run an additional
simulation at low temperature (7 = 1200 K).
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b P — 0 MPa C P =0 MPa

T — 1200 K T =1200 K

200 ps

200 ps

reducing the pressure to zero and the temperature to 1200 K, for 200
ps. In c the system is deformed by applying a constant velocity on the
upper part of the asperity for 200 ps

asperity-substrate contact. During this first step the asper-
ity relaxes to its Wulff shape, and the substrate becomes
rough. Figure 3 displays substrates relaxed for 50 ns at some
selected temperatures and is discussed below.

Thereafter, the asperity and substrate are placed into
the same simulation box, separated by a distance of 4 A,
and relaxed. During this relaxation, the asperity gets pulled
towards the substrate due to a cohesive force originating
from induced charge-dipole and dipole-dipole interactions.
The substrate and the asperity are therefore spontaneously
brought into contact.

2.2 Equilibration
We then let the system evolve through time at a temperature
in the range [2000, 2300] K and pressure in 0, 480 MPa and

monitor the contact area (Fig. 2a). The simulation is run for
20 ns (except from a simulation at 7 = 2300 K, P = 0 MPa

@ Springer
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1200 K

2000 K

Fig.3 The figure shows the top view of the substrates following a 50
ns relaxation period at various temperatures. Magnified windows are
included to highlight interesting regions of the substrates. The atoms

that was run for 70 ns), and during this time the contact area
grows. We refer to the simulation time in this phase as the
contact age. We extract system configurations at different
contact ages. These systems are equilibriated by gradually
decreasing the temperature to 1200 K, and the pressure to 0
MPa over a time period of 200 ps (Fig. 2b).

2.3 Deformation

Lastly, the static friction of the system is assessed by trans-
lating the rigid layer of the asperity at a constant velocity
of 5 m/s in the x-direction and measuring the shear force by
which the system resists this translation (Fig. 2c).

2.4 Equilibrating the Substrate

The initial relaxation of the substrate results in a rough sur-
face with nano-ribbons, as shown in Fig. 3. Major nano-rib-
bons (ribbons traversing boundary to boundary) are present
at all temperatures we have examined. These ribbons are
formed because the (110) planes have lower energies than
the (100) surfaces [24]. At temperatures around 2000 K, we
also observe additional small ribbons between the major rib-
bons. Corresponding equilibrium shapes of the asperity for
the various temperatures can be found in the supplementary
material.

@ Springer
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are colored based on their z-position, where brighter colors indicate
larger z-components (Color figure online)

2.5 Computational Details

Molecular dynamics simulations of the nano-asperity system
are performed using LAMMPS [30], with the silicon carbide
force field and parameters proposed by Vashishta et al. [31].
To integrate the rigid body, a symplectic integrator [32] is
used and atoms in contact with the rigid body are controlled
using a Nosé-Hoover thermostat [33, 34]. For atoms in the
mobile region (z € [2,18.6] nm), the Verlet integration
scheme [35] is used with a time step of 1 fs for simulations
with normal pressure and 2 fs for simulations without nor-
mal pressure. A Langevin thermostat [36] is applied to the
regions defined by z € [1,2] nm and [18.6, 19.6] nm with a
damping time of 1.0 ps to set the temperature of the system.
Periodic boundary conditions are applied in the horizontal
directions, while fixed boundaries are used in the z-direction.
All simulations are carried out on NVIDIA A100 graphics
cards using the KOKKOS package [37] in LAMMPS. Simu-
lating the system for 1 ns takes approximately 8 h of wall
clock time with a timestep of 2 fs. The contact area, coor-
dination analysis, and system visualization are performed
using OVITO [38]. The presented results have been obtained
using about 5000 GPU hours.

The initial peak in the lateral force curve, as shown in
Fig. 4b (inset), is used to measure the static friction force.
The lateral force represents the net force acting on the upper
rigid plate in the direction of its motion. Since the total force
on the asperity becomes negative when it is moved in the
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Fig.4 Contact area growth and static friction of silicon carbide
nano-asperities aged without a normal load. a The increase in real
contact area as a function of contact age. b The static friction force
as a function of contact age. The inset shows an example of a load-
ing curve, i.e. friction force as a function of time during shearing.

positive direction, we reverse the sign of the lateral force to
obtain the magnitude of the static friction force, which is of
primary interest.

2.5.1 Contact Area Measurement

The estimation of the contact area is achieved by enveloping
a surface mesh around a thin slice of the asperity located in
close proximity to the surface. This slice is determined using
a combination of cluster and coordination analysis carried
out in OVITO [38]. In this context, the term “contact area”
refers to the actual contact area as described by Mo et al.
[18]. More information about the procedure for measuring
the contact area can be found in the supplementary material.

2.5.2 Rayleigh Wave Speed Measurement

The speed of Rayleigh waves in 3C-SiC crystal was deter-
mined by performing a series of deformation simulations, as
explained in Refs. [39, 40]. The simulations were carried out
for various temperatures T € {1, 1800, 2000, 2200, 2300},
using a 3C-SiC crystal with dimensions of 10 X 10 X 10
nm. To reach equilibrium, the crystal was initially relaxed
in the isobaric-isothermal ensemble at P = 1 bar for 20 ps,
and the average cell dimensions of the simulation box were
sampled. The simulation box was then gradually resized to
that average box size. Finally, the crystal was relaxed in the
isothermal ensemble for another 20 ps.

To estimate the elastic constants ¢, ¢ |3, 33, and css, sep-
arate simulations were performed in which the crystal was
compressed 0.1 nm in the x- and z-directions to determine
the normal stresses o, and o, respectively. The remaining

7z°
elastic constant, cs5, was estimated by conducting a shear

The static friction force is measured as the maximum of the loading
curve. ¢ The static friction force as a function of contact area. In a
the different graphs are labeled according to temperature, and these
same colors are subsequently utilized in both (b) and (c) (Color figure
online)

deformation simulation in the xz-direction to obtain the
shear stress component o,,.

3 Results and Discussions

The main outputs that we collect from simulations are the
evolution of the contact area and the maximum static fric-
tion force through time. Figure 4 shows the contact area
evolution through time (4a), the friction force as a function
of contact age (4b) and the friction force as a function of the
contact area (4c) for the system where only cohesion brings
the asperity in contact with the substrate. In Sect. 3.1, we
develop a candidate model to explain the contact area evo-
lution quantitatively. Model fits are plotted on top of area
evolution data in Fig. 5. We discuss the friction force, the
contact area and the relationship between them in Sect. 3.2,
and the effect of aging under a normal load in Sect. 3.3.
Figure 6 shows the contact area and static friction force data
for the system that is aged under a 480 MPa normal load. In
Sect. 3.4, we analyze the detailed failure mechanism when
the static friction force is overcome. This failure mechanism
is illustrated in Fig. 7.

3.1 Contact Area Evolution

In Fig. 4, a monotonic and seemingly logarithmic growth
of the contact area with time can be observed across all
temperatures. The rate of area growth is directly influ-
enced by the temperature, with higher temperatures result-
ing in faster growth. This phenomenon arises due to the
formation of facets around the asperity in our two-crystal
system, comprising an equilibrated asperity and substrate.

@ Springer
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Fig.5 Model fits of the model in Eq. 5 plotted on top of the raw con-
tact area data as a function of time. The various graphs are labeled by
temperature

The combination of these crystals creates a nonequilib-
rium system characterized by a high surface free energy
in the junction formed between the substrate and the
asperity (referred to as the notch region). The growth of
the contact area in our system is driven by internal capil-
lary forces that induce facet formation within the notch
region. During facet formation, the crystal lattices remain
perfectly aligned, suggesting a constant crystal density.
Consequently, this process can be effectively modeled by
considering volume-conserved shape changes. Building
upon our observations, we propose a model to explain the
evolution of the contact area based on the theory of vol-
ume-conserving shape changes in nonequilibrium crystals,
as previously described by Rohrer et al. [41]. Facets are

formed through layer-by-layer growth, and the nucleation
energy barrier for each layer depends on the free energy
associated with a nucleus covering half of the facet area.
We denote the nucleation energy barrier for adding and
removing facet layers as E;r and E;, respectively. The net
nucleation rate is then expressed as

) 5
“or) e (5r) w

where k is the Boltzmann constant and f, and f_ are attempt
frequencies. Since facet formation in the notch region is
energetically favored, we neglect the removal of facet layers
in our model. We assume that facet formation is proportional
to the nucleation rate, and that the nucleation energy barrier
is a function of the number of layers formed, n, such that
E,(n) = E;; and f = f,. The differential equation to be solved
is thus given by

dn Eb(”)

5 =fexp (— T > @
The solution of this equation depends heavily on the choice
of nucleation energy barrier. Rohrer et al. found that the
nucleation energy barrier for the growth of facet layers is
directly proportional to the corresponding facet area [41].
In our system, as facet layers are added, the facet area pro-
gressively expands, primarily in the direction that is nor-
mal both to the layer growth direction and to the contact
perimeter (see Fig. 6 in supplementary materials). Conse-
quently, we propose an activation energy expression of the
form E,(n) = E,(0) + an, where E,(0) denotes the initial
energy barrier, and a > 0 signifies the rate of energy barrier
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Fig.6 Contact area growth and static friction of silicon carbide nano-
asperities aged under a normal load of P =480 MPa. a The static
friction force as a function of contact age. b Real contact area as a
function of contact age. ¢ The static friction force as a function of

@ Springer

contact area. In b the different graphs are labeled according to tem-
perature, and these same colors are subsequently utilized in both (a)
and (c) (Color figure online)
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Fig.7 Cross section view of an asperity undergoing rupture for four
different times given relative to the start of deformation. Atoms
colors indicate their displacement in x-direction (Ax) since the onset
of deformation. The rupture area is magnified and displayed in sepa-

increase. For a more detailed derivation, please refer to the
“Contact area model” in the supplementary material. The
differential equation then simplifies to

dn _Eb(o) _an
w=rer(5) o (i) ®

Assuming that the number of facet layers is the only quantity
that evolves with time, the analytical solution to this equa-
tion is given by

at E,(0)

k,T
n(t)=%10g<l+ﬁfexp<—kT>>. 4)
B B

The mathematical form of this model resembles the aging
law by Dieterich [42], and a similar derivation can be per-
formed for frictional aging due to creep [43, 44].

To establish the relationship between the contact area and
the number of facet layers, certain assumptions need to be
made regarding the shape of the contact interface. Given
that the initial contact interface is approximately square-
shaped, one possibility is that it remains square-shaped
throughout the aging simulation. Consequently, the relation-
ship between the contact area and the number of facet layers
can be described by A(n) = A(0) + 4\/§snd + 8(nd)?, with
A(0) = s? as the initial contact area, s as the initial width of
the contact and d as the thickness of a facet layer. In the case
of a circular contact interface, the contact area evolution
can be described as A(n) = A(0) + \/Eﬂsnd + 27(nd)?) with
A(0) = s>z /4. The inclusion of the factor \/E arises from
the 45° angle at which the facets form with the substrate,

3 4 )

Az (A)

rate windows. The simulation was performed at a temperature of
T = 2000 K, normal pressure of P =480 MPa, and the system was
relaxed for 18 ns before deformation (Color figure online)

resulting in a facet layer width of \/Ed as observed from
the substrate. Although the true contact shape likely lies
between square and circular based on observations, assum-
ing s > nd, we can approximate A(n) as A(0) + cn in both
cases. This approximation leads to the contact area model:

A = AO) + 2 1og <1 + “—’Tfexp <—E”(O)>), Q)
a kg kT

where c¢ represents the proportionality constant between
the contact area and the number of facet layers. This model
incorporates the material-dependent parameters a, f, and
E,(0), and a singularity as ¢t — 0, which is extensively dis-
cussed in the literature [2, 45, 46], is avoided. For a more
detailed and comprehensive derivation of the contact area
model, please refer to the supplementary materials.

Figure 5 illustrates the fitting of the contact evolution
model, described by Eq. 5, to the contact area evolution
graphs at different temperatures. The proportionality con-
stant between contact area and number of facet layers were
determined to be ¢ = 4\/§sd ~ 9.5 nm?, with s = 54 A and
d=3.1A.The optimized parameters for the fitting process
were determined as f = 3.2 X 10%s~1, E,(0) =43¢V, and
a = 0.1088 eV. A change in ¢ can be accounted for by a and
- Upon visual inspection, the fit appears to be satisfactory,
and this observation is supported by a root-mean squared
error of 1.104 nm? and an R*-score of 0.9937. These met-
rics provide quantitative confirmation of the fitting quality.
Notably, it is worth highlighting that the fitting parameters
closely correspond to fundamental material constants.

@ Springer
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T Sl T ) ) o) @ oG )

at various temperatures 1 3217 396.45 150.58 396.38 68.18 4494
1800 3038 286.22 107.68 297.10 51.83 4027
2000 3016 266.80 97.32 286.35 49.99 3968
2200 2986 239.72 70.07 240.47 46.84 3855

Here, p is the crystal density, ¢; are the elastic constants as defined in Ref. [40] and cg is the Rayleigh wave

speed

3.2 Friction Force and Contact Area

The static friction behavior, as illustrated in Fig. 4b, pre-
dominantly demonstrates a logarithmic increase over time
across all the temperatures examined. However, for tem-
peratures 2200 K and 2300 K, there is a hint of positive
curvature emerging after long simulation durations, indicat-
ing a frictional aging behavior that surpasses the logarith-
mic trend. Notably, a recent study observed a linear aging
behavior in silica-silica contacts within the timescales of
approximately 5 to 90 ms, attributed to interfacial reaction
kinetics [47]. Exploring this frictional regime further would
necessitate microsecond-scale simulations, which are chal-
lenging to accomplish within our current system constraints.
The rate of this logarithmic increase is primarily influenced
by the contact area and demonstrates a positive correlation
with temperature. The static friction value represents the
maximum frictional force that the system can sustain, as
indicated in the inset of Fig. 4. Figure 4c illustrates the rela-
tionship between static friction and contact area. It reveals
a strong correlation, suggesting that the friction force is
approximately proportional to the contact area. Although
there may be slight curvature in the data points, particularly
at T = 2300 K, it remains uncertain whether this observation
is coincidental or a genuine effect due to the limited range
of contact areas analyzed. Furthermore, the data indicates
that, for a given contact area, contact strengths are arranged
in a manner that implies stronger contacts at higher tem-
peratures. Considering that all the deformation simulations
were conducted at the same temperature (1200 K), this is a
nontrivial behavior that suggests that the temperature his-
tory is important for the friction-area proportionality. One
potential explanation could be a decrease in bond density
at higher temperatures, although this hypothesis calls for
additional exploration.

3.3 Effect of a Normal Load

In Fig. 6a, we demonstrate that applying a normal load
exhibiting a pressure of P = 480 MPa significantly increases
the initial static friction force for all temperatures. How-
ever, this does not amplify the aging effect that leads to an
increase in frictional strength over time. Surprisingly, the
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aging effect appears to be slightly weaker with the applica-
tion of the normal pressure. For example, at temperature
T = 2300 K the change in static friction force during the first
20 nanoseconds is about Af; ~ 300 nN with a normal pres-
sure of P = 480 MPa, as compared to Af, ~ 400 nN with-
out any normal pressure (as previously shown in Fig. 4a).
Despite the decreased aging effect, the contact area seems
to increase more quickly than without a normal force (as
seen in Fig. 6b). Consequently, the static friction force is
not completely proportional to the contact area. At larger
contact areas, the force per area is smaller than at smaller
contact areas (as depicted in Fig. 6¢). This non-proportional
relationship between friction and area has been observed in
several other studies, such as in Refs. [8, 48-50]. Kilgore
et al. suggest that any newly formed contact area lacks shear
strength [48], causing the contact area to grow faster than the
friction force. More investigations is needed to understand
whether or not this is the mechanism at work here.

3.4 Mechanical Failure Mechanism

Figure 7 illustrates the shear displacement of particles in a
crystalline system at 2000 K in the direction of movement as
the asperity slips. Notably, cracks emerge in areas character-
ized by a significant gradient of shear displacement. These
regions can be identified in Fig. 7 by a sharp color change.
The zoomed-in inset depicts that the rupture propagates from
the leading edge (end of asperity on the right-hand side) to
the trailing notch (the notch on the left-hand side), which is
a commonly observed rupture front. However, there is no
particular tendency in terms of which direction the crack
propagates. Vertical cracks on the left side of the asperity is
another usual observation, like shown in the supplementary
material.

From Fig. 7, the rupture velocity can be estimated to be
about 1300 m/s, given that the contact’s diameter is approxi-
mately 8 nm. We employed the procedure presented in Refs.
[39, 40] to determine the Rayleigh wave speed in 3C-SiC
and determine whether this rupture can be considered rapid.
For a comparable temperature, the Rayleigh wave speed in
the modelled silicon carbide crystal was calculated to be
3968 m/s, which is roughly three times faster than the rup-
ture. Thus, the observed ruptures are relatively rapid. Table 1
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provides the Rayleigh wave speed of crystalline 3C-SiC at
other relevant temperatures, along with the crystal density
and elastic constants utilized to estimate the speed. These
constants can also be used to determine material properties
like the bulk, shear and Young’s modulus, as well as the
Poisson ratio. The elastic constants are consistent with the
ones found in [51], and the measured Rayleigh wave speeds
agree with theoretical [52] and experimental [53] values.

4 Conclusions and Perspectives

We have used molecular dynamics simulations to investigate
frictional aging in a silicon carbide system. We have found
that the static friction force increases logarithmically with
contact age even without an externally applied normal load
on the asperity. The growth in the static friction force is
attributed to the growth of the real contact area due to facet
formation in silicon carbide.

A candidate model for the evolution of contact area was
formulated utilizing principles from nucleation theory. This
model estimates a logarithmic growth in contact area as a
function of time, mirroring the observed behaviors in fric-
tional aging attributed to creep and the formation of stronger
interfacial bonds. These mechanisms can be described by
thermally activated processes, suggesting a universal loga-
rithmic behavior in frictional aging resulting from thermally
activated bond formation with an increasing energy barrier.

In the presence of a normal load, the initial static friction
is observed to be higher compared to the case without a
normal load. However, the rate of increase in static friction
over time does not exhibit a significant difference when a
normal load is applied compared to when no normal load
is present. Moreover, there is a clear non-linearity between
static friction and contact area in this case, which may be
explained by a non-uniform stress concentration across the
contact interface. For the failure mechanism, we found semi-
rapid ruptures of approximately one third of the Rayleigh
wave speed, either propagating from the leading edge to the
trailing notch or in the opposite direction.

Future investigations could focus on exploring the non-
linear relationship between friction and contact area, with
particular attention to studying interfacial stress concentra-
tion in greater detail. Silicon carbide’s unique properties
make it an intriguing material for studying various tribologi-
cal and tribochemical phenomena. Subsequent studies could
involve sliding simulations to investigate dynamic friction,
wear, and sliding history effects on friction.

Further research could also explore diffusion-driven fric-
tional aging with different silicon carbide asperity shapes
to (i) assess the influence of the asperity shape on the fric-
tional behavior and (ii) verify that the modeling approach we
take in Sect. 3.1 works for other contact geometries as well.

However, only asperity shapes that are stable, or at least
metastable can be used, since otherwise they will readily
deform into their equilibrium shape at temperatures where
surface diffusion is significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-023-01762-z.
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