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ABSTRACT

Sliding friction between two SiC surfaces is important due to its relevance to many practical applications. It is also important to study whether
kinetic friction at the nanoscale follows Coulomb’s law. Since SiC exists both as an amorphous material and with a crystalline structure, the
effect of surface roughness on the kinetic friction may also be significant. We report the results of an extensive molecular dynamics simulation
of sliding friction between surfaces of the two types of SiC over a wide range of sliding velocities. The amorphous SiC was generated by the
reactive force field ReaxFF, which was also used to represent the interaction potential for the simulation of sliding friction. As the sliding veloc-
ity increases, bond breaking occurs at the interface between the two surfaces, leading to their roughening and formation of excess free volume.
They reduce the kinetic friction force, hence resulting in decreasing the difference between kinetic friction in the amorphous and crystalline
surfaces. The average kinetic friction force depends nonlinearly on the sliding velocity V, implying that Coulomb’s law of friction is not
satisfied by the surfaces that we study at the nanoscale. The average kinetic friction force Fk depends on V as Fk / lnV .

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086185

I. INTRODUCTION

Sliding or kinetic friction between two surfaces in contact,
when one of them is moving, has been a fundamental scientific
problem since several centuries ago1 and, due to its ubiquity in all
types of systems,2 has gained even more importance in the modern
era. The direction of kinetic friction is opposite to that of the rela-
tive motion of the two surfaces in contact, but it need not oppose
the net external force between them.

One type of kinetic friction is between dry surfaces, which is
usually described by Coulomb’s law3 according to which the magnitude
of the kinetic friction force Fk is given by Fk ¼ μFn, where μ is the
coefficient of kinetic friction and Fn is the normal force between the
two surfaces in contact. Thus, according to Coulomb’s law, the magni-
tude of the kinetic friction exerted through the surface is independent
of the magnitude of the sliding velocity V of the surfaces against each
other. Apart from Coulomb’s law, however, there are many other laws
that link the static (contact pressure) and kinematic (velocity and
hold time) quantities with the frictional force or tangential frictional
tractions. Examples include the so-called Shaw’s law for saturation
of frictional force4 and the rate-and-state family of friction laws.5

Wet or lubricated sliding friction is the second type of phenom-
enon. In this case, a fundamental concept is the so-called Stribeck
curve,6,7 which demonstrates that friction in fluid-lubricated contacts
is a nonlinear function of the contact load, the lubricant’s viscosity,
and its entrainment speed. Nikolai Pavlovich Petrov was presumably
the first2 who studied the effect of lubricants upon friction of
journal bearings. Petrov recognized that understanding of friction
between sliding lubricated surfaces is obtained by studying it as a
problem in hydrodynamics and derived a simple equation, often
referred to as Petrov’s law, for the kinetic friction force on a journal
bearing. In fact, Petrov’s law represents the linear part of the
Stribeck curve and holds for high values of the lubrication
parameter L, i.e., L ¼ viscosity � velocity=pressure. More generally,
Stokes’s equation is used to model lubricated contacting surfaces,
with the result representing an average over the thickness and
usually referred to as Reynolds’s equation. According to Reynolds’s
equation, Fk / Vη=D, where η is the viscosity and D is the thickness
of the lubricating film. But, in general, wet sliding friction is a
complex phenomenon, due to the fact that at low velocities/high
pressure, lubrication is mixed with intimate contact that increases
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friction considerably, and at very low velocities a pure boundary
lubrication holds. But, neither Coulomb’s law nor any other law
that governs wet sliding friction takes into account, at least explic-
itly, the effect of the chemical structure of the two contacting sur-
faces, as well as the morphology of the interfacial area.

While lubricated sliding friction is relatively well understood,
and the validity of Reynolds’s law has been demonstrated8,9 over a
range of length scales, the work on dry friction is still continuing
because the phenomenon of stick-slip is widespread and occurs
over widely disparate length scales, ranging from fault motion in
rock that gives rise to seismic events and earthquakes,10,11 serrated
yielding in metals,12 and curve squeal in rail wheels,13 to various
phenomena at the atomistic scale, such as abrasive wear on alumi-
num alloy substrates,14 friction of krypton monolayers sliding on a
gold surface,15 friction between silicon (Si) tips in a friction-force
microscope and various carbon compounds,16 as well as on a NaCl
(100) surface17 and unzipping of DNA strands.18 The most impor-
tant finding of the research on sliding friction in some materials at
the atomic scale has been that, at such scales, it does not necessarily
follow Coulomb’s law. For example, in the aforementioned experi-
ments on the NaCl (100) surface, it was found that18 the friction
force at low sliding velocities V varies as Fk / lnV , which is a
quite weak dependence on the sliding velocity.

Since Coulomb’s law may be violated at the nanoscale, under-
standing the origin of the violation requires molecular dynamics
(MD) simulation. Such simulations make it also possible to include
the precise chemical composition and structure of the sliding sur-
faces and study their effect. Several significant efforts have been
made in this direction19–32 for studying sliding friction between
various surfaces. The goal of the present paper is to report on the
results of our study of the phenomenon between two silicon-
carbide (SiC) surfaces, using MD simulations.

Due to its many unique properties, such as high thermal con-
ductivity,33 thermal shock resistance,34 biocompatibility,35 resistance
to acidic and alkali environments,36 chemical inertness, and high
mechanical strength,37,38 SiC is a highly important material. In
addition to its use in the electronic and computer industries, SiC
has also been used for fabricating nanoporous membranes39,40 and
nanotubes.41–43 But what has motivated us to study sliding friction
between two SiC surfaces is its applications in high performance
disc brakes, cutting tools, and blades in gas turbines and jet engines,
as well as fabrication of nanoporous materials explained below.
Consider, for example, the development of high performance
brakes, particularly for aircrafts. In the past, such brakes used
carbon-carbon discs44 that have many excellent properties. They
suffer, however, from such disadvantages as insufficient stability of
friction caused by humidity and temperature and low oxidation
resistance. Thus, carbon-SiC disks were introduced45–47 that repre-
sented a massive leap in the brakes’ performance, particularly as it
relates to fatigue resistance. The natural evolution of such brakes is
to consider SiC-SiC brakes, or perhaps ceramic composites contain-
ing SiC. In addition, the problem is relevant to sliding of SiC fibers
in the SiC/graphene/SiC composite.48 Finally, the phenomenon is
important to even fabrication of nanoporous membranes,39,40 since
the nanoporous SiC layer is deposited on top of a mesoporous SiC
layer (see below), and the static friction between the two layers
during the deposition influences the structure and quality of the

final product and, in particular, the interface between the meso-
and nanoporous layers.

We have carried out extensive MD simulations to study the
dry sliding friction between two SiC surfaces. Two types of surfaces
have been considered. In one, we study kinetic friction at the inter-
face between two amorphous SiC slabs, while in the second case,
the SiC slabs have a crystalline structure. The goals are to under-
stand the effect of the microstructure of the surface on the sliding
friction and determine the dependence of the kinetic friction force
on the sliding velocity. One expects, of course, higher friction
between two amorphous surfaces than between the crystalline ones,
but the magnitude of the difference, as well as any other factor con-
tributing to the difference other than the roughness of the amor-
phous surface, is also important to understand.

The rest of this paper is organized as follows. In Sec. II, we
describe the molecular model of the SiC slabs, as well as the force
fields that we utilized in the MD simulations. Section III describes
the development of the molecular model of the SiC-SiC interface,
while Sec. IV explains the procedure for carrying out the MD simu-
lations of dry sliding friction between the two SiC slabs. In Sec. V,
we present and discuss the results and their implications. The
paper is summarized in Sec. VI.

II. MOLECULAR MODEL OF SiC AND THE FORCE FIELD

The first step in the study is generating a molecular model of
amorphous SiC. We recently developed49–51 a model of amorphous
SiC using the force field (FF) ReaxFF52 that has been developed for
reactive environments. The goal in our previous work49–51 was to
mimic the process by which a nanoporous membrane layer39,40

made of amorphous SiC is produced by the pyrolysis of a polymer
precursor, allyl-hydridopolycarbosilane (AHPCS), which contains
Si. The primary product of the polymer’s pyrolysis is amorphous
SiC with covalent Si–C bonds. Thus, we carried out49 quantum-
mechanical calculations on model materials meant to capture
important reaction steps and structures, in order to estimate the
parameters of the ReaxFF. Then, a molecular model of the AHPCS
was developed and ReaxFF was utilized to simulate its thermal
degradation and decomposition as the system was heated up to
1200 K by the MD simulation. Analysis of the pyrolysis process
and its products provided estimates of various quantities that were
in good agreement with the experimental data. Finally, the system
was cooled down to room temperature, with the final result being
an amorphous SiC film. The computed properties of the resulting
SiC film, such as its radial distribution function, X-ray diffraction
pattern, and connectivity of its atoms, were in excellent agreement
with the experimental data. In the present work, we use the molec-
ular model of amorphous SiC that we had generated via the pyrol-
ysis process and MD simulations.

The next step is to select the FF that describes the interactions
between the two SiC surfaces. For this purpose, we also used
ReaxFF. Both van der Waals and Coulombic interactions are
included in ReaxFF. In addition, it should be kept in mind that
ReaxFF eschews explicit bonds in favor of the bond order, which is
useful for an environment in which bond breaking occurs regularly.
The force applied to the system and the sliding friction heats up
the region around the interface between the two SiC slabs, resulting
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in continuous breaking of the bonds there, which is why we opted
to utilize ReaxFF that we developed49–51 previously.

III. MODELS OF CONTACTING SiC SURFACES

The unit cell for the amorphous SiC slabs was nonperiodic.
Each slab was constructed with a size 2a� 2a� a that consisted of
2560 atoms, equally divided between Si and C, where a � 22 A

�
.

The two slabs were identical and, thus, the system consisted of
5120 atoms. We also constructed two commensurate (β)3C-SiC
crystalline slabs, with each slab being a 8b� 10b� 4b superlattice
of the Si-C crystalline with 2560 atoms, where b � 4:35 Å. The
structure represented 16 planes of Si-C planes stacked together.

Prior to the commencement of the main MD simulations of
sliding friction, the energy of each individual slab was minimized.
Then, MD simulation was used to minimize the energy between
the surfaces prior to the commencement of the friction simulation,
which produced minimal differences in the total potential energy of
the system, implying correctness of the original structure of SiC
that we had generated in our previous studies,49–51 and indicating
that the slabs had indeed taken on their equilibrium structure.
Next, the energy of the SiC-SiC bilayer was minimized in order to
prepare the system for thermalization. The atoms at the interface
between the two slabs, for both amorphous and crystalline SiC
slabs, were in “direct contact” with one another at the onset of the
simulation, by which we mean that the separation distance between
the Si and C atoms in the two slabs at their interface was at the
minimum required to form a bond between them. We then ther-
malized the system in the NVT ensemble using the Lagevin ther-
mostat and raised the temperature to 300 K, and then equilibrated
it in the NVE ensemble. This was done in a stepwise manner, with
the system thermalized in increments of 50 K, and then equili-
brated after each incremental temperature rise. The duration of the
thermalization and equilibration was 1200 ps.

IV. MOLECULAR DYNAMICS SIMULATION

Figure 1 provides the details of the molecular system and the
anchors to the amorphous bilayer. The MD simulations were carried
out in the (NVE) ensemble using the equilibrated interface. Sliding
friction was generated by forcing the top slab to slide over the bottom
one at a constant velocity V, which allowed us to determine the fric-
tion force for a given V . In order to simulate sliding friction at the
interface, we divided the slabs into a series of layers,52–54 referring to
them as the top layer (TL), top thermostat layer (TTL), bottom layer
(BL), and bottom thermostat layer (BTL). The TTL and BTL were
used to ensure that the upper and lower parts of the system remain at
a constant temperature of 300 K throughout the duration of the MD
simulations so that the generation of heat in the region around the
interface can be clearly attributed to the sliding friction. This was
done by rescaling the velocities of the atoms in the two layers at each
time step. The atoms in the BL were fixed in all directions to ensure
constant loading, while the atoms in the TL underwent two main
events. First, in order to accurately mimic typical sliding experiments,
it is necessary to apply normal loading to the system. This was
accomplished by applying the force in the �z direction to all the
atoms in the TL. Two values of the normal forces were used that, at
steady state, resulted in the system being exposed to pressures of

approximately 155MPa and 310MPa. Second, the atoms within the
group TL were held constant at the prescribed velocity. The atoms
directly at the interface may, however, have a different velocity at any
given time. A constant velocity was applied in the y direction to all
the atoms in the TL, producing a fixed sliding velocity throughout
the course of the MD simulations. Note that, strictly speaking, in the
presence of friction, the relative velocity at the interface in the sticking
regime (see below) should be zero, even though the relative motion of
the TL and BL would be given by the prescribed velocity. In practice,
however, there is always motion, albeit very slow, at the interface
during the sticking regime, caused by shearing.

The same approach was also used with the crystalline bilayer.
The simulated velocities were in the range 10–500 m/s, and each
simulation run was carried out for 600–800 ps that, after some pre-
liminary simulations, had proven to be sufficiently long for our
purpose. No melting was observed during any simulation at any
velocity, as the melting temperature of SiC is 2730 �C. The time
step in all the cases was 0.25 fs.

V. RESULTS AND DISCUSSION

We define the sliding distance Y as the instantaneous differ-
ence between the y-positions of the centers of mass of the two
slabs. For all the sliding velocities and distances, the temperature in
the TTL and BTL fluctuated by only about 5%, with the average
values being around 303 K, very close to the set temperature of 300
K. The same type of variations of temperature with the sliding dis-
tance and velocity were obtained in the crystalline material.

Friction produces heat at the interface between the two slabs,
however, which increases the temperature at and near the interface.
The MD simulation confirmed this. Figure 2 presents the dynamic
evolution of the temperature in the layer of the atoms in the top slab
that are in direct contact (in the sense explained earlier) with those in

FIG. 1. Schematic of the system consisting of the two SiC slabs with the top
layer (TL), top thermostat layer (TTL), the interface between the two slabs, the
bottom thermostat layer (BTL), and the bottom layer (BL). Fn is the normal force
applied, while Vy is the sliding velocity that pulls the top layer in the y direction
relative to the bottom slab.
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the bottom slab, which is where the maximum temperature develops.
The results shown in Fig. 2 are for the lowest and highest sliding
velocities V that we simulated. As V increases, so also does the heat
production caused by friction, hence increasing the temperature
there. The temperature between the interface and the TTL and BTL
in which it is held fixed also increases. Figure 3 presents the depen-
dence of the average interface temperature on the sliding velocity,
indicating very large increase in the temperature at the interface.

Figure 4 presents the state of the two amorphous slabs and the
interface between them, viewed in the x direction (see Fig. 1 for the

coordinates system), as the sliding velocity V increases. For low V,
the two surfaces are in close contact. As V increases, however, bond
breaking due to heating, stretching, and deformation occurs at the
interface, roughening the two surfaces, and generating a small gap
or free volume at the interface whose extent increases with increas-
ing sliding velocity. As we show below, this results in smaller fric-
tional forces at the interface. The corresponding results for the
crystalline slabs are shown in Fig. 5, indicating qualitative similarity
with Fig. 4. The formation of the free volume is similar to the same
type of phenomenon in metallic glasses.55–57 It is known,55,56 for

FIG. 2. Dynamic evolution of the temperature at the interface between two SiC
slabs.

FIG. 3. Dependence of the average temperature at the interface between two
amorphous slabs on the sliding velocity V.

FIG. 4. Evolution of the excess free
volume at the interface between two
amorphous SiC slabs and its expan-
sion as the sliding velocity increases.
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example, that voids nucleate from the coalescence of excess free
volume generated in shear bands during the deformation of some
bulk metallic glass, such as Zr41:2Ti13:8Cu12:5Ni10:0Be22:5. The excess
free volume in a shear band results in excess free energy relative to a
relaxed glass with less free volume.

To better quantify and understand what Figs. 4 and 5 indicate,
we computed the average number of atoms in thin parallelepipeds

perpendicular to the z direction during the entire simulation, for
both the amorphous and crystalline systems. The results are presented
in Fig. 6. As expected, far from the interface at z ¼ 0, the total
number of atoms is constant. At z ¼ 0 and in the region around it,
however, the number of atoms decreases due to bond breaking that
occurs there. The depth of the “well” that represents the decrease in
the number of the atoms depends on the sliding velocity V, and

FIG. 5. Same as in Fig. 4, but in the
system that consists of two crystalline
slabs.

FIG. 6. Average number of atoms N(z)
in thin parallelepipeds perpendicular to
the vertical axis z, and its dependence
on the sliding velocity V. z ¼ 0 repre-
sents the interface, and the dip around
it is due to the formation of excess free
volume as a result of stretching and
breaking the SiC bonds there.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 124301 (2019); doi: 10.1063/1.5086185 125, 124301-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


increases with increasing V . It is precisely due to this phenomenon
that we used the force field ReaxFF in our MD simulation, even
though other non-reactive FFs, such as the Tersoff potential,58,59 are
available for SiC and MD simulations with them are faster.

Next, we examined the potential energy U of the system, the
sum of the energies of both slabs and the interface, which is an
important characteristic of the system. The significance of U is that
its shape, for any given sliding velocity V, highlights important
chemical and physical phenomena in nanoscale sliding that affect
kinetic friction, as U is greatly dependent upon the nature of the
atoms at the interface and their spatial distribution. Due to the
constant velocity V, the kinetic energy, aside from small fluctua-
tions, remains essentially constant, hence enabling us to determine
the kinetic friction force. Because the energy of the two slabs is
constant as they slide relative to each other, the rate of change of U
along the sliding direction is linked directly with the instantaneous
kinetic friction force, a fact that we exploit to study dynamic fric-
tion (see below). Because the velocity V is fixed, the rate of change
of sliding distance Y with the time is also constant. We also point

out that in all the cases, the potential energy of the amorphous
system is significantly higher than its crystalline counterpart,
reflecting a more unstable bilayer.

Figure 7 presents the dependence of U on the sliding distance
Y for the lowest and highest sliding velocities in the amorphous
system. The atomistically rough surfaces of the two slabs give rise
to a complex relationship between U and Y . At low velocities, the
motion is intermittent, with U varying with the sliding distance
periodically, which is typical of stick-slip motion, stemming from
the rough nature of the interface that contributes to the variations
in the friction intensity. Note that such a periodicity in the stick-
slip motion has been observed in experiments32 by using an atomic
force microscope. The maxima in U correspond to the slip forces,
whereas the minima represent the stick state. At much higher
velocities, however, the motion is fast and the system does not have
enough time to relax. Thus, the variations of U with the sliding dis-
tance is stronger, although they still appear to be quasi-periodic.
Note that the potential energy grows roughly quadratically with the
distance in the stick regime

FIG. 7. Dependence of the potential
energy of the amorphous system on the
sliding velocity V and sliding distance.
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We define the friction force Fy per contact area in terms of the
potential energy through the relation

Fy ¼ � 1
A
dU(Y)
dY

, (1)

where A is the contact area. Alternatively, one may compute the fric-
tion force Fy directly using MD calculation’s output, as it represents
the total lateral atomic force on the upper slab, divided by the
contact area at each MD time step. In other words, Fy is simply the
sum of all the atomic forces along the y direction. But, only the
lateral forces at the interface contribute to Fy , as the internal forces
cancel each other in the sum. This is the approach we took in this
paper. Fy is an important physical quantity because it represents the
intensity of the friction force. Equation (1) and Fig. 7 do, however,
provide a qualitative picture of what one may expect for Fy as a func-
tion of the sliding distance Y : at low sliding velocity Fy should vary
periodically with Y , but as V increases, the system does not have
enough time to relax, and the periodicity is to some extent distorted.

Suppose that the static potential energy corresponding to
V ¼ 0 is U0(Y), implying that U0(Y) represents only the potential
energy due to interfacial bonding or adhesion. Thus, the difference
U(Y)� U0(Y) is purely due to the sliding velocity. The force
needed to overcome the energy barriers in U0(Y) is dU0(Y)=dY ,
which is due to the change in the interfacial energy and represents
a lower bound on Fy , the instantaneous kinetic frictional force
during sliding. Figure 8 presents the directly computed Fy [i.e., not
through Eq. (1)] as a function of the sliding distance Y and the
sliding velocity V. It is clear that our expectations, described earlier
based on dU(Y)=dY , for the differences between Fy at low and high
velocities are precisely manifested by the results. The results shown
in Fig. 8 were computed by applying a normal force Fn of 2.85 nN
to the system. Qualitatively, similar results were obtained when the
magnitude of Fn was higher and, thus, the results are not shown.

At low sliding velocities, the variations in Fy are periodic, rep-
resenting stick-slip motion. During the stick state, the force dU=dY
causes the slab to store strain energy through shearing, which is
then released during slip. The minima in Fy correspond to the slip

FIG. 8. Dependence of the friction
force on the sliding distance and veloc-
ity V in the amorphous system.
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forces, whereas the approach to the maxima of Fy represents the
stick motion, and they both are larger than those for V ¼ 0, i.e.,
the aforementioned dU0(Y)=dY . Note that the difference between
the minimum and maximum values of Fy at low velocities is rela-
tively significant, whereas the same difference is small at high veloc-
ities. Once again, similar to the potential energy U(Y), the force Fy
at high velocities varies with smaller amplitudes and, due to bond
breaking at the interface, its magnitude also decreases.

Figure 9 presents the same results as in Fig. 8, but for the crys-
talline slabs. We first note that the range of friction intensities for
amorphous SiC is significantly greater than that of the crystalline
slabs. Due to the crystalline structure, the periodic variations of the
friction force, a characteristic of the stick-slip motion, are even more
evident than in the amorphous bilayer. Similar to the amorphous
case, the amplitude of the variations diminishes with increasing
sliding velocity, and the periodic structure is not as well-defined. As
the sliding velocity increases, however, the distinction between the
amorphous and crystalline interfaces is lost due to the bond breaking

and roughening of the interface and, therefore, at such velocities, the
friction forces in both materials are close to each other.

Higher friction forces are associated with increased probability
of reaching fatigue stresses, usually defined as the highest stress that a
material can withstand for a given number of cycles without breaking,
which destabilize the material, causing loss of structural integrity. At
high velocities, Fy in the crystalline slabs still exhibits peaks and
valleys, but the stick-slip behavior discussed earlier is less clear due to
the fluctuations from the thermal phonons in crystalline materials,
and the fact that there is less time for the system to relax. In addition,
at high velocities, thermal phonons are also responsible for damping
of slab motion, hence slowing down the increase in Fy with velocity
V . Indeed, if we write U(Y) ¼ U0(Y)þ Ue(Y , V)þ Up(Y , V),
where Ue is the elastic strain energy and Up is the elastic energy due
to phonons, at low V, the first two terms of the equation are domi-
nant, whereas at higher velocities, say V . 25 m/s, it is only the last
term that contributes significantly to U(Y) and Fy , hence explaining
the decrease in the magnitude of Fy .

FIG. 9. Same as in Fig. 8, but for fric-
tion force between two crystalline slabs.
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The decrease in the friction force with an increasing sliding
velocity has been seen in experimental studies.53,54 The reason for
this is twofold. One, as already pointed out, is that there is less time
for adhesion to take place at the interface at high sliding velocities
and, therefore, shorter times for the stick-slip motion. The second
reason is that even in the crystalline system, the interface becomes
increasingly roughened and more similar to an amorphous mate-
rial, and a low-density region forms near the interface as the
sliding velocity increases. This is then very much similar to the
aforementioned concept of excess free volume; see Fig. 6.

The extent of shearing of the system is quantified by position
Y0 of the center of mass of the outermost layer, as well as that of
the interface layer, Yi. Thus, let, ΔY ¼ Y0 � Yi, which is propor-
tional to the shear strain. In the absence of shearing, ΔY will not
change. The regions in Figs. 8 and 9 in which Fy . 0 represent
those for which ΔY . 0, i.e., forward or positive shearing of the
top slab. The sliding distance from a maximum of ΔY to its
minimum represents the actual slip distance, which is much
smaller than the distance through which ΔY increases during the
stick motion. This is particularly true at high velocities.

We also calculated the time-average of the instantaneous
intensity of the frictional force, hFyi, over long sliding distances.
The kinetic frictional force intensity Fk is defined by

Fk ¼ hFyi, (2)

which is valid for any sliding velocity. Of course, if the potential
U(Y) were exactly symmetric for all Y , then Fk ¼ 0, because the
sticking and slipping forces would be exactly equal but with oppo-
site signs. But, as the results presented earlier indicated, U(Y) is
not exactly periodic or symmetric and, therefore, its slope that
yields Fy varies, i.e., we expect a nonzero Fk.

Figure 10 presents the plot of Fk vs V , and it is clear that the
dependence of friction force on the sliding velocity is nonlinear.
In fact, Fig. 10 indicates that the kinetic friction force Fk roughly
follows, Fk / lnV , which had been reported for friction on the
NaCl (100) surfaces18 at low velocities. According to Fig. 10, up
to about V � 35 m/s, Fk depends on V as lnV . There seems to be
a transition for 35 , V , 55 m/s, beyond which the logarithmic
dependence is roughly followed again. Figure 10 also demonstrates
the difference between sliding frictions in the two types of materials
that we study, particularly at low sliding velocities. According to
Fig. 10, for V ¼ 0, one has Fs ¼ hdU0(Y)=dYi � 1.8 and 1.4 nN
for, respectively, the amorphous and crystalline surfaces. Coulomb’s
law asserts that Fk is independent of the sliding velocity V. The
important implication of Fig. 10 is, however, that Fk does depend
on V . That is, at the nanoscale that we have studied, Coulomb’s law
is not satisfied.

For macroscopic surfaces, the friction coefficient μ is defined
by, μ ¼ Fk=Fn, where Fn is the normal force applied on one of the
two slabs. The discussions in the literature on the sliding friction
between two nanoscale surfaces may be divided into two groups. In
one group are29,53 those that describe the phenomenon in terms of
the relations between the friction force Fy and its average Fk and
the sliding distance and velocity, as we described earlier, in order to
understand whether macroscopic friction laws are still applicable at

the nanoscale. In the second group are those60 that use the afore-
mentioned definition of μ at the nanoscale in order to extract a
dynamic friction coefficient. We also point out that using the
Prandtl-Tomlinson model of nanotribology61,62 one can show
straightforwardly that the static value of Fk, i.e., its value in the
limit V ¼ 0, varies linearly with Fn so that the static friction coeffi-
cient μs can be estimated as a result of varying Fn.

If we were to follow the second group, then, we could obtain
an estimate of the static friction coefficient μs between the two SiC
surfaces by extrapolating the results to the limit V ¼ 0. In that
case, we find that for the amorphous bilayer, μs � 0:6, whereas for
the crystalline surfaces, μs � 0:52. Experimental values are in the
range63,64 0:45–0:5.

VI. SUMMARY

Due to its numerous important applications, it is of funda-
mental interest to study the dependence of kinetic friction between
two SiC slabs on the sliding velocity. In addition, since SiC exists
both as an amorphous material and in the crystalline form, the
effect of surface roughness on the kinetic friction is also of impor-
tance. This paper reported the results of an extensive study by MD
simulation of sliding friction between the two types of SiC surfaces.
With increasing sliding velocity, bond breaking occurs at the inter-
face between the two surfaces, leading to their roughening and
formation of excess free volume. The roughening and excess free
volume reduce the kinetic friction force, leading to a reduction in
the difference between kinetic friction in the amorphous and

FIG. 10. Dependence of the kinetic friction force Fk on the sliding velocity V.
For V � 35 m/s, dependence of Fk on V is perfectly logarithmic, while after a
transition region, the same type of dependence appears to be roughly followed.
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crystalline surfaces. The kinetic friction force appears to depend
logarithmically on the sliding velocity.

SUPPLEMENTARY MATERIAL

In the supplementary material, we present the input file used
to carry out the molecular dynamics calculations, containing the
steps for minimization, thermalization, and simulation of friction
dynamics. In addition, the optimized geometry for both amor-
phous and crystalline SiC is presented.
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