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Friction in a solid lubricant film
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Molecular-dynamics study of a thifone to five layerslubricant film between two substrates in moving
contact are performed using Langevin equations with an external damping coefficient depending on distance
and velocity of atoms relative the substrates, motivated by microscopic configurations. They show that the
minimal friction coefficient is obtained for the solid-sliding regime. A detailed analysis of the results, the
comparison with other microscopic modeling approaches of friction, and the evaluation of quantities that can
be compared to experiments, such as the velocity of the transition from stick slip to smooth sliding, are used
to discuss the relevance of the microscopic simulations of friction.
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I. INTRODUCTION to the sliding direction[14,16—2Q. Owing to the relative
simplicity of such models they allow the simulation of fric-
The problem of friction between two substrates which aretion for a broad range of parameters and the study of general
in moving contact is very important technologically as well trends and laws of the phenomena. The main results obtained
as very rich physically1-7]. Following the development of in these studies are the following. First, it was shown that the
atomic force microscopy, tribology has approached the mistatic frictional forcefg for the contact of bare substrates is
croscopic level and these studies are expanding becausery small in most cases, except in the rare situation in
nanotechnology is now building devices that are so miniaturwhich the two surfaces are commensurate and perfectly
ized that they begin to probe the microscopic properties ofligned[7,23,24. However, even a submonolayer of mobile
the materials. But the atomic friction microscope has its owratoms between the surfaces leads to a fifitéat is propor-
difficulties, in particular for “high-speed friction,” because tional to the applied load and is almost independent of the
it does not operate at high velocities. This explains the intersystem parametefd4]. Second, a thin lubricant filrtwith a
est of numerical simulations of frictiof8] (see also the re- thickness smaller thar-10 molecular diametersconfined
view paper{7] and references therginMoreover molecular between two solids is always layered and often solidified
dynamics can provide detailed information on the motion ofbecause the confinement decreases the entropy of the film
individual atoms that help in the understanding of the basiand shifts the bulk melting transition to higher temperatures
mechanisms of friction, a problem which is still open in spiteand lower pressuregsee, e.g., Ref[7] and references
of the efforts devoted to it in the last few years. Unfortu- therein. This effect is even observed in equilibrium situa-
nately, large-scale simulation of dynamical processes withions for highly confined film$15]. Third, when an external
three-dimensional models and realistic interatomic potentialforce f drives one of the substrates and it starts to move, the
are still too time consuming for large systems, mainly due tdubricant film melts and its width increases by 10%
slow relaxation processes in such systems. Moreover, thel6,17. After the shear-induced first-order melting transi-
standard molecular-dynamics methods consider the atomigon, the lubricant exhibits a layer-over-layer sliding with
degrees of freedom only and ignore the electronic ones, thatrong two-dimensional order within shearing planes of at-
may be a too crude approximation in modeling metal suboms, where each layer moves coherently as a wiHde22.
strates. Therefore, one has to use simplified models such #sthen the driving force or velocity decreases back to a
two-dimensional[9-11] or even one-dimensiondll2,13  smaller value, the film solidifies again either in the solid state
ones. in the case of spherical molecules, or in an amorphous
An intermediate complexity model, where a few atomic- (glassy phase for the case of lubricant consisting of long-
layer film are placed between two rigid substrates so that thehain (organig molecules18]. Thus, if the top substrate is
top and bottom lubricant layers may stick to the substrategsoupled through a spring to a stage moving with a constant
while leaving mobile atoms in between, was analyzed in avelocity, then at the beginning, the spring stretches and the
series of papergl4,16—2Q and also in our previous publi- force increases. Eventuallyexceedsf, the top substrate
cations for commensuraf@1] and incommensuraf@?] lu-  begins to slide, and the lubricant melts. Then the top sub-
bricant films. Thermal equilibrium was achieved with the strate accelerates to catch up with the stagefatetreases,
help of Langevin equations with a random Gaussian forc&o the substrates stick again. This periodic melting-freezing
and a viscous damping with a constant coefficigntThe  process was used by Thompson and Rob[ile$ for expla-
Langevin thermostat was applied either to all degrees of freenation of the stick-slip motion observed experimentally.
dom of the systemi21,22, or only to the ones perpendicular Fourth, when the film consists of flexible chain molecules, it
may be trapped in a glassy state, and the sliding occurs only
at the lubricant substrate interfacgke pluglike flow [18].
*Electronic address: obraun@iop.kiev.ua This explains why the effective viscosities of thin films may
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rise more than five orders of magnitude above bulk valuegt small velocityvy,, Of the top substrate, looking for the
(experimentally, the relaxation times are fractions of a secsmallest possible value of the velocity for which the motion
ond for thin confined films and nanoseconds for a hulk stays smooth. We show that the microscopic transition from
Finally, the regime of smooth sliding with atomic-scale ve-smooth sliding to stick-slip motion takes place at a velocity
locities was studied in Ref$19,21,23. It was shown that that ismany orders of magnitude higher than that observed
the kinetic frictional force can be described by the introduc-in macroscopic experimentghis is an important point in the
tion of a phenomenological parameter that describes an “inconnection between simulations and experiments, which sug-
trinsic” damping within the lubricant due to anharmonic gests that the macroscopic mechanism of the transition from
coupling between its different modes. Also, in a recent papestick-slip motion to smooth sliding is completely different
[20] He and Robbins studied the friction at low velocities. from the microscopic one.
Their simulations lead to a frictional force which is propor- ~ We also used our extended model to examine various as-
tional to the load in accordance with the Amontons law, andPects of friction, which will be presented in the result and
rises logarithmically with velocity, again in agreement with discussion sections. The paper is organized as follows. First,
experiments. The simulation results were explained as theth Sec. Il we describe the model and the algorithm used in
mally activated motion of the lubricant over the periodic the simulations, and we introduce an external damping coef-
substrate potential. ficient for Langevin equations, based on microscopic consid-
However, all these studies raised the question of the vagrations, which attempts to describe the energy exchange be-
lidity of results obtained with simple models, in particular tween the lubricant atoms and the substrates in a realistic
which results are of general validity and which ones areway. Then in Sec. Ill we present the simulation results and
model dependent, and to what extend the results obtained @nalyze them considering the excitation of vibrations in the
microscopic samples can be used to analyze actual expegystem. Finally, Sec. IV discusses the applicability of micro-
ments performed on a macroscopic scale. We think that thesg€opic simulation to macroscopic experiments.
guestions are important for the future of molecular-dynamics Il MODEL
simulations of friction, and we want to address some aspects '
of them in the present paper. We are interested in the regime of boundary lubrication,
A critical question is the energy flow out of the friction when two sliding surfaces come in solid contact, and in the
zone and the way it is described in the models because dontact region, the surfaces are separated by at méew a
governs the value of the friction coefficient. Thermal equi-layers of lubrication molecules. We consider a model with a
librium is rather easy to simulate correctly because it doeshin (one to five layers solid lubricant film between two
not depend on the value of the external dampinig Lange-  solids. There are two reasons for this choiEest, there is
vin equations or on the method used to introduce the dampalways some lubricarftalled “third bodies” by tribologists
ing (although the rate of approach to equilibrium depends orbetween the surfaces. It may correspond either to a specially
7). It is clear, however, that the nonequilibrium state of achosen lubricant, or to water or other material adsorbed from
system driven by an external dc force must depend on their, a dust, grease, wear debris produced by sliding, etc. In
method used to take into account the energy exchange witheeneral the lubricant is not commensurate with the sub-
the outside, for instance on the type of external dampingstrates, and, even if they are commensurate, the lubricant and
which is assumed. One may predict that the dependence &ibstrates are seldom perfectly aligned. The external load
not crucial if the rate of energy exchange between differensqueezes the lubricant out from the contact area, so a very
modes of the system, which emerges due to nonlinearity athin lubricant film is often formed. The last layer is however
the equations of motion, iGnuch larger than energy trans- very difficult to remove[3,25] so that there is at least one
fered outside of the system, described by the external damgubricant layer between the substrates. Due to the load, the
ing 7. This case corresponds, for example, to a lubricantubricant is always strongly compressed and thus has to form
close to the melting temperature studied in REI4,16—20,  a closely packed structure. As a result, the confined thin film
especially for lubricants with complexiong-chain mol-  solidifies [7,18] as was mentioned abov&econd we are
ecules. But for a monatomic lubricant or a lubricant with interested in low friction situations, and it is in the case of a
simple molecules at low temperatures and low driving ve-solid thin lubricant film that we may expect to obtain the
locities, when the lubricant film is in the solid state, the minimal friction. When the lubricant is liquid or amorphous,
simulation results may strongly depend on the externathe kinetic friction is usually much largéd—6,19,28.
damping. In the present paper we investigate this question by Moreover, contrary to our previous studigzl,22, now
using a realistic energy-loss mechanism. Comparing witlihe surface layers of the substrates are simulated directly.
models previously used in friction simulatidas discussed The substrates consists of two parts. A rigid part forms the
above, see also Ref7] and references therginthe main  boundaries of the model system, and a deformable substrate
new feature of the present paper is that we use Langevilayer is in contact with the lubricant, providing a much more
equations with an external damping coefficieifz,v) which  realistic description of the substrate than previously.
depends on the distaneeof a lubricant atom from the sub- Our three-dimensional system comprises a few atomic-
strate and on its velocity with respect the substrate. Some layer film between two parallel rigid top and bottom sub-
significant differences with simpler modeling of the energystrate parts as shown in Fig. 1. Each rigid substrate part has
losses are exhibited. Ns=132 atoms henceforth callexlatoms organized into a
With this model, we pay particular attention to the motion 12X 11 lattice of square symmetry with the lattice constant
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=4.9, and the corresponding characteristic periodrds
=2mlws=1.28. A typical frequency of vibrations within the
lubricant isw,;=6(2V, /mr3)¥?=2.05. To each atom of the
top rigid substrate we apply a dc force consisting of a driving
forcef along thex axis and a loading forch,,4= — 0.1 along
the z direction. These parameters have been used in most of
the simulations, except when otherwise specified.

Units. Although we work with dimensionless quantities,
the numerical values of the model parameters have been cho-
sen such that, if energy were measured in electron volts and
distances in Angstros, we would have realistic values for a
typical solid. However, for a discussion of the applicability

O O O O O O O O O of simulations t_o real physicgl syste_ms, it.is usgful to couple
\Wm > WWJ the “natural units” (nu) used in the simulation with, e.g., the
Systeme Internationallnternational System of units The

FIG. 1. Schematic picture of the model. The gray circles showbasic parameters that were unchanged in all simulations, are

the lubricant atoms, while open circles show the substrate atomshe amplitude of interaction within the substratés & 3),
The enclosed atoms in the two substrates correspond to the rigighich sets the energy parameter, the substrate lattice con-
parts of the substrate while the dynamics of the other substratgiant @ .= 3) that sets the length scale, and the mass of lu-
atoms is fully simulated. The load and shear forces are applied t§jcant atoms i, =1) as the mass parameter. A real system
the rigid part of the top substrate as shown by the arrows. The rigiq:an be characterized by the amplitude of interaction in the

art of the bottom substrate is fixed. =~ . .
P substrated/ s measured in eV, by the substrate lattice con-

as=3. The atoms of the bottom rigid substrate part are fixectantas measuredr A, and by the mass of lubricant atoms
while the top substrate part moves rigidly. Between the rigidm, measured in proton masseg, . If we introduce the fol-
substrate parts we insert atoms of two different kind$s2  |owing coefficients ye=Vs/Vs=Vso/3, v,=as/as=2as/3,
atoms model the surfaces of the substrate, which are therg; 4, =1, /(100m,) =, /100, then for a typical system we
fore modeled more accurately than with rigid body, a”dhave: ~v~wvy~1, and it is easy to find these coefficients
NN, | atoms(“lubricant” atoms) form the lubricant film. 0"~ ey, p;hysri]::al éystem.

In the x andy directions we use periodic boundary condi-  Now we can couple our natural units with the SI system
tions. The top substrate part and all the atoms may move iBf units. Namely, we have for the unit of length rh

all three dimensions. To shorten the expressions we hence: ; 0 vt nu, for,the unit of mass 1 kg6x 102 v * nu,
forth call top and bottom “substrates” the rigid parts of the for the unit of energy T=6.25x 108 V;1 nu, for the unit of

substrates. It should be kept in mind that these “substrates .
are in fact only a part of the top and bottom solids that s“deforce 1 N=6.25<10° (v, /v,) nu, for the unit of pressure 1

2_ “12,.3 : :
on each other. All atoms interact via a 6-12 Lennard-Joned/M _6'25§< 10 (’;rlll’;e) nu, for the unit of time 1s
pairwise potential =0.98x< 10™(ve/vmr?)Y? nu, and for the unit of velocity 1

m/s=1.02< 10 3(v,/ve)*? nu. In particular, the load force
r ,)12 (r ,)6} floag™= — 0.1 nu. used in the simulations, corresponds to the
aa _ 2 aa ,
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(1) pressureP=—fi,,q/a?=1.11x10"2 nu=1.78x10° N/m?,

To compare with experimentally used values, note that a
realistic pressure i®~10" N/m?, and the maximum pres-
sure above which the plastic deformation beginsPis 2

X 10° N/m? for gold (a minimal value for meta)s P~ 10
N/m? for steel, andP~ 10" N/m? for diamond(the largest
epossible valug As for velocities, a typical value when the
transition from a stick-slip motion to smooth sliding is ob-
I§erved experimentally is;~1 wm/s=10° nu.[4].

r r

V(r)zvaa’[(
but the parameters of the potent{d) are different for dif-
ferent kinds of atoms. For the-s interaction we tookVgg
=3 and rgg=3, for the I-1 interaction, V=1 and r
=4.14("incommensurate” case and for thes-1 interaction,
V|s=1/3 (corresponding to a weak interaction between th
substrate and the lubricanand r =3 (rss+r,)=3.57, re-

spectively. The cutting radius for the interaction was chose ; . . "
b y 9 Equations of motionWe use Langevin equations for all

asr*=1.49r, =6.17. With these energy parameters, e o oiome i e atoms that do not belong to a rigid sub-
atoms stick to the top and bottom substrates, covering them T 9 9

with monolayers, while théatoms fill the space between the strate,

substrates. This simulates a lubricant between two solids,

and the surfacdéutmos} layer of each substrate is treated . , 2

explicitly. The equilibrium configuration of the lubricant cor- Ml o=+ D fias, 2

responds td\, layers, each haviny,, =80 atoms, organized st

into a close-packed triangular lattice slightly distorted by the

substrate potentials. wherer;,={X.Yi«Z} IS the coordinate of théth atom
For the masses we toak,=ms=mg=1, which gives a anda=s ora=| for “substrate” or “lubricant” atoms, re-

typical frequency for the system ab,=[Vi(rsd/ms]¥?  spectively.
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The forcef™ is due to interaction between the mobile o -, , 2kgT
atoms in the system, nr(z,0,T)= fo dee “nlz,v(e)], vi(e)=v+ €.
all 9
Fn) — _ J > Vol —Tig) (3) o .
la Mia a’allital Tials For the top rigid substrate we use Newton’s equation of

motion,
where the sum includes all “mobile’s and| atoms except .
the given @th) one. MsRo=NsfextFs, (10
The last term in Eq{(2) describes the interaction of a
“mobile” s- or l-atom with the bottom §=1) and top &
=2) substrates. The forck,, s itself consists of three con-
tributions as usual in Langevin equations,

where Mg=Ngmg is the mass of the rigid substraté,,,
={f,0,f,ag is the external force applied to it, arfels=
—Eﬁ'z'fiayszz according to Newton’s third lawconservation
of the total momentum of the systénAs we checked nu-
o= fnt) 4 g(fric) | ¢(ran) (4  Mmerically, this technique leads to Gaussian distribution of
ia,S ia,S ia,S ia,S - L. ..
velocities for all atoms as well as for the top rigid substrate
The first contributiorf (", comes from the potential interac- With @ correct width for a given temperaturfe :
tion of a givenith atom with all “immobile” atoms of the External friction coefficientFortunately, the motion of a
Sth (bottom or top rigid substrate single atom or a submonolayer film adsorbed on a crystal
' surface, namely, their vibration near the equilibrium posi-

g Ns tion, has been well studied experimentally and theoretically
fM = — —— > Ve (Rirs—ria), (5) [29,_3(]. This allows us to model the external damping of
’ Mig 124 lubricant atoms near the substrates with a reasonable accu-

racy. For the external damping coefficien{z,v), which
where the sum now includes all “immobile$ atoms of the  models the energy loss of an atom into the substrates and
corresponding substrate aft is the coordinate of théth  enters into Eqs(6—8), we take into account its dependence
atom of theSth rigid substrate. on the distance from the corresponding substrate and on the
The second and third contributions in Eg) describe the  relative velocityv according ton(z,v) = 71(2) 5,(v). First,
energy exchange between mobile atoms and the rigid suljye assume that the damping rate exponentially decreases
strates. They approximately take into account the missingvhen an atom moves away from the substrate, and saturates
degrees of freedom of the substrates. More precisely, thgt some level when the atom approaches very close to the
second contributioi™? describes a viscous damping when substrate,
an atom moves relative the corresponding substrate,
m(z)=1—tanfj (z—z*)/z*]. 11
(fric) _ _ S
flas=~Ma( .- )Mo~ Rs), © The characteristic distana is chosen as the height of the
pyramid with the base constructed of four rigid substrate
atoms with square lengths=3, and the vertex with the
atom at the distance,=3 from the rigid-substrate atoms;
_ o \(S—1)5 _ this leads toz* =2.12. Thus, for the atoms in thelayer,
7 )= v, 2= (Z DTz Zs), wherez~z*, we havey;~ 1, while for the atoms in the first
- : (closest to the substratubricant layer we obtainy;~0.1.
Vrel="ia™ Rs; @) Second, to determing,(v), we used the results known
for the damping of the vibrations of an atom adsorbed on the
crystal surface. According to the theof$0,31, when an

. ) o (ran) | . atom vibrates with a frequenay near its equilibrium posi-
sz;lly, tge th'r_d Cfonmbu“t(_)rf'aﬁ ;H 'tth. i4) dfescrli)ﬁ;ttr:]e tion, the oscillation decays due to creation of phonons in the
random(Gaussiaihforce acting on théth atom from substrate with the rate

substrate. The amplitude of this force is determined by the

substrate temperaturg i.e., the corresponding correlation 7 m,

function is N @) = 5 m—wzp(w), (12
S

where n( ...) is the“external” damping coefficient that
depends on the velocity and distance relative to the substrat

whereRs={Xg,Ys,Zg} is the center-of-mass coordinate of
the Sth substratefor the bottom substrate we tod¥;=0).

(e s () i
ia,s\Uirgr s where the surface local density of phonon states may be de-
=29r( .. )M KeT 818,40 Ssg S(t—t'). (8) scribed approximately by the functidB81]

32 C!)2(602 _w2)3/2
plw)=— ————, (13

W

The functionng(z,) in Eq. (8) coincides with the external
damping coefficienty(z,) if the latter does not depend on
the velocity(but may depend on the coordinat®therwise,
if the external damping depends op,, the two coefficients and w,, is the maximum(Debye phonon frequency of the
are coupled by the relationshjg7,28 solid substrate. The one-phonon damping mechanism works
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for frequenciesw<w,,. At higher frequencies the damping  Curved substratedn most simulations both top and bot-

is due to multiphonon processes. Moreover, in the case dbm substrates were flat. However, we have done also a few
metal or semiconductor substrates there is an additionalins with curved substrat¢82], where thez coordinate of
damping due to the creation of electron-hole pairs in thehe bottom rigid substrate is defined by

substrate so that the corresponding damping coefficient is

typically of order ~10 2w,, (see Refs[30,31]). Using _ L 27X (dn) 2@

these results, we took for the dependengév) the follow- z=—5hrg| 1-cos L.~ >0y | 1—cos L, )’

ing approximate expression: (17)
72(0) = Nmint Mpr(270/Q), (14)  whereL, , is the size of the system in thxeor y direction and

h,y are the corresponding curvature parameters. Similarly
with a=ag for the motion along the substrate aaez* for  the z coordinate of the top rigid substrate is defined by the
the motion in thez direction. For the minimal contribution expression
Mmin WE chosen,in=0.01 andws=0.049. This value is com-

patible with the justifications given above, and it leads to a _ 1 (up) 2m(X—X5)
thermalization of the system in reasonable simulation times z=Zy+ 5T 1_C°ST
t<3X10°7. The cutoff(Debye frequency was found from L 2(y—Y)
the phonon spectrurtthe Fourier transform of velocities of u m(Yy— Y2
all atoms and the top rigid substrate calculated ffer0 at + §h§’ Prg 1-cos L, ’ (18)
T=0.025) which givesw,,=15. Thus, as a function of fre-
guency the external damping behaves as where{X,, Y,, Z,} are the center-of-mass coordinates of
the top rigid substrate.
w\? w | 2372 Algorithm. In most of the simulations we used the
72(@) = Nmint 16wp, o 1- P (19 constant-force algorithri21,22. Namely, at the beginning

we equilibrate the system at a temperatlirén this paper
so that at small frequenciesy<w,,, we have 7,(w) we present the results far=0 andT=0.025, which corre-
~ Nmint (16/03) 0*~(4.9+0.470* X 1072, while at the sponds to room temperature for energies measured jn eV
frequency w=(4/7)"?w,,=11.34 the external damping 1hen we adiabatically increase the shear fdroestepsAf
reaches its maximum valug,~ 22. (typically Af=10"2 or smalley. Each increase of is ac-

Energy lossesWhen one part of a system moves with COmplished progressively i (typically i;=200 or morg
respect to another part with a relative velocity then the ~ Substeps each of duration. Whenf has reached its new
rate at which work is done is equal to=v f, wheref is the value, we wait during a timg7g in order to allow the system

total force acting on the former. This may be used to defind0 réach a stationary state, and then measure the atomic co-
the energy losses of a given atom as ordinates and velocities during the next time interijal .

Thus, the force is changing with the average r&8rs,
1 where R=Af/i;. In some simulations we also used the
&i="5 E (vi—vi)fyr, (16 constant-velocity algorithrwhich is typically used in tribol-

i’ ogy simulations, see Ref9]), when a constraint is used to
keep constant the top substrate velocity. We found, however,
that the const- algorithm leads to a much smaller accuracy
o % _ of the results than the conétone, probably because the
thei’th atoms from the'th one. Note that this force has 10 friction force in this case is not a self-averaging value. Thus,
include the damping and randai@aussiancontributions of 5.0 \ye present the results of the cohstins only.
the total force when' corresponds to the atom of rigid Most of the simulations have been done for a rather small
substrates. Then, taking a corresponding sum over atoms aQdstem. The issue of system size raises the usual question in
averaging over time, one can find the energy 10Sses in @, ter simulations of whether it is better to take a small
given atomic layer of the lubricant, or those in the substratessystem and study it carefully or to take a larger system and
as well as separate contributions from different degrees of 5 jess comprehensive study over shorter times. Our simu-
freedo_m. ) o i . . lations show that the processes under investigation are char-

To illustrate this definition, let us consider an ideal case in,terized by long relaxation times. The approach with adia-
which the bottom substrate is immobile, the top substratg) i changing of the driving force necessitates going
moves with a velocity in the x direction, and the lubricant through a whole cycle of changes. For a much larger sys-
film with the velocity v while the forceF is applied to the 1o it is not possible to reach equilibrium in a reasonable

where the sum is ovall atoms of the system including the
s atoms of the rigid substrates, afg is the force acting on

top  substrate. We haveF upop= ~ Fiopiun=Foougs™  time for this type of study. However, we also made a few
~Fupno=F, and we obtain ep=—=3(=F)(t=2v)  runs for a system four times larger and found that the results
=iFv, ew=—3[F(3v—v)—F3v]=3Fv, and ep=  did not change. Besides, in physical systems microscopic

—1F(0—3v)=3Fu, thus the total losses are equal 40 contacts are of a size similar to that of our system, for ex-
=Fuv, which coincides with the work done by the externalample 1010 atoms. Even in specially prepared surfaces,
force as expected. with experiments performed in high-vacuum conditions,
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F (a)

¢ simulation (T_,=0.025)
—fit: £=0.019 exp[-0.75 (N-1)]

10°F

FIG. 3. The static friction forcég as function of the number of
lubricant layersN, for T=0.025.

inside the phonon spectrum of the lubricant film as will be
discussed in details later. In this force range, the widtf
the film increases as shown on FigbR The system exhibits
hysteresis: if one starts with a foréel f; and then decreases
it adiabatically slowly, the system comes back to e 0
ground state for a forcé,~2x 10>, which is much lower
FIG. 2. (a) The velocity of the top substrate afio) the change than fS. The VE|OCity of the top substrate at the backward
of the lubricant thickness for the one-lay@olid curves and open transition drops down abruptly from a valug,~0.03 to
diamond$ and five-layer(dotted curves and solid diamondabri- zero. Moreover, if we start from the sliding state and then
cant films. remove the driving force at all, the system again comes to
the T=0 ground state.
ideal surfaces usually do not extend beyond about 30 lattice The behavior of thinner lubricant films is very similar. For
constants. Of course the results deduced from such simulaxample, the one-layer film starts to move fgt=0.019
tions of ideal surfaces should not be used without extreme-0.02. The forward transition now takes placefat0.43,
caution to analyze the results of macroscopic experimentsvhich is slightly larger than that for the five-layer film, al-
We shall come back to this point in the discussion becausthough the velocity at which the film starts to melt is ap-
the connection with macroscopic experiments is a difficultproximately the samay;~4. The backward transition takes
point for all studies of microscopic friction, whether they are place atf,~1.5x 10 * whenv,~0.085.

force

experimentalwith atomic force microscopeor numerical. Although the sliding regime is approximately the same for
different lubricant widths, the static frictional force needed to
Il. RESULTS initiate the sliding, decreases approximately exponentially as

the width increases as shown in Fig. 3. The dependence

Before going into the details of simulation results, let usf (N,) may be explained qualitatively in the following way.
discuss some general features. Typical dependencies of th® initiate the sliding the lubricant atoms must overcome
velocity of the top substrate in thedirection, v, (f), and  barriers created by the substrate atoms. But the height of the
the change of itz coordinate Az,(f), as functions of the barriers stronglyfexponentially depends on the distanzef
driving forcef for the one- and five-layer lubricant films are the lubricant atoms from the substrate. It decreases when the
shown in Fig. 2. Each plotted point is the average adver |ubricant atoms are moved away from the substrate. In the
=200 data points recorded at times separated by 7, and  one-layer case the confined lubricant has to adjust to both
corresponds to the steady-state motion for a gifvdret us  substrates simultaneously and thus has no freedom to move
analyze first the behavior of the five-layer film. The motionin the z direction. On the other hand, when the lubricant is
starts when the force exceeds a static friction fofge thicker, its utmost layers can move in thalirection due to
~0.0017-0.0018. One can see a plateau on#hg(f) de-  elasticity of the film, and thus can allow the atomic positions
pendence for the force intervalX10™3<f<0.03, then at to find a minimum-energy saddle configuration. This is con-
larger forces o, approximately linearly increases withand  firmed by the analysis of the system configurations just be-
finally at f=f;~0.30-0.31 the “regular” motion is de- fore fg. They show that the shifts of the atoms in the
stroyed. The velocity of the top substrate for these forceadirection from theirf =0 equilibrium positions in the five-
intervals lies within the interval £v,,,<4.5, so that the layer film are much larger than those in the three-layer film,
washboard frequency, defined @§.si= 7(vop)/a, lies just  which in turn are larger than in the two-layer film.
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2409 FIG. 5. Lubricant temperatures versus force for a five-layer film.
5 Inset: velocity histogramgdot9 and the corresponding Gaussian
N distributions(solid curve$ for f=0.02.
24.08 f=0.2 steady state and applies the fofce2. This high-
speed steady state corresponds to the “flying” regime pre-
. . . . . dicted in Ref.[22] and will be described in more detail be-
0 1 > 3 4 5 low in Sec. IV.
10’ time
FIG. 4. Beginning of the sliding of the five-layer filrta) The x A. Solid sliding
velocity of the top substratsolid curve and the Iubricantdashed All steady states described above correspond to a solid
curve. Inset: the same enlarged for shorter timés. z,, Versus  gjiging regime, in which the lubricant moves as a whole with
time. a velocity equal to half of the velocity of top substrate. The

distributions of velocities for all forces can be well approxi-

The dependence of the static forfceon the temperatur€  mated by Gaussian curves if we use different “tempera-
is only significant forN,>1 when the lubricant atoms have tures” for the lubricant and the-atomic substrate layers as
enough freedom to move in ttedirection. For example, for well as for different degrees of freedom. For example, for the
the five-layer film we foundf,~0.0017 atT=0 but f;  five-layer film we show in the inset of Fig. 5 the velocity
~0.001 atT=0.025. histograms for thef =0.02 case by dotted curves and the

The initial stage of the sliding is illustrated on Fig. 4, corresponding Gaussians by solid curves. Thus, we can de-
where we plotv,(t) for the top substrate and the lubricant fine the “temperature” for a given degree of freedom (
and z,,(t) for the five-layer film. One can see that at the =x,y,z) as well as for a given layérof the lubricant or the
beginning, the top substratéhe rigid substrate with one at- substrate ag ,=m{(v,—(v,))?), where( . ..) designates
tacheds layen starts to move first. Its velocity increases the averaging over time and over all atoms in the given layer,
according to a lawy(t) ~[fs/(ms+mg) ne(t) ][1—exp  and then use the valuég,(l) (let =0 corresponds to the
—7e6(t) (t—ts) ], where the effective friction coefficient is s-atomic layers of the bottom substrate; 1 corresponds to
defined aspeq=f/(Mms+mg)vyp, and achieves a plateau in the first layer of the lubricant film, etcas reliable charac-
the steady state. Soon after, however, the lubricant is alstristics of the driven system. The distribution of tempera-
involved into the motion and reaches the velocity,, tures across the system is shown in Fig) 6First, note that
= %vtop(fs) in the steady state. Simultaneously, the width ofcompared with the lubricant temperatures, the temperatures
the lubricant slightly increases. We observed that for oumf s layers of the substrates are very sm@ir the T=0
system sizes, the lubricant begins to move as a whole. All itsimulation). Second, at low force velocities the temperature
atoms begin to move almost simultaneously. However, fois not uniformly distributed over the lubricant film; the
larger sizes of the contact one could expect that the slidinpoundary layers that are in moving contact with the sub-
may begin with the creation of “moving islandg'33]. strates have a higher temperature than those in the middle of

An interesting result is that the one-layer film can be inthe lubricant. But at high forces velocitie$~0.02—-0.2
the sliding steady state for much larger dc forces than thickewhenv,,~1—4, the lubricant temperature is approximately
films. The solid sliding exists for forces within the interval uniform across the lubricant. This indicates that anharmonic-
1.1<f<3.7 when the velocity is §v,,,<9. This steady ity effects, which are responsible for energy exchange be-
state cannot be reached by adiabatically increasing the fordeveen different layers within the lubricant, become large
because the lubricant melts earlier. But it can be obtaineénough at these forces. Third, the lubricant temperature in-
with a sharp increase of the force, e.g., if one takes thereases with growind (see Fig. % until it finally melts at
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FIG. 6. Distribution of(a) the temperaturg&, and(b) the energy
losses across the five-layer lubricant for different dc fortes
Tsu=0. The numbers-1 and 7 correspond to the rigid substrates,
the numbers 0 and 6 correspond to thatomic substrate layers,
and the numbers 1 to 5 correspond to the lubricant layers.
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FIG. 7. Phonon spectra of the lubricaisplid curve$ and the
f=1;. Fourth, for all studied cases we found thlat>T,  substrategdotted curvesfor one- and five-layer films.
=T, . This indicates that the driven system is strongly out of

equigbriurrln ation of I _ y spectra are broader than thepectrum. For the one-layer
The calculation of energy lossdSy,s for different dc lubricant, the spectrurf,(w) for the lubricant has a maxi-
forces shows that total losses are close to the expected vals |\ at.,~3 which is quite sharp

u?ws'l- I;or ixgrggli f(f)'f_zo%goé WE 302'[53;"”6(’5055%0'24& Calculating in the same manner the spectrum in the solid-
while fv0p~0.26; for f=0.02, Ejs¢~3.2 (fuigp=3.6), and  gjiging regime, we observed the excitatiorzafscillations of

for =0.2, Ejoss~102 (foiop~103) correspondingly. The o bricant with the frequency = w,.q, as indicated by

energy is lost mainly due to the motion of atoms along thearrOWS in Fig. 8. We also found théd the intrinsic ener
direction x of the driving, they and z components of the g. < & nsl 9y

e A, _~ losses in the lubricant become important only w is
losses are negligible. The distribution of energy losses in th b y Wiy

s Righer than the lower boundary of the lubricant phonon spec-
normal direction of the system is shown in Figbp One can trl?m o= 1 (b) atf=2x 10}/3 one can see mgny highepr—
. . . . P L] Wi ’
see Fhat the energy IS lost mamly W't.h'n the rigid SUbStratesfrequengj harmonics @b, i.€., the vibration of lubricant
?‘”d n Fhe utmost Iupncant laye(ge., in the layers that are is highly anharmonic; when the force increases even more,
in moving contact with the substrajes the energy exchange between the modes of the lubricant dis-

1_'0 analyze in detail the energy losses for the Sond'sndingcributes the energy among all the lubricant modes; @t
regime, we have to know the phonon spectrum of the SYSteM-_ 5 02 andf=0.2 the lubricant is strongly heated and the
To find it, we saved the coordinates of all atoms &0 and energy of the translational motion is distributed over all three

temperaturd =0.025, and then calculated the Fourier trans-(x y, andz) degrees of freedom

form The behavior of the thiftN;=1 film is similar. The tem-
peratures of the lubricant begin to increasef at4x 10 3

, (19 when the velocity i®,,>1 so that the washboard frequency
penetrates into the lubricant phonon spectrum. Then at
f=0.1 the excitation of lubricant vibrations strongly in-

where the sum may be over all atoms or only over a selectedreases, especially for tteecoordinate, so that the width of

subset, such as the lubricant atoms. The spectra calculatedtime film begins to increasisee Fig. 2o)]. The temperature

this way for different degrees of freedomav€x,y,z) sepa- reaches the valu€,~0.4, and soon the lubricant melts. On

rately for the substrates and the lubricant are shown in Fig. The other hand, for the high-force sliding stétiee “flying”

for Nj=1 and 5. One can see that the lubricant spectrumegime the perturbation of the film is much smallekz

occupies the frequencies<lw=<6, while the substrate <0.5 andT,~0.1. At small forces velocities the energy

modes lie mainly within the interval 6 w<w,,. Thex and losses are mainly in the rigid substrates.fAt0.02—0.2 the

Folw)=2 fdtvja(t)ei“’t
]
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0.30 damped again due to the external dampir{g,v). This con-
tribution will be called below as the “internal-losses” one.
In the solid-sliding regime, when the top rigid substrate
0.25 . . .
with one attached layer moves as a whole with a velocity
(viop) the bottom rigid substrate with one attachethyer
0.20 does not move at all, and the lubricant film moves as a whole
with the velocityv = 3(vp, the washboard frequency is
equal to
) 0.15
E:” Oyasi= 2TV /8= (v op)/ A, (22
0.10 where one should take=a;= 3. Let us write the balance of
forces for the top substrate with one attaclsddyer as
0.05
F=Ngf=Nym, ﬂ*(vtop) Ulub (22)
0.00 : RN where we have introduced the total viscous damping coeffi-
o 1 2 3 4 5 6 7 cient 7* (vyp) for an atom in the utmost lubricant layer.
o Using the definition(20) of the effective friction coefficient,

FIG. 8. Change of the spectrum(19) of a five-layer Iubricant W obtain the following relationship between the coefficients
with increasing driving force. The arrows indicate the position of Nef(Viop) AN 7" (V1op),
the washboard frequency. The curves fiorO are artificially 1 m N
shifted upstair. _ ! al

P et Viop) = 5 metm. Ng 7" (Viop)- (23
losses are approximately equally distributed between the tw
rigid substrates and the lubricant. Finally, in the high-force
“flying” regime the main losses are in the lubricant film.

fha general case the total damping (v, defined by Eq.
(22), has to consist of two contributions, the “perfect-
sliding” contribution 7¢.(vi) and the intrinsic losses
Nint(Vop) - IN the two following subsection we evaluate suc-
B. Effective friction coefficient cessively these two components of the losses.

In a steady-sliding regime, where the top rigid substrate
and ones layer attached to it slide over the lubricant film, it

is convenient to introduce the effective friction coefficient as  In the perfect-sliding approximation the atoms in the ut-
most lubricant layers feel only the external damping

o 20 ﬂext(vtop)m 71(Ziupr) 72(@wasy due to energy exchange with
Meit(V1op) = (Ms+Mg)vip(F)” 20 the rigid substrates. Substituting the washboard frequency
(21) into Eq.(15), we obtain

Ziubr— Z*
1—tan}‘( L)l
Z*

1. “Perfect-sliding” contribution to the energy loss

Note that a change of the velocity of the top substrate can be
expected to take a time of the ordeg= 74 . Using the Nexd Vtop) ~
results of simulations, one can see that at small forces the

effective friction can be smaller than;<10 3, so the re- 4 2 312
. . 167 T
laxation times are larger thafjg,e> 10°. X| Pt = Ve | 1———v2 .
. 4 3 “top 2 2 “top
Energy loss can only occur through the externally im- aswn agwn
posed damping. One part comes from the motion of the lu- (24)

bricant as a whole. This is the loss that one would get if the

lubricant were sliding as a perfect solid relative to the rigid Assuming that all the damping within the lubricant is due to
substrates. The corresponding contribution to the effectivgne external oney* (vViop) = NexV1op)» We obtain the “uni-
friction coefficient is due to the external dampipgith the  versal” (“perfect-sliding”) dependence

coefficient »(z,v) introduced into the equations of motion
from the beginning of the uniformx motion of lubricant
atoms relative the substrates with the veloc%tlytop, and
yields a “universal” dependence{y’(f) which does not
depend either on the lubricant width or on the massgand  which does not depend on the number of lubricant layers or
ms. In what follows we call this contribution as the on the substrate masseg and mg, because it corresponds
“perfect-sliding” one. A second part comes from the inter- to the steady statevhile a delay of response of,, whenf

nal motions inside the lubricant and the surface layers of thearies nonadiabatically, has to depend on the masses
substrates. The driving excites atomic vibratigmsinly in In particular, for the parameters used in simulation (
the z direction as mentioned aboverhich then are distrib- =ms=mg=1, Ng=132, and N,;=80), we obtain 7
uted over otherX andy) degrees of freedom and finally are =0.15%*. Then, using, in Eq(24), the valuesz* =2.12,

. 2N f
(uni)/ £y _ S
v fl=——F—, 25
top () Na My ﬂext(vtop) @9
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B L e UL dc force F=Nf, the dragging force per lubricant atom in
10 E the topmost lubricant layer is equal tg,=(Ns/Ng)f. The
[ ] total energy injected into the lubricant by the external dc
force per time unit per one lubricant atom is equal to
E1ot= Fiu 1up= M 7% U o (27)
>§ 1e E where we used the definitiq22) of the coefficienty*. This
O Ngl energy must be absorbed in the system. One channel of en-
+ N2 ergy dissipation, the energy exchange with the rigid sub-
>.< Exf: strates, was already considered in the previous section, and it
T yields
0'1 F/ 1 " aul " aul ...E
10“. 103 102 100 10 10 P et 2
f An extra energy 10sses;= 1ot~ €ext, MUst be attributed to
orce e o
intrinsic losses within the system.
FIG. 9. The “perfect-sliding” dependenc@5) and theT=0 To study the intrinsic losses, we will use a technique simi-
simulation results. lar to that described in Ref§34,19,2]. Let us consider the

internal vibrations of the system as a damped oscill&oy
wn=15, andas=3, and taking from the simulatioz,,  of massm, internal frequencyw,, and damping coefficient
~5.25 for theT=0 ground-state configuration, we obtain 7., where 5, corresponds to the so-called full width at half
Nex(v)~[4.9+0.57v* (1—-0.49x 107 %?)*?]x 1073, so  maximum of the spectrurta generalization to many oscilla-
that the external phonon damping exceeds the minimal ontrs is trivia). If the oscillator is excited by an external force
(which models the electron-hole dampjrgt v,,=1.7 and  oscillating with the frequencw and the amplitudé,,
reaches its maximum valuge,~2.16 atv,~10.8. If all ) . _
the damping within the lubricant were due to the external mé+mupé+ mwgng(t):Re(foe'“’t), (29

one, the effective friction coefficient would be equal to ) ) ]
the steady-state motion of the oscillator corresponds to its

né‘f’f”i)(vtop)~0.728>< 1073 vibration with the frequency of the external oscillating force,
X[1+0.116v1,(1—-0.49x 10 %0, ) ¥?] "o fo - giot 0
t)=— -
(26) m wi— w?+iwn,

with the maximumpy4~0.32. The “perfect-sliding” depen-
dence(25) is presented in Fig. 9. One can see that it agree
rather well with the simulation data at smafi<10 %) as
well as at high {>1) forces, when the washboard frequency 1~ ) 1 fg

lies outside the lubricant phonon spectrum and, thus, the in-  &osd ®; woﬂ?o,fo):;f dtf(D)é(t) =5 w —p(w),
ternal motions of the lubricant are not excited. 0

The rate of energy losséthe energy absorbed by the oscil-
fator per one time unjtis equal to

An important result of this analysis is that the lubricant (3D
cannot support a force larger thégp,~7 whenv,,~10.8.  \wherer=2m/w and
At larger forces velocities the system cannot dissipate the
energy injected into it due to driving, and the solid-sliding w17
regime must be destroyed. p(w)=Im| ———— =T o 2"
However, in the simulation we found thatf) wym @ Flwmny) (0= wp)™+(wno) 32

<v{En(f) and f<f.in all cases. To describe simulation

results more accurately, the following three factors have to |n the solid-sliding regime the oscillating force is due to

be taken into accounti) at velocitiesv,,>1—2 the lubri-  motion of the lubricant film over the corrugated substrates
cant width increase&ue to anharmonicity of the LJ poten- and thus is characterized by the frequemcy w ,sn. Then,
tial), (i) there are additional intrinsic energy losses withingssuming that the system can be described afifferent
the lubricant as well as in thelayers, andiii) due to these gscillators and using Eqs(27-32, we finally obtain
intrinsic energy losses, the lubricant is heated during the slidy* (V10p) = Mext(Vtop) + Mint(V10p)» Where
ing. The first factor increases,,, while the second and
third ones tend, on the contrary, to decrease it so that they () 0 10y

10 /-

must be studied in detail before a conclusion can be drawn. Uint(vtop)=mf1(vt0p/2)_2i21 €osd Wwashi @g” 1 7o

k

2. Excitation of lubricant vibrations (33

When the lubricant film moves over the bottom substrate To fit the simulation data, we also assumed that the oscil-
with the velocityv,, dragged by the top substrate with the lator's damping coefficient depends on the frequency accord-
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FIG. 11. Thex velocities of the top substrate and all layers
(including thes layerg versus time for the “free” run, when the
five-layer system starts from the steady state correspondirfg to
=0.2 and then the driving force is removed. Inset: enlarged part of
the dependencies at late times.

note that a general theory of kinetic friction, which could

force give, e.g., the values of the parametef8 andf{ from first

rinciples, is still lacking.
FIG. 10. Fitting of the simulation results féa) N,=1 and(b) P P 9

N,=5. Open diamonds are for the simulation data, the dashed curve
shows the “universal” dependena®5), the dotted curve is ob-
tained with Eqs(31)—(33), and the solid curve is obtained fromthe  As mentioned above, the system exhibits hysteresis: when
dotted one by removing the unstable branches Wld@ftsf(f)/df the force decreases starting from the sliding state, a back-
<0. For the fitting we used the following frequencies;’=7.3,  ward transition takes place dt=f,<f, and the velocity
0f=5, wf"'=3.3, 0" =1.65,0)=0.4, and the following fitting  drops down from a finite value,,= vy, to zero. The same
parameters for the widths o~f the resonance njodes and the oscilla&rop of the velocity is observed in free runs, when one starts
ing forces. (8 For Ny=1: (=5, f{V=5; 7{?=3, f{?=3;  \ith the solid-sliding steady state and then remove the driv-

C. Minimal sliding velocity

79=3, i{P=13; p{V=15, 1{"=0.2; {{¥=0. (b) For N;=5: ing: the velocityv ,, slowly decreases till it reaches the mini-
fM=0; 7P=3, fP=0.9; 7P=1, tP=0.7; V=03, f  mal valuev, and then drops to zero as shown in Fig. 11. Itis
=0.2; 79=0.1, andf>)=0.006. well known (e.g., see Refl35]) that a similar hysteresis is

observed for a single driven particle B&0. If a particle of
. - , massM is placed into a sinusoidal external potential(to-

ing to the expressiomy’(w) =7 non( )/ 7y @l’), where  tal) height&=maxv(x)—minV(x) and perioda, and is driven
74 is a constant. Then, from the spectra of Fig. 7 we choos8Y the dc forceF, the forward locked-to-running transition
the following five frequenciesw$"=7.3, which can be as- takes place aF =F = m&/a, and the backwarq tra_nsition at
sociated with thez vibrations of the substrates(?=5, F=Fb=(2V2/m)nME, when the velocity is (vs)
which describes the lowestandy modes of the substrates, ~ Vaz':s/M- In_the underdamped case such that 7,
»{®=3.3, which corresponds to the lubricant oscillations, = (7 12,2) J€IMa?, we haveF,<F. Therefore the sys-
the frequencyp(()“): %wéf), which describes the excitation of tem exhibits hysteresis due to the inertia of the particle.

the lubricant by th dh . d finall If the top substrate with the attachedayer would be
€ lubricant by the secon(s) armonlc_@tvash, and finally — yreated as a rigid object, taking=3 and mg+ms=2, the

(for the N;=5 case only wy”=0.4, which may be associ- itical damping would be

ated with the vibration of the top substrate as a whole. The

results of fitting are presented in Fig. 10, where the values of

the fitting parametersg{’ andf{) are given in the caption to
the figure. One can see that this simple approach gives a ) o o ) »
reasonable agreement with the simulation data and showkhe effective friction coefficient just above the transition to
that the velocity of the top substrate is determined by theiding is ”S:fsl(m5+hm5)"5' Hysteresis is expected #s
“perfect-sliding” approximation at force§<10 3, by the = 7c: 1-€.Vs=Upr, Where

w3 fq

=178 a(mgt my)

1/2
} ~0.8/f.. (34)

intrinsic losses corresponding to excitation of lubricant vi- 8 f 172
brations at forces I0°<f<0.1, and by excitation of the Vbr=| — als ~0.62\/f. (35)
substrate vibrations at higher forces. However, we have to s Mgt mg
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In the simulations the transition to sliding occurs foy
~103-10 2 while v¢~1, so, for the chosen set of param-
eters, the system under investigation is clearly in the under-
damped limit. We expect the backward transition fgt
:(2\/5/77\/;) et V(Ms+Mg) @ 5%1-2477eff\/f_s-

Now we can check whether the conditiogg~0.62/f<
agrees with the simulation data. For the solid-sliding regime
with V;;=1 at T=0, we found from free runs that fdx,
=1, fe~(1.9-2)x10"2 and v,<8.5x10 2, while v,
~8.7x10 2, for N;=2, f~(8.9-9.1)x10 3 andv,<6
X 1072, while vy,r=5.9x10"2; for N;=3, f~(4—4.1)

S N A N X

PHYSICAL REVIEW E63 046110

- - -lubricant

T T T
top substrate

%102 andv,<5%10 2, while v,g~=4%x 10 2; and forN, 54
=5, fo~(1.7-1.8)x107% and v,=3x1072, while vyg g \
~2.6x10 2. We also made runs for a smaller value of the o1l X TN Y frctional fores”
interaction parametey,, = 1/3, when the lubricant is weaker, 0.0 ./ . IR normal force |
and found that foN,=1, fi~(1.3—1.4)x10 2 andv,<8 Tl L . 1 . 1 . L
X 1072, while vpr~7.2x10"% and for N;=5, f~(1 0 10 20 e 40
—1.1)x 102 andv,~1.5x 10" 2, while vy,g~2x 10 2.

Thus, this simple inertia consideration quite well de- 1.0
scribes the hysteresis of the solid lubricant film and, at the o 08 F
same time, it shows that the minimal velocity of the top 5 -
substrate in the solid-sliding regime cannot be smaller than = 06T
vp,~10"2 nu~10 m/s, which is to be compared with the E 0.4
experimental value of the sliding to stick-slip transitiop g 0.2
~10 % m/s. This very large discrepancy will be discussed in QL 0.0 L L 1 . L L

Sec. IV. On the other hand, the frictign=|f/f .54 in the 0 10 .
solid-sliding regime may be as small as-10 *4—10"2. time
Note that the value oby, in Eq. (35 depends on the FIG. 12. “Forced” transition: the dependencies @) the x

substrate mas®g which, in principle, may be taken arbitrary velocities of the top substrate and the lubricahj,the normal and
large. However, in fact only one or few boundary layers offrictional forces, and(c) the lubricant temperatures versus time,
the substrate play a role, and the results presented abowden the forcef =0.5 is applied to an initial configuration corre-
remains valid, at least qualitatively, for the infinite substratessponding to thef =0.2 steady state of the five-layer film &t=0.

as well[36,29.
but att>20 the forcef, begins to grow and the width of the

lubricant begins to increase. The lubricant temperafsee
Fig. 12c)] which was equal toT,,,~0.2 for the f=0.2
When the driving force approaches the threshold Va'“%teady state, at>20, begins to grow up td,,,~0.6—0.8
f=f¢, the energy pumped into the lubricant due to slidingyhich is much higher than the melting temperatiige
can no longer be removed from the contact region into the.g 4, so the lubricant melts. Details of the forced transition
substrates, and the lubricant temperature strongly rises up t¢e shown in Fig. 13, where we plot tzeoordinates of all
its melting temperature. The solid-sliding regime is de-atoms in the system. For 20 the lubricant slides as an ideal
stroyed. To study this process, we started from fthed.2 5gjig as it was for thé =0.2 steady state. At-20 the upper
steady-state configuration of the five-layer film, which is ypricant layers begin to slide over the lower layers, although
close to the threshold valug~0.31, and applied the dc the |ayers still keep the ideal triangular structure.tAt30
forcef=0.5 to speed up the transition. The results are showghe |ayers start to mix. At~ 40 the Iubricant is already in the
in Fig. 12. The velocityv, of the top substrate grows ap- melted state, and the distribution of velocities across the lu-
proximately linearly with time. Because the top rigid sub- pyricanty(z) exhibits a gradient. After the melting, the lubri-

strate with one substrate layer attached to it moves as @nt cannot anymore support the applied dc fdre®.5 and
whole during this process, we can use Newton’s equation

D. Friction-induced melting

Utop— -

In another simulation we turned off the force at time
t=10.25, when the lubricant was still in the solid-sliding
_ ) . state, and allowed the system to relax. This situation mimics
which for thex coordinate takes the formvg=0.5—fwic,  that of real systems, where the driving force exists due to
where ;¢ is the frictional force acting on the top substrate g|astic stress within the substrates. Thus, when the relative
from the lubricant. One can see from Fig.(BRthat fric  yglocities of the substrate and the Iubricant sharply increase,
~0.3 is the maximum force that lubricant losses can accomge stress is relaxed and the driving force decreéagsrin-
modate. Similarly one may find the normal for€g acting  ¢jpje this situation can easily be modeled with a spring at-
on the top substrate from the lubricanty 2 f .4+ fp, tached to the top substrafté]; unfortunately, one has to in-
which yieldsfp~0.1(so thatf,,,4t+ fp~0) at the beginning, troduce simultaneously a few more model paramgters

(ms+ mS)i)a: f&E) — fgntrinsic)+ f&extemal), (36)
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FIG. 13. Thez coordinates of all atoms and the top rigid sub-
strate during the “forced” transition shown in Fig. 12.

simulation we observed that althoudk-0 att>10.25, the

top substrate continues to slide owing to its inertia. During

this sliding the lubricant again melts as one can see from Fi
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Tww~0.06 at f=0.005, T ,,~=0.14 at f=0.01, and T}y,
~0.19 atf =0.02. Forf=0.03 we observed that— o, and

the lubricant severs are in the middle. From the slope of the
viop(t) dependencies we found thigf.~0.028, thus the fro-
zen lubricant cannot support a driving force larger tHan
~0.03.

Comparing the results obtained for a realistic external
damping with the ones described above in the introduction,
where the model with a constant damping coefficient was
used, we see the essential difference. First, in the latter case
the lubricant melts immediately when it begins to slide, i.e.,
f;<fs. This difference is due to the parameters chosen for
the interatomic interaction. When the interaction of the lubri-
cant with the substrates is much larger than the interaction
within the lubricant, the scenario reviewed in the introduc-
tion is observed(the same also occurs if the lubricant is
commensurate and perfectly aligned with the substrates
Second, after the shear-induced melting, the layer-over-layer
sliding was observed, while now the transition to a “gas”
phase takes place. Third, the back transition with force de-
crease now proceeds into an amorph¢iuszen state and
not into the ideal solid one. These last two differences are

ue to a damping mechanism used in the simulation. As will

14. Then the lubricant temperature decreases, and the Iubgrs’—e shown below in Sec. IV, when the model with a constant

cant solidifies into a six-layetamorphous film at t=300
whenT,,,~ 0.3, and finally stopgnote that the final configu-

ration obtained with this force-induced melting and then

damping is used, the scenarios of the previous works are
observed, which points out the importance of the damping
mechanism on some results.

freezing, is similar to the configuration obtained by increas-

ing the temperature until melting and then sharply decreasing

it back to zero without the driving The frictional force is
large at the beginning when the lubricant melts{
~0.15), but soon it quickly decreases to a vafyg~0.01.

We also made similar experiments but with an applied

force f#0 (f<0.5) at timet=10.25. We observed that, if
f<0.005, the system stops in a six-layer state. For 0.00
<f<0.03 we observed a sliding of the “frozen” six-layer
lubricant; the lubricant temperature during the sliding is

40

30

20

100 200 300 400 500 600
time

FIG. 14. Thez coordinates of all atoms, when the driving force
is removed at the time moment 10.25 of the “forced” transition
of Fig. 13.

E. Sliding of curved substrates

The results presented above were obtained for ideally flat
substrates. Due to periodic boundary conditions we have in
fact infinite substrates and the lubricant atoms are strictly
confined between them. In a real system, however, the lubri-

ant may leave the contact region through open boundaries.

esides, the substrates may be not ideally flat. To study this
situation, we made a few simulations for curved substrates
for the N;=5 system. The results are the following.

Thevo(f) dependence for the case when only one of the
substratege.g., the top oneis curved in thex direction
(along the driving directionis presented in Fig. 15 by up
triangles. In this case the lubricant film is approximately flat
and follows the bottoniflat) substrate. At very low forces
f<5x10 4, the lubricant moves together with the top sub-
strate. For forces within the intervab&10 4<f<0.01, the
ideal solid-sliding regime exists. The lubricant film is ap-
proximately flat and slides over the flat bottom substrate, and
the top substrate slides over the lubricant; in the contact re-
gion the lubricant is slightly compressed. For forces within
the interval 103<f<10 2 the velocity is approximately
two times smaller than it was for the flat substrates. Note that
because the real contact area takes now only half of the total
surface, the real load pressure in the contact is two times
larger. At higher forcesf>10"2, the perturbation of the
lubricant becomes significant. A&0.011 some atoms from
the topmost lubricant layer begin to escape into the empty
space between the lubricant film and the curved top sub-
strate, although they are pushed back when the bottom of the
curved top substrate reaches them during the sliding. This

046110-13



O. M. BRAUN AND M. PEYRARD PHYSICAL REVIEW E63 046110

2.0 ———rm — — equal to one another. In all other cases, in a given region,
[ -+ flat substrates (N=5, T, =0) _?"Z only one of the substrates is usually strongly curved.
[ 4 the top substrate is x-curved P We also checked the system mobility when the substrates
1.5 | TV both substrates are x-curved . are curved in they direction (perpendicular to the sliding

direction. When only the top substrate is curved, the veloc-
] ity remains approximately the same as that for the flat sub-
. strates(for example, forf =2x 102 the velocity decreases
] from v~0.98 for the flat substrates to,,~0.96 for the
curved top substrateWhen both substrates are curved, the
] velocity remains unchanged.g., forf =2x 103, the veloc-
I ity increases tw ,,~0.985). Finally, when the top substrate
is curved in bothx andy directions simultaneously, the ve-
locity decreases for thé=2x10"2 case to the value
~0.52 (compare withv,,~0.57 for the case when the top
substrate is curved ir direction only.
Thus, we may conclude that the simulation results ob-
FIG. 15. Thex velocity of the top substrate versus force for the tained for the system with flat substrates stay valid, at least
five-layer lubricant film when the top rigid substrate is curved qualitatively, for the curved ones.
(h{P=1, h{P=h{"=h{I=0, the up trianglesand when both
top and bottom rigid substrates are curvel{"{'=h{"=0.5, IV. DISCUSSION AND CONCLUSIONS
h{P=h{M=0, the down triangles

top

force

To summarize, we have studied the friction for a thin
mixing increases with increasing of the dc force, and at solid lubricant film between two flat solid substrates and
=0.02 the lubricant fills the empty space. In the thick partfound that the frictional losses are mainly due to the excita-
there are six layers. Finally &t=0.05(i.e., much earlier than tion of z vibrations in the lubricant with the washboard fre-
for the flat substratgsthe lubricant melts, and the solid- quency. The anharmonicity of lubricant vibrations is found
sliding regime is destroyed. to be important and leads to heating of the lubricant. Thus, a
When both substrates are curved in thdirection with  first lesson learned from the simulation of a complex model,
the same curvature parameters, the ground state of the syis-that simple Frenkel-Kontorova-type models with harmonic
tem corresponds to the five-layer lubricant film with an idealsprings between the atoms cannot describe the kinetic fric-
structure of the layers. The curvatures of the substrates coirion properly.
cide, and the lubricant film just follows the substrates. But The solid lubricant between two flgbr at least not too
when the top substrate moves, one have alternatively, a comeugh substrates provides the smallest possible frictional
figuration where the curvatures coincide as in the groundorce for high-speed systems. The energy losses are very
state, and a saddle configuration where the curvatures angmall both in the low-velocitybut v,,>v,~10 m/9 case,
coincide, so that in one-half of the contact area the film isas well as in the high-velocityv(,,=vsound regime, the lat-
compressed, while in the other half, the distance between ther regime being stable if there is a gap between the lubricant
substrates is much larger than the width of the five-layeand substrate phonon spectra. If the lubricant film is in a
lubricant film. Because a thin lubricant film cannot stay freeliquid state(melted either due to high substrate temperature
in space but is attracted to one of the substrates, it has tor because of very high speedhe frictional force is much
follow either the bottom or top substrate. In simulation welarger as seen from Fig. 16. When the lubricant is refrozen
observed that the lubricant indeed takes a ground-state-likkom the melted state, it takes an amorphous structure be-
configuration when the substrate curvatures coincide, whileause, due to the contact with the substrates, the energy is
in the saddle points the lubricant follows the top substrate atemoved from the lubricant very quickly, and the confined
the left-hand side, where thecoordinate of the top substrate lubricant film has no time to order. The frictional force in the
goes up(so it “drags” the lubrican}, and at the right-hand case of an amorphous lubricant may be even larger than for
side, where the coordinate of the bottom substrate goes up,the melted onésee Fig. 16
the lubricant follows the bottom substrate. Thus, in the The solid lubricant between flat substrates leads also to
middle point the lubricant has to switch between these twauite small values of the static frictional forck. This
configurations, and this decreases the system mobility. Thagrees with the results of previous simulatigase Ref[7]
viop(f) dependence for this case is shown in Fig. 15 by dowrand references therginThe new result of the present paper
triangles. The backward transition now takes placefat is the dependence df on the number of layers in the solid
~(2—3)x10 3. When the force increases up fe-0.04, lubricant film. The exponential decrease fgfwith N, may
the film does not have enough time to reach the five-layebe used for explanation of experimental values of the veloc-
ground-state-like configuration between the saddle points. lity of the transition from smooth sliding to stick-slip motion
first takes a six-layer structure but so¢at f;=0.04) the as will be discussed below.
lubricant melts and the sliding is destroyed. Note, however, We also checked how the results are sensitive to the pa-
that the situation described above corresponds to a rare casgmeters of the model. First, changing the nrag®f the top
when the curvature parameters of both substrates are exactigid substrate practically does not change the adiabatic

046110-14



FRICTION IN A SOLID LUBRICANT FILM PHYSICAL REVIEW E 63 046110

2.0 —————

x :
L o l ,." Vlo T T T
| ---+---"solid sliding . LY S N
—A— "melted" A N e
15| —v— "amorphous” ! E LT 002
3 e —— v, {left)
| + l v 4 3 --o---z,  (right)
B RE R ey /
j=%
g 1.0 & AZ 7 >‘9
> S
K j
’ sl

05 ¢ /VX 4
¢ v ‘a
[ A
O.Of3 Lt 1(')2 EE—— 10° 10"
10
" force
orce

] ) FIG. 17. The dependencies,(f) for two values of the load
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viop(f) dependence, thus the velocity in the steady solid-

sliding regime does not depend oms. Another important  found that the frictional force is directly proportional to the
parameter is the minimal external dampingi, that models  |oad. However, their simulation was done with the canst-
the multiphonon and/or “electron-hole” contributions to the zigorithm at low velocities %10p<0.1 nu and much higher
energy exchange of lubricant with substrates. We found thagemperatures than those studied in our simulations. Besides,

the results are approximately unchanged d@p=1, when  the authors of Eq[20] used the Langevin equations with a
the energy losses inside the lubricant play the main role. Aggonstant external damping.

small forces velocities, whem,p=<1, the values ob,,, and Dependence of results on the interaction parameters.
Zyp are larger for smaller values ofy,, and agree with the - Above we have studied the system behavior for the fixed set
“perfect-sliding” dependencé25). of parameters, when the interaction within the lubricaft,

Finally, let us discuss the relation of the microscopic =1 s much larger than the interaction of the lubricant with
simulations of the present paper to macroscopic friction. substratesV = 1/3. For these parameters the solid-sliding

Dependence on loadlVe variedf|,qto test the Amontons  regime had indeed to be expected. Below we present a few
first law Fyic= uFioaq, Whereu (called the friction coeffi-  simulation results for other sets of parameters.
cient by tribologists should be approximately constant. For  First, let us consider the case withl,, =V, =1/3, in
example, the simulation results for a much lower Idags  which the interaction within the lubricant has the same mag-
=—10"* than that used in all simulation presented abovenpitude as the lubricant-substrate interaction. In fact, this case
are shown in Fig. 17. The trivial result is that the width of js similar to that studied above, because an effective
lubricant increases with decreasing fof,q. Therefore, the |ubricant-substrate interaction is again smaller than the inter-
external damping coefficient, which exponentially dependsaction within the lubricant due to mismatch of the substrate
onz decreases Withi,aq. As a result the backward transition |ubricant lattice constants. However, an essential new feature
now takes place at a lower forée= f,~(3—4)x10"°when  of the present case is that now the phonon frequencies of the
vp=3x10 2. The forward transition also occurs earlier, at jubricant are smaller. Because the interaction within the sub-
f~0.1-0.11 whenv,=<3. For v,,z=1 the dependence strates and within the lubricant differs by nine times, the
viop(f) is approximately the same as that for the high load substrate and lubricant phonon spectra are well separated one
while for lower forces when,,<1, the values obq, for from another even for the five-layer lubricant film as shown,
the same values of are larger than those for thg,,4= for example, in the inset of Fig. 18 for the component.
—0.1 case, because the external friction is smaller due t@here is a wide gap for the frequenciesc4<6.5, where
larger values ot The dependencies of,, andz,, on fi,,q  the density of phonon states is very small. Thus, one could
for a fixed value of the dc forcé=0.02, are shown in the expect that if the washboard frequency comes into this fre-
inset of Fig. 17. Surprisinglyy o, is not decreasing but in- quency interval, the effective friction should be small, and
creases whefy,,q increases, because for the chosen value ofhe solid-sliding regime will persist up to very high veloci-
the dc force, a resonance effect plays a fthe washboard ties. Indeed, the simulation results for the one-layer lubricant
frequency penetrates into the lubricant phonon spedtrltim ~ film presented in Fig. 18, show that the solid-sliding regime
general, however, the variation df,,q results in a little indeed survives now until the very high forcé;£5) and
change only. This confirms once more that the empiricavelocity (v~ 10). This effect is similar to the “re-entrant”
Amontons first law works due to change of the contact arearansition observed by Stevens and Roblpitig, where with
with load [1]. On the contrary, He and Robbifi20] have the increase of the driving velocity the lubricant melts but
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FIG. 18. Thewv(f) dependence for the one-layer lubricant
with the interatomic interaction¥, = 1/3 (solid curve and open FIG. 19. Beginning of motion for the “glued” two-layer lubri-
diamond$ compared with that for th&/,, =1 case(dashed curve cant fiim (Vs&=V,s=3, V|, =1/3).
and solid diamonds Inset: theV, = 1/3 (solid curves andV,=1
(dotted curvepspectra for the five-layer lubricant. Second we studied the opposite case, in which the
lubricant-substrate interaction is much larger than the inter-
then, at a higher velocity, it solidifies again. In our simula-action within the lubricant, namely/¢=3 andV,=1/3. In
tion with a small external damping we did not obtained melt-this case the two utmost lubricant layers tend to be attached
ing but instead observed a large increase of the lubricartb the corresponding substrates, so a sliding can only emerge
temperature. For velocities,,,>3 (recall that in the previ- inside the lubricant. In fact, this situation is close to real oil
ous case the solid-sliding regime was already destroyed at dobricant, where the interaction with substrates prevents the
high velocitie$ the washboard frequency is higher than thelubricant from being squeezed out from the contact areas. In
lubricant phonon frequencies, thus the excitation of oscillathe case ofN,=2, all lubricant atoms are attached by the
tions in the lubricant as well as the effective lubricant tem-substrates, so there is no “lubricant” between the two slid-
perature decrease. This regime corresponds to the “flying’ing “bodies,” each consisting of the rigid substrate with one
one, i.e. The decoupling of phonon spectra of the lubricanattacheds layer and one “glued” layer of atoms. Thus, the
and the substrates stabilizes the “flying” state. With increas=ituation is close to the dry friction for two commensurate
ing dc force the lubricant remains sliding in a solid state,perfectly aligned substrates. However, the interaction be-
while the amplitude of the oscillations of the substrate at- tween the bodiesy, =1/3 is much smaller than the interac-
oms strongly increases at,,>6, and this finally destroys tion inside them, wher&/;=Vg=3. In this case at some
the solid-sliding regime. Note that for the forces €@fL critical force, fs~0.08, the bodies decouple one from an-
<0.4, when Xv,,<3, the system behavior is similar to other, the distance between them increases, and they begin to
that described above, because the densities of lubricant Vifly” almost without friction. But the loading force pushes
brations are similar at these washboard frequencies. Ahe bodies into contact again, so they collide and almost
smaller forcesf<0.1, the effective friction as well as the elastically repulse, then again collide, etc. The motion of the
lubricant temperature are larger for the weak-lubricant caséop substrate resembles a series of jumps as shown in Fig.
than those for the previous case. The backward transition td9. If the driving force remains constant, the amplitude of
the locked state takes place now fai=0.003, whenv, jumps increases with time, and finally at one collision the
~0.15. The static frictional forcefc~0.013-0.014, is also surface lubricant layers are destroyed.
smaller than that for the previous cagecall f;~0.02 for For a thicker lubricant filmN,>2, there are weakly in-
theV,, =1 caseé. Note, however, that we observed the “fly- teracting lubricant atoms between the two bodies. Note that
ing” regime only for the one-layer film. For the five-layer for these parameters in the ground-state configuration the
lubricant the forward transition takes place ft=0.025 topmost lubricant layers that are attached to the substrates,
—0.026, i.e., much earlier than for thg =1 case, and the have slightly more atoms than the middle lagerWhen the
attempts to get a high-velocity regime failed. Note that al-motion begins aff =f in this case(e.g., for theN;=3 or
though it seems quite unusual to have a velocity close to th&l;=5 systemf,~0.03-0.07), the middle lubricant layers
sound speed in real machines, the “flying” regime may bemelt according to a three-dimensior(@D) melting mecha-
reached in, e.g., next generation of hard-disk drives. In a diskism (one layer in theN,=3 system or three layers for the
with a radius of 4 cm and a rotating speed of 10 000 rpm, théd\;=5 casg¢, and the width of the lubricant film increases.
speed of the head with respect to the plateau already excee8#arting with the configuration just after the beginning of the
40 m/s, i.e., the crash of the head on the plateau in a failureotion (e.g., that forf=0.08 for theN,=5 system, we
is an example of high-speed friction, although, unfortunatelyabruptly decreased the dc force to a smaller value. The re-
the “flying” regime would not be reached by the current sults are presented in Fig. 20.f#<0.01, the motion locks in
generation of hard disks. the five-layer solid state, while foi=0.02 the top body is
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creases with the time of stationary contact. The simulation
results of the present paper show that the “inertia” mecha-
nism leads to the critical velocity,~ 102 nu~10 m/s, and
we do not see any reason to get a much lower value for
This value is orders of magnitude larger than the experimen-
tal value, which rules out the inertia mechanism to explain
the experimentally observed stick slip to smooth sliding tran-
sition. For the model parameters used in the present paper,
we also did not observe the melting of thin lubricant films
except for extremely large forces and velocities. The lubri-
cant may melt atf >fg if it is strongly coupled with the
- substrates or, in a more specific case, when the lubricant is
. P S E R perfectly commensurate and aligned with the substrates
0,0 0,5 1,0 1,5 [16,28. But, in such situations, when the driving force is
reduced, the lubricant quickly solidifies again due to a fast
energy exchange with the substratas discussed above in
FIG. 20. Motion of the “glued” five-layer lubricant fimV, ~ Sec. lll D), and the backward transition to the locked state
=V,.=3, V, =1/3) for different driving forces. takes place at the velocity,~1 nu[16,36,28. Thus, in this
case too, the top substrate cannot move smoothly with a low
“flying” and its velocity increases linearly with time. Thus, velocity at the microscopic scale. In experiments the transi-
the frictional force for a melted lubricant in this system is tion from stick slip to smooth motion is observed usually at
fric—~0.015. a velocityv.~1 um/s~10 ° nu [4]. Even if we suppose
Third, all the scenarios described above were obtained fothat there are only few contactasperities between the sol-
the model where the external damping depends on the disds and only one of the contacts moves at a time, we do not
tance from the substrates and, thus, it is very small for thgee a way by which the macroscopic stick-slip to smooth
middle lubricant laye(s). However, if we change the model transition could be explained by the microscogpatomic-
in the way that the minimal external damping would notscale mechanisms. Thus, we conclude that the mechanism
depend either on distance or on velocity, the scenarigesponsible for the experimentally observed stick-slip to
changes to that already observed in the previous worksmooth transition, at least for “simple” lubricant molecules,
[16,22 and described in the Introduction. Now when the should be the “memory” effects. After the sliding-to-locked
sliding begins the width does not increase significantly andransition, the static friction force increases with time due to
the sliding steady state survives with increasing the dc forceplastic deformation of the lubricant, for example, because of
With increasing force, the middle layers melt due to slidingan increase of the area of real contact, or due to the decrease
according to a 2D melting mechanism, i.e., the lubricantof the lubricant width(according to the simulation results of
keeps its layered structure and different lubricant layers slidéhe present paper, the squeezing of the lubricant leads to the
one over another. This model may be applied to lubricanténcrease offy), or due to interdiffusion of lubricant mol-
with complex molecules like organic ones, where an internakcules between different layers of the lubricant in the case of
viscosity of the lubricant plays an important role. a lubricant consisting of long-chain polymers. All these pro-
The transition from smooth sliding to stick-slip motidin.  cesses involve plastic deformations and thus are character-
instead of a constant dc force we would drive the systenized by macroscopic-scale characteristic times. Then, the ex-
through a spring attached to a stage moving with the velocitperimentally observed velocities of the transition from
Uiop, the system would exhibit a transition from smooth slid-smooth sliding to stick-stick motion can be explained with
ing to stick-slip motion at the velocity,,,~v, [28]. A simi-  the help of earthquakelike mod€l87-39 as was demon-
lar result would be expected with a large enough substratstrated in Refs[3,40,41,28 Consequently the analysis of
block so that its elasticity would start playing a role. Experi-the order of magnitude of the stick-slip to smooth-sliding
mentally the transition from smooth sliding to stick-slip mo- transition velocity suggests that the explanation of this pe-
tion is observed in almost all systems where the static frichomenon should not be seeked at the microscopic scale and
tion force is nonzero(the zerofg corresponds to liquid is probably out of reach of current molecular-dynamics
lubricany. There are at least three mechanisms that can exsimulations. Besides, this also explains why the experimen-
plain the transition from smooth to stick-slip motiqa) “in- tally measured kinetic friction in the smooth sliding regime
ertia” mechanism, when the backward sliding-to-lockedis often almost independent of the velocity, while the micro-
transition occurs at the forcg,<fs due to inertia of the scopic one shows a very strong dependence. Indeed, if the
moving lubricant in the underdamped systéthis mecha- macroscopic smooth sliding corresponds to the microscopic
nism was discussed above in Sec. I}t Gb) “melting- stick-slip regime, the macroscopic kinetic friction would cor-
freezing” mechanism[16,2,3,10, when the lubricant un- respond to microscopic static friction force, which is con-
dergo dynamical phase transitions between a fluidized statant. Therefore the evaluation of the orders of magnitude
during slip (sliding) and a solid state during stick; arid)  that we made in this paper lead us to conclude that there is a
“memory” mechanism(e.g., see Ref42,3,5|), when, after fundamental difference between microscopic friction and the
the sliding-to-locked transition, the static friction force in- macroscopic experimental properties. This should perhaps be

10” time
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considered for the current projects to build micromachines.be taken with great caution because, as we have shown in the
Finally, in real experimental systems the rate of change opresent paper, the results obtained with simple models may
the driving force corresponds to adiabatically slow variationalso strongly depend on the model chosen, in particular on
of f in simulations. Therefore, to obtain reliable results,the damping introduced in the simulations. We tried here to
which do not depend on an initial configuration, it is impor- introduce a damping mechanism motivated by microscopic
tant to reach the steady state for a gifeAs observed in the  considerations and we showed that the results are sometimes

present paper, lubricant systems are often characterized Riry different from those given by a uniform damping coef-
quite |0ng relaxation time$re|ax> 1§ nu~= 10710 S (Or even ficient as often considered.

Trelne> 10717 s in the solid-sliding regime at velocities,,
<10 m/9. In simulations for large systems with realistic
interactions one could expect to reach the stationary state for
one given set of parametefieicluding the value of the driv-

ing force only, and not for adiabatically changing force. =~ We wish to express our gratitude to A. R. Bishop, B. N. J.
Thus, although being very attractive, the “millions of at- Persson, J. Rter, and M. Urbakh for helpful discussions.
oms” simulations hardly could give reliable values for the This research is supported in part by NATO Grant No.
kinetic friction in their present stage. This is why we believe HTECH.LG.971372. O.B. was also partially supported by
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