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Abstract

In this paper, we discuss the nature of the static and kinetic friction, and of (thermally activated) creep. We focus on boundary lubrication
at high confining pressure-(Ll GPa), as is typical for hard solids, where one or at most two layers of confined molecules separates the
sliding surfaces. We find in most of our Molecular Dynamics (MD) simulations (at low sliding velocity), that the lubricant molecules are
permanently attached or pinned to one of the solid walls. We describe the (flexible) lubricant-wall bonds as springs with bending elasticity.
If the springs are elastically stiff, the system exhibits a very small static friction, and a (low velocity) kinetic friction which increases with
increasing sliding velocity. On the other hand, if the springs are soft enough, strong elastic instabilities occur during sliding, resulting in a
large static friction forces, and a kinetic friction forceé i equal to the static friction force at low sliding velocities. In this case rapid slip
events occur at the interface, characterized by velocities much higher and independent of the drivewétottiy MD simulations we
observe that, for incommensurate systems (at low temperatung)ywhen the lubrication film undergoes a phase transformation at the
onset of slip do we observe a static friction coefficient which is appreciately larger than the kinetic friction coeffiggine arguments
for why, at very low sliding velocity (where thermally activated creep occurs), the kinetic friction force may depend linearly twp)n
as usually observed experimentally, rather than non-linearin [v/vg)]?/2 as predicted by a simple theory of activated processes. We
also discuss the role of elasticity at stop and start. We show that for “simple” rubber (at low start velocity), the static friction coefficient
(us) is equal to the kinetic friction coefficient).

In general, at non-zero temperature, the static friction coefficient is higher than the kinetic friction coefficient because of various thermally
activated relaxation processes, e.g. chain interdiffusion or (thermally activated) formation of capillary bridges. Howevenatsngls
value of the static friction coefficient, since it depends upon the initial dwell time and on rate of stiv&raggue that the correct basis for
the Coulomb friction law, which states that the friction force is proportional to the normal loaoktise approximate independence of the
friction coefficient on the normal pressure (which often does not hold accurately anyhow), but rather it follows from the fact that for rough
surfaces the area of real contact is proportional to the load, and the pressure distribution in the contact areas is independent of the load.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction puter “experiments” accumulate, it will confirm the present
picture. We focus below on boundary lubrication at high
In this paper, we consider the static and kinetic friction confining pressure~1 GPa) as is typical for most practical
and creep, for boundary lubricated surfage2]. We have sliding systems involving hard materials, e.g. steel. Under
recently presented several computer simulations of bound-these conditions, at low sliding velocity, one or at most two
ary lubrication for realistic model systems characterized by layers of confined molecules separates the sliding surfaces.
different (realistic) parametef8-5]. In this paper, we will A typical sliding friction experiment is shown iRig. 1a
attempt to extract a general picture based on these accurat#here a solid block is pulled by a spring, and the spring force
first principles studies. We hope that as more results of com- F(¢) is studied as a function of time. In such experiments
it is sometimes observed that the static friction equals the
" Corresponding author. Tel+49-2461-615143; kinetic_ friction (seeFig. 1b), while for (_)ther systems they
fax: +49-2461-612850. may differ by a factor of 2 or more (sé€g. 1¢. It has been
E-mail addressb.persson@fz-juelich.de (B.N.J. Persson). found that the static friction coefficient increases with the
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Fig. 2. A block sliding on a substrate. The contact between the block

and the substrate occurs in randomly distributescrocontactareas with

a typical diameter of a few micrometers. However, when a macrocontact
time area is magnified one observes that only partial contact occur. At high

enough magnification the solids are in direct contact, but are usually

Fig. 1. (a) A block sliding on a substrate; (b) the friction force as a gseparated by a few monolayers of organic molecules, either from an

function of time for a case where the static friction coefficient equals intentionally added lubricant or simply organic contamination from the

the kinetic friction coefficient; (c) the friction force as a function of time  atmosphere or of other origin.

for a case where the static friction coefficient is larger than the kinetic

friction coefficient.

ing, stick—slip motion usually occurs at some short length
scale. The short-distance stick—slip motion depends on the
time of stationary (or static) contact, usually according to elasticity of the solid walls and on the interaction potentials

the logarithmic law6]: us ~ po+alog(l+t/t). Similarly, between the contamination layer and the solid wall atoms.
the kinetic friction coefficient usually depends on the sliding At low sliding velocities, a wide distribution of local stresses
velocity (for low velocities) agwk ~ 1 + blog(1l + v/vo), occurs in the lubrication film and in the surrounded solid

whereug is a reference velocity. The time and velocity de- walls at the contacting interface; the different grey-scales of
pendence ofus and uk are most likely due to thermally  the lubrication film in the inset ifrig. 2 indicate the lateral
activated processes as will be discussed below. sizes of the regions where the shear stress is (approximately)
Macroscopic sliding systems usually involve a large range constant—we denote these regionssé®ss domainsor,
of length scales which all must be considered when dis- when the surrounding solid walls are includstiess blocks
cussing the origin of the friction force. Thus, even when a During sliding at low velocities the stress blocks perform
block slides steadily under boundary lubrication conditions stick—slip motion, where individual stress blocks usually slip
(no macroscopic stick—slip motion), rapid stick—slip motion in a spatially and temporally irregular manri8t. At finite
must occur at some shorter length scale, otherwise the fric-temperatures, thermal activation will allow a stress block to
tion force would not be (nearly) velocity independent as ob- depin before the shear stress has reached the value neces-
served in most cases. We illustrate this situatiorfig. 2 sary for depinning at zero temperature. This gives rise to
which shows a block sliding on a substrate. The contact be-thermally activated creep and various types of relaxation
tween the block and the substrate occurs at randomly dis-processes.
tributed macrocontactareas, with a typical diameter of a In this paper, we start by discussing the motion of indi-
few micrometerq7]. However, when a macrocontact area vidual molecules (or molecular groups) at the interface, fol-
is magnified one often observes that only partial contact oc- lowed by a study of collective effects in lubrication films
cur. At high enough magnification the solids are in direct (based on Molecular Dynamics studies). We then consider
contact, but are usually separated by a few monolayers ofthe dynamics of stress blocks at zero temperature, followed
(weakly adsorbed) organic molecules, either from an inten- by a discussion about thermally activated motion of stress
tionally added lubricant or simply organic contamination blocks (creep and relaxation). Finally, we briefly discuss
from the atmosphere, or of other origin. During steady slid- stick—slip and steady sliding of the macroscopic block in
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Fig. 1, which depend on the spring constagtand pulling
velocity vs of the external spring ifrig. 1

2. The molecular level: basic principles

In this section, we briefly review some material which
form a necessary background for what follof®s11]. Con-
sider the sliding system shown Iig. 3. A particle with
massm is connected via a spring, with bending force con-
stantk, to a block or drive. The particle experiences the cor-
rugated substrate potentid(q). The equation of motion for
the particle is

1)

The friction forces—my1g and—my» (g — X) originate from

mg =k(x — q) — U'(q) — my1g — my2(q — ).

the coupling of the particle to the substrate and block ex-

citations, e.g. from excitation of phonons and (for metals)
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Fig. 4. (Top) Stable positions of the particle for two different positions

(a) and (b) of the drive; (bottom) graphical solution B§. (3) for the
two drive-positions shown in top. For the case< 1.

electron-hole pairs. These damping processes have been

studied in great detail in the context of vibrational dynamics

the largest slope (as a function gf of the substrate force

of adsorbed molecules, but the macroscopic friction is rather F(¢) is smaller than the slopeof the spring-force(q —x).

insensitive toy; andy», and we will not consider them any
further in this paper. Let us define the total potential

k(x — g)?
2 @

We first study the equilibrium positions of the particle as a
function of x. Assume for simplicity that

Vig, x) = U(g) +

2rq
U(g) = Ug cos(—) ,
a
so that the substrate forcB(g) = —U'(q) = Uo(2r/a)
sin(2rg/a). At equilibriumg = ¢ = 0, x = 0 and(1) gives
2
Uo (_n) sin (@) =k(g —x) 3)
a a
or
Flq) = k(g — x).

Now, it is easy to show that this equation will have exactly
one solution (i.e. one stable position for the particle) when

Fig. 3. A particle (mas#:, coordinateg) connected to a block (or drive)
(coordinatex) by a spring with the (bending) force constaniThe particle
moves in a corrugated substrate potentia).

In the present case the maximumi{y) equalslo(2r/a)?,

so that whenc = Up/e < 1, where theelastic energyg =
ka2/4n2, there will be only one stable position for the par-
ticle. This case is illustrated iRig. 4. Here the top part of
the figure shows the position of the particle in the potential
energy surfacé/(g) for two different positions (a) and (b)
of the drive. In the bottom part of the figure we show the
graphical solution td3) for these two different cases. The
tilted straight lines represent the right hand sideeqf (3)
and the crossing points with the curtg¢q) give the sta-
ble positions for the patrticle. It is clear that in the present
casex < 1, and only one stable positian= f(x) occurs
for the particle for each positian of the drive. In this case,
as the drive moves slowly forward (velocivy, the parti-
cle will also move slowly with a (time-dependent) velocity
g = f'(x)v, proportional tov.

Let us now assume that> 1. In this caseEg. (3) has
more than one solution. This is illustratedriy. 5. In (a) we
show the positions of the particle for the case when the drive
is located right above a maxima of the potentidly). The
graphical solution tq3) now gives three solutions denoted
by A, B and C in the figure. Positions A and C are both
stable while position B is unstable—any small deviation of
the particle from the position B will result in the particle
moving to positions A or C. Itis easy to show that position B
is unstable sincé?V/dg? < 0 at this point (while the second
derivative is positive at points A and C). When the drive is
displaced to the right, the solutions A and B approach each
other and in (b) we show a “critical” case where the drive
has been displaced to the right so much that points A and B
merge into a single point (denoted by A in the figure). Note
that now the slopg of the spring-force line is the same as the
slope of the substrate force curve at point A, E6ga) = k.
Any further displacement of the drive to the right will remove
the solution A. Physically, this corresponds to an instability
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x = x¢ (dashed curve) and for close toxc (solid curve).

The first condition is always satisfied at equilibrium, and
just states that the total force on the particle must vanish.
The second condition is characteristic of ttritical state
and follows from the fact that at point A iRig. S5bthe slope

of the substrate force curve equals the slbmd the spring
force line. Thus, if we expan®(x, ¢) around(xc, gc), we
get:

‘ ; Vix,q) ~a+ b(x — xc) + c(x — xc)(q — gc)
| +d(g—qo)®+-- . (5)

C
W Note that(4) implies that there can be no term proportional

_ _ N . _ to ~(q — gc)? in the expansiorn(5). Now, let us consider
Fig. 5. (a) Particle positions (top) and graphical solutionBq. (3) V(x, q) = Vy(q) for a fixed x (dose tOxc) as a function of

(bottom) when the drive is located above a maxim@/¢f); (b) the same . . . _ .
as (a) but with the drive displaced to the right by such an amount that q- Fig. 6 shows this function for = xc (daShed lme) and

the system iritical (see text for details). We have assumes 1. for x slightly smaller thanx; (solid line). Forx < xc, Vi(q)
exhibits a potential well separated by energy barrierto

a state of lower potential energy. The height of the barrier

'
'
'
'
'
'
L
|
1
'
L

transition where, in a very rapid event, the particle jumps . .

from position A to positionyC. Iguring this tranzition erierg?/ s the difference betweeH(x, ¢) gvaluated foy = ¢+ gnd

is “dissipated” to the block and the substrate (as described?. = 9 whereg.. are the solutions 0§V/dq = 0, which

by the damping terms proportional 1@ andy» in Eq. (1). gives

It is clear that during slow movement of the drive, say- c\l/2 12

ut, the motion of the particle will include very rapid events 9+ —dc =+ (@) (e — 2%

where it moves from one position to another—the velocities ) )

attained by the particle in the rapid slip events are much 1hus: the barrier height

higher than (and independent of) the veloaitgf the drive. 3
Let us now consider the influence of temperature on the AE = V(x, q,) — V(x,q_) ~ = <_> (xe — x)%/2.

sliding process. It is clear that if the velocityof the drive 3\3d

is small, when the system is close to the critical state, the f\ye assume that the drive moves with the constant velocity

particle can jump (because of a thermal fluctuation) above ,, 3nd writex = xc + vt (t < 0), we get the time dependent
the small remaining barrier instead of being driven over it |5/rier

by the motion of the drive. To study this process, let us first
note that, at the critical state (where we denote the drive AE(f) =~ A(—vt)¥?,
position byx and the particle position byc) (point A in

1/2

Fig. 5(b)), we have whereA is time independent. Usin@) one can show that
)% _ U ¥ o s
%(XC7 qC) = Ov 3 a3/2 K :

Note that the barrieA E(¢) vanishes for = 0 (critical state),
3’V but the particle will in general jump over the barrier by

g2 (xc. gc) = 0. (4) thermal excitation at an earlier time< 0. We can calculate
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the probability that the system is in stateby solving the
rate equation

ap
dr
where the jump rate according to Kramer theory of activated
processes is of the form

—wP,

w = ve_ﬁAE,

(6)

where = (1/kg)T (wherekg is the Boltzmann constant
andT the temperature) and whevas a prefactor which we
assume independent of time. Thus (witk 0),

P(t) = exp(— /t dr w(t/)) .

On the average, the particle will jump over the barrier at
timer = —t where

(7)

0
T =/ dr P'(9)t.

—00
Let us introduceP = 1 — Q so thatQ — 0 ast — —oo.

Substituting this in(7) and performing a partial integration
gives

0
r:/ dr O(p)
or

0 t
r:/ dt [1—exp<—/ d/w(ﬂ))]

In Appendix A, we show that in the limit of very small
sliding velocityv <« vg

v \12/3
vT & (BA) 23 [— In (—)] ,
vo

where

(8)

(9)

vo = 3v(BA) %3,

In the limit of overdamped motion, where the particle jumps
from one well to the next nearby, and for a very weak spring
k, it is very easy to estimate the velocity dependence of
the sliding friction. We first note that, at zero temperature,
during the time period-t < ¢ < 0 the spring force equals
~kxc. At finite temperatures the atom has jumped to the next
well so that the spring force isk(x; — a). The total time

it takes for the drive to move the distanads 1o = a/v.
Thus, if Fp is the (time averaged) kinetic friction force in
the absence of thermal excitation (i.e. b= 0K) then at
non-zero temperatures

Fv) = Fo — K+ —k(xc — a) = Fo — kvt
fo fo

or using(9)

2/3
F(v) = Fo — k(BA)~2/3 [— In <i>] .

vo

(10)
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Fig. 7. Friction forceFi as a function of the sliding velocity for a silicon
tip in contact with a NaCl(100) surface. Measurements at two different
applied loadsFy = 0.65 and 0.44 nN. Fronfil2].

This result has been derived earlier[ifD,11] and may be
relevant to Friction Force Microscopy (FFM) studies with a
sharp tip[12]. However, a recent FFM measurements with a
silicon tip sliding on a NaCl(1 0 0) surface seams to be better
described by a linear dependence of the friction force on the
logarithm of the sliding velocity, seEig. 7. In Section 5

we will argue why F(v) may depend linearly on Ifv) in
some cases, but the argument we present is only valid if the
contact area is large enough, which does not seam to be the
case in the present FFM application.

Let us now consider the simple model systems shown in
Fig. 8 Assume first thafl" = OK. Fig. 8aillustrate a case
where molecular groups (e.g. chain molecules) are perma-
nently (chemically) attached to the top solid (the “block”)
with flexible bonds, which we treat as springs with bending
elasticity. The solid block and the substrate are assumed to
be rigid, and we assume an incommensurate system. From
the discussion above it follows that if the springs are elas-
tically stiff, so thatc < 1, then this system exhibits a van-
ishing static friction, and a (low velocity) kinetic friction
which increases linearly with the sliding velocity In this
case the velocities of the molecular groups at the interface,
although time-dependent, will be proportionalitoOn the
other hand, if the springs are soft enough (compared to the

(@)

@ U v

Fig. 8. Two simple sliding friction models discussed in the text.
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amplitude of the corrugated substrate potential, here repre-
sented by a cosine potential) so that- 1, elastic insta-

0.12f
bilities will occur during sliding, resulting in a finite static
friction force Fs, and a kinetic friction forceFx equal to
the static friction force at low sliding velocities. In this case 008l

very rapid slip events will occur at the interface, character-
ized by velocities much higher amedependentf the drive
velocity v. For T = 0K no motion is possible iff < Fs,

but for T > 0K the model inFig. 8a(with « > 1) exhibits 0.04r
[—In (v/vo)]?/3-creep motion (se&q. (10).

Fig. 8billustrates a case of a disordered atomic (or molec-
ular) lubrication film between two incommensurate rigid % 20 a0 s 80
solid walls. We assume a low concentration of lubricant
molecules so that we can neglect the interaction between
them. Here again two types of motion are possible: either Fig. 9. Results of MD computer simulations, where a block is pulled on a
the velocities of the lubrication molecules are of order the substrate with a spring. The motion starts at 0 at which point the spring
drive velocityv for all times, in which case the static friction has its natural length. The interfacial shear stress (divided by the nominal

- . . . contact pressure) is shown as a function of the distance (in A) the spring
coefficient vanish, or else rapid events occur at the mterface,has been pulled. In the calculations we have used: temperBtsra0 K,

shear stress / Py

o
distance (A)

characterized by slip velocities much higher thagand in- pull velocity of springus = 10 m/s, spring constartt = 30 N/m, nominal
dependent ob), which result in a non-zero static friction contact pressur@ = 108 Pa, block mass¥ = 10°a.u., and the elastic
coefficient. In the latter case one finds again thdt at 0 K modulus of the solid walls = 7.7 x 10° Pa.
the static friction coefficient equals the low-velocity kinetic
friction coefficient. lands between the solid walls, seig. 10(note that the Chi

The model inFig. 8bis more general than that Fig. 83 molecules form a hexagonal structure). The motion starts at

and, in fact, the latter model can be considered as a limiting ; = 0 at which point the driving spring has its natural length.
case of model (b). This is easy to show if we assume that The interfacial shear stress (divided by the nominal con-
the barrier for lateral displacement of the lubrication atoms tact pressure)’ averaged over the contact area, is shown as a
is much larger on the surface of the block than on the sub- fynction of the distance (in A) the spring has been pulled.
strate. In this case the lubricant atoms will be pinned in the In the calculations the temperatufe: 10K and the Spring
atomic potential wells at the bottom surface of the block, velocity vs = 10 m/s. Note that steady sliding is observed
and only perform displacements within these wells. If we and that the kinetic friction is (nearly) the same as the static
assume that these wells are harmonic, the restoring forcegriction. In the present case the solid walls are elastically
can be represented by bending springs akig 8a De- relatively soft and deform (in part, because of the applied
pending on the magnitude of the curvature of the potential pressure and in part because of the adhesional interaction
We”S, k>lor< 1. Ifk> 1, elastic instabilities will occur between the solid Wa”s) in such a way as to make wall-wall
during sliding, where the atoms slip rapidly from one sub- contact between the GHslands (seeppendix B); this is
strate potential well to another. That is, the lubricant layer the reason why the friction coefficient is rather high in spite
forms asoft compliant layemt the interface, making elas-  of the incommensurate nature of the £idlands.

tic instabilities possible. This will (af" = 0K) result in We note that the near equality of the static and kinetic fric-

a non-zero static friction force, and a kinetic friction force tjon force, Fs ~ Fi, which seems to hold (approximately)
which equals the static friction force. On the other hand, if

x < 1, no elastic instability will occur, and the static fric-

. . . . . . . - Og,:,‘ 000 o000
tion force will vanish, while the kinetic friction coefficient “.gﬁ'..',} ;
increases linearly with increasing drive velocityWe point ":f%f" g i-.'::-:}
out that the pinning of the monolayer lubricant film to one of s} o
the solid walls during sliding at low velocity is observed in 5% a0
most computer simulations we have performed, and should '5:’...:,3.:., ,?;ﬁ
therefore be very general. .-Z-‘m.::&};::‘:g{.-:-}‘.
SOSEEES 000’ °

. Fig. 10. Snapshot picture of a part of the contact area showing the
3. The molecular level: numerical results lubrication film consisting of Cll molecules confined between two flat
solid walls, with the block and substrate atoms removed. Note that the
Fig. 9 shows the result of a Molecular Dynamics (MD) C_I-L_; molecules (locally) fc_)rm a hexagonal structure wh|ch remains dur_mg
computer simulation. where a block is pulled on a sub- sliding. However, the CHlislands deform and change their shapes during
p . i ! X X p X sliding, and different islands move with different velocities which change
strate with a spring. The interface is lubricated with about i, 5 stochastic manner in time. With = 7.7 x 10°Pa, T = 10K,

1/3-monolayer of Ch, which forms incommensurate is- ks = 30N/m, vs = 10 m/s andP = 10 Pa.
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Fig. 11. Snapshot picture of the central region of the monolayer lubrication
film. (Top) Top view without the block and substrate atoms; (bottom)

side view of a wider region of the contact area and with the interfacial

substrate and block atoms included. During slip the molecular chains
Ci6H34 exhibit small displacements, but no net slip relative to the block,

and after slip the system remains in a virtually identical state as before
slip [5].

841

0.021

0.01f

100 200
time (natural units)

300

Fig. 12. The friction coefficienit = F/Fy when a block is pulled on a
substrate lubricated with a monolayer of molecular chaingHg, (see
Fig. 11). Results are shown for two different spring velocities. Note that
the kinetic friction coefficient (nearly) equals the static friction coefficient.

from a solid-like state to a liquid-like sta{@4—16] Here
again it is observed that the static friction is much larger than
the kinetic friction. At this point we note that Popfi7] has
presented a simple analytical model to describe this case.
The model predicts that if no phase transformation occurs

for incommensurate systems at low temperature, has been

observed several times earlier, e.g. in the MD calculations
of Matsukawa and Fukuyama, who studied a generalized
Frenkel-Kontorova moddl3]. As another illustration of
the same effect, we show IFig. 11a case where a mono-
layer of GgHz4 is trapped at the interface between two iron
surfaceg[5]. In this case the monolayer film is pinned to
the block and during slip the chain molecules only perform
small local displacements relative to the block. That is, dur-
ing elastic loading (at low driving speed) the molecules first
perform small slow displacements in their local binding po-
tential wells, followed by rapid displacements (with veloc-
ities independent of the drive velocity) during slip. We do
not observe any qualitative change in the structure of the lu-
brication film between the stick-state and the slip-state, and
the computer simulations (s&&y. 12 show that the kinetic
friction (nearly) equals the static friction.

We have found (at low temperature) that for (nearly) in-
commensurate systemsinly when the lubrication film un-
dergoes a phase transformation at the onset of slip do we
observe a static friction coefficient which is appreciately
larger than the kinetic friction coefficienOne such exam-
ple is illustrated inFig. 13where a monolayer of Xe atoms
is confined at the interface between two curved elastic solids
[4]. In this case the monolayer goes from a domain wall su-
per structure at stick to an incommensurate solid structure
during slip, and the static friction coefficient was found to
be approximately five times higher than the low-velocity ki-
netic friction coefficient.

t=1620 (stick)

.0.0 o:.‘o 09:2,200
2% ..:g%izsig?{
&

U )

Fig. 13. Snapshot pictures of the central region of the lubrication film (a)

Another dynamical phase transition, which sometimes is gt stick and (b) during slip. The Xe-lubricant film undergoes a dynamical
observed at the transition from stick to slip, is a transition phase transition at the onset of s[4.
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at the onset of slip (i.e. the sliding state is also solid-like), @) v
then us is typically very close tquk, while a large change ’ ’
occur when the lubricant film shear melts at the onset of
slip. However, the model assumes that the melting transfor-
mation is continuous, and it is not clear that this is the case
in practice. The theory developed[itv7] introduces an order
parametet which is related to the shear modul@s, of the
lubricant, viaG = ¢?. In the solid pinned stat6é > 0 while

in the fluid stateG = 0. Thus,¢ vanishes in the fluid state.
Assuming a continuous transition one gets, in the absence of
an applied shear stress, the free energy to fourth-ordgr in

F = A¢? + Bp*,
(b)

whereA and B are two constants. For temperatures close to
the melting transitiom = o(T—T¢), whereT. is the melting
temperature. In the crystalline pinned state the lubricant film
experiences a periodic potential

U = Ugcoskou, Fig. 14. (a) During sliding at very low velocity the adsorbate layer forms

solid pinned domains. Associated with each domain is a stress field in
the substrate and block; (b) a mechanical model used to describe the
sliding properties of the interface in (a). The straight lines between the
blocks, and between the blocks and the drive, denote springs with elastic

properties depending on the elastic modulus of the solids.

wherekg = 27/a (Whereaq is the lattice constant) and where
u is the displacement of the lubricant film from the equi-
librium position. Note that the shear modulds= Uokgd,
whered is the film thickness, so thdfy = ¢2/k(2,d. When
a shear stress is applied we have the total free energy

) 4 $? The lateral sizeR of a stress block can be estimated as
F = A¢“ + Bo™ + kz_dzCOSkOM‘ follows. If a shear forceF = usPoR? (Where Pq is the
0 contact pressure) act within the areak? on the surface

This free energy can be considered as an effective potentialof a semi-infinite solid, it will give rise to a displacement
from which, using standard methods, one can derive equa-of the stressed area hy~ F/RE, whereE is the elastic
tions of motion for the variableg andu. From these equa- modulus of the solid. We get the size of a stress domain by
tions it can be shown that, if no shear melting occur at the puttingu ~ a, wherea is a lattice constant. Thus, we get
onset of slip, in most cases the kinetic frictional shear stressR ~ (E/usPo)a. Since typicallyE/ Po ~ 100 andus = 0.1

is nearly equal to the static frictional shear stress. On the this givesR =~ 100Q:. Since the diameter of a macrocontact

other hand, if shear melting occurs, than~ 0 at low slid-

ing velocity. This discussion focuses only on the lubrica-
tion film and does not take into account the elasticity of the
solid walls. Including the elasticity will modify the picture
as outlined inSection 4

area may be a few micrometer, it is clear that it may consist
of ~1000 stress domains.

During sliding at very low velocity the lubricant layer
forms solid pinned domains, sé&g. 14a Associated with
each domain is a stress field in the substrate and block.

Calculations have shown that, roughly speaking, if the Fig. 14b shows a mechanical model used to describe the
strength of the interatomic interaction within the lubricant sliding properties of the interface in (a). The straight lines
layer is larger than the strength of the interaction potential between the stress blocks, and between the stress blocks
with the solid walls, the solid-sliding regime is observed; and the drive, denote springs with elastic properties depend-
otherwise the lubricant melts at the onset of slidjhg]. ing on the elastic modulus of the solids. We note, how-
ever, that most solids in the macrocontact areas may be
elastically softer than in the bulk, and the springs in the
figure should take this effect into account. Otherwise, one
may suspect that sliding on a micron scale might occur

During sliding a low speed, a very wide distribution of in a coherent way, e.g. through depinning waves involv-
shear stresses is likely to occur in the macrocontact areasing several blocks which would sweep across the junction
The shear stress will be approximately constants over units[8,6].
which we denote astress domain®r stress blockgsee Assume that at time = 0 the blocks inFig. 14 are dis-

Fig. 14 [8]. The stress blocks in the contact area move tributed regularly (equally spaced) on the surface in such a
forwards as coherent units, but (in most cases) the differentway that the forces in the springs connected to the drive are
blocks move in a stochastic (in time) and random (in space) all the same, so that the shear stress is constant at the in-
manner. terface. Calculations show that after a short sliding distance

4. The stress-block level: zero temperature
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the block positions becomes nearly random giving rise to a studies of stress block dynamics at finite temperatures. Here

wide distributionP(o) of stresses at the interfaf®]. Thus,

we may say that the uniform stress stateuistable and
after a short sliding distance it converge towards a func-
tion P*(o) which is independent of the sliding velocity for
small sliding velocities. The kinetic frictional stress is given
by [8]

Oa
o = /
—0a

do o P*(0)

we would like to make some comments related to creep.

In Section 2 we briefly discussed thermally acti-
vated creep and showed that a simple model predicted a
[—In (v/vo)]?2 velocity dependence of the kinetic fric-
tion coefficient at low velocities. However, most studies of
practical sliding systems find instead a linear dependence
on In(v/vp) (see, e.g[6]). In this section, we will discuss
possible origins of this discrepancy.

The discussion of creep iSection 2was based on the

and at zero temperature the static frictional shear stress willassumption that there exist a poirt, gc) where the barrier
be equal (or near equal) to the kinetic frictional shear stress; vanishes and where the equation
in a simple mean field treatmef8] they are both (at zero
temperature) equal te,/2. Thus, within this modethe
static friction will differ from the kinetic friction only at
nonzero temperaturesn the latter case thermal excitation
over the pinning barrier becomes important which result in
creep motion, relaxation and memory effects in the friction
dynamics (the friction at time depend on the sliding ve-
locity x(¢) for all earlier times’ < r). In particular, at infi-
nite long time of stationary contact (at zero applied pulling
force) the stress at the interface will vanish everywhere (i.e.
the stress distributio®®(o) = §(0)), so that the static fric-
tional shear stress is equaldg, i.e. about twice the kinetic
friction.

We note that computer simulations of sliding friction,
such as those presentedSection 3 are usually limited to ~ more complex.
systems which are smaller than, or of order of, the stress Let us first note again that for boundary lubricated sur-
blocks. Thus, they cannot directly be used to interpret exper-faces, creep is likely to involve small areas or domains in
imental data for macroscopic systems. However, they may the contact area which move forwards as coherent units, but
(in simple cases) be used to construct friction laws for the in a stochastic (in time) and random (in space) manner. In
motion of the individual stress blocks, which enter as an in- Sections 1 and,Ave denoted these units agess domains
put in computer simulations of the dynamics of the stress or stress blockgseeFig. 14). In [8] (see alsd19]), one of
blocks, such as the calculations presented8i (which us has studied creep motion under the assumption that the
where based on the 1D model shownFig. 14), or more stress blocks remain pinned until the local stress reaches a
realistic 2D or 3D model§19]. For example, if it is found  critical valueo, at which point local slip start and the stress
that the lubrication film fluidizes at the onset of slip, then blocks moves forwards by a small amount, e.g. until the lo-
it may be reasonable to assume that a stress block returrcal shear stress vanishes. This picture results in a linear de-
to the pinned state first when the local stress reaches zeropendence of the kinetic friction force on (n/vg), and can
However, in most casedow interfacial processes (such as also describe other creep and relaxation processes observed
interdiffusion, seeSection J occur, and these cannot be in experiments. The origin of the lw/vp)-creep law is that
obtained from MD computer simulations, but may be cru- the barrier height depends linearly or; — x) for x close to
cial for friction dynamics at macroscopic length and time xc, rather than~(x. — x)¥? as found for the model studied
scales. in Section 2However, the assumption that no lateral motion
occurs when the local stress< o, cannot be strictly true
since some displacement of the lubricant film in its pinning
potential well must occur for any finite shear stress. Let us
discuss this problem more in detail.

Assume first that the transition from stick to slip of the

We have shown in the last section that without thermally lubrication film in a stress domain is first-order as for the
activated processes, the static friction equals the kinetic fric- system considered ifig. 13 Here the pinned state A is
tion, and no memory effects occur in the sliding dynamics. a domain wall superstructure while the sliding state B is
Thus, understanding the influence of temperature on mo-an incommensurate solid structure. During sliding at low
tion of the the stress blocks is crucial for an understanding drive velocity, the system moves on an effective potential
of friction dynamics. We have shown [8] that many ex- energy surface of the form shown Iig. 15h Fig. 15a
perimental observations can be very simply explained from shows (schematically) the potential energy surfaces when the

PV

g2

is satisfied. Using2) this implies that
PU

2

(11)

Since the spring constait must be positive, a necessary
condition for a solution to this equation is thaft//3¢> <

0 for some region of, i.e. the curvelU = U(g) must be
concave for at least somg This is certainly the case for
the cosine potential used Bection 2 However, as we will
now discuss, the situation in many real applications may be

5. The stress-block level: thermally activated creep and
relaxation
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(a) 6. Macroscopic block motion: role of elasticity at stop
) ( ‘: fB i > ( > and start
A One of the most important problems in boundary lubrica-
q tion is to understand the nature and origin of the transition
Uet (b) from slip to stick and from stick to slip. We have discussed
this problem in several earlier publicatiof], and here

/\/v\/\—/\/v\ we only give a few comments.

First we note that if the sliding block and the substrate are

q rigid then the kinetic energy of the blockjv?/2, must at
Fi‘g. 15. (a) The pot‘ential_ energy surface_of the stick-state (A) and the [Sztg? gﬁ dcglr;]\lceeftt?}de Ilr;tt?efl(?;grcloetr:)ir?grél:r’:;@!;/b;Cva\::’:g?emm
slip-state (B); (b) during sliding at low velocity the adsorbate layer flucture o - e ) ! .
between states A and B. The system experiences the effective potentialF's iS the static friction force and the distance the lubricant
Uett, where the periodicity of the potential is determined by the substrate film can be sheared before going into the sliding statis (
lattice constant along the sliding direction. typically of order~1A), we get the critical velocity, ~
(Fsa/M)Y2. In particular, if only the gravitational force acts

_ ~ 172 A
system does not change its structure: note that the potentiaP" the block so thafs = Mgus we getve ~ (gaus)'/? ~

energy surface for the incommensurate state B is very flat aslOwm/s. This explanation for the transition from slip to stick
a result of the small change in the energy as the incommen-¢a" alternatively be considered as a block-inertia effect: to
surate system is displaced along the surface. It is clear thatStoP the motion of the block over a time per|(2)d of order
the effective potential/esr, which is obtained by assuming 1 = @/v requires a force of ordevlv/(a/v) = Mv®/a. But
that the system follows the lowest potential energy surface thiS force must be less thaFi in order for the stick-state

(and hence switch periodically between the states A and B f0 survive. This gives the same critical velocity as derived

as indeed observed in the computer simulations), may haveP0ve: _ » o -
However, all solids have a finite elasticity, and it is there-

no point whered’U/dq? < 0. The same argument as above §
may apply if the system instead fluctuates between a pinned©€ NOt necessary to stop the motion of the whole block
solid-like state at stick and a fluid-like state at slip. abruptly when going from slip to stick but instead it is
At this point it is interesting to note that creep has been €nough to initially just stop the motion of the bottom surface
observed and studied for a long time in the context of flux Of the block. This will result in a stopping wave propagating
line lattices and charge density wavj@o]. These systems from the pottom surface gf_the blogk to the top surf_ace of the
are usually treated as effective elastic bodies pinned by ran-PI0Ck. This effect of elasticity can, in fact, be seen in the MD
domly distributed defects. Above a critical applied force (the Calculations presented fig. 17. After stop the shear stress
depinning force)F, the system slides. At finite temperature &t the interface oscillates in a damped manner with increas-
ing time. This is a result of the abrupt pinning of the bottom

slow creep motion is observed f@t < F;. However, the ; ! ) .
lattice does not move as a whole but small volume elementsStrface of the block at the point of stick, which results in

(analogous to the stress blocks introduced above) of the sys-el‘leStiC def_ormation_ vibrations of the bIOCk, (the frequency
tem move forwards in a random and incoherent manner. In ©f the oscillations is of order/L, whereL is the height

this case it has been shown that even if the interaction with a©f the block and: the transverse sound velocity). Note also
pinning center (crystal defect) is assumed to be of the cosinethat immediately before “stop”, the center of mass velocity

form as inSection 2 the effective potential experienced by ©f the block isv ~ 2m/s. At “stop” the corresponding ki-
the moving volume elements (which contains many pinning netic energy must be converted into deformation energy in

centers) is of the “singular” form shown fig. 16 Thus, the block (the elastic stopping wave). This “spreading out”

again, the theory described Bection 2cannot be applied ~ ©f the stopping event in time will reduce the importance of
to study the creep motion of flux-line lattices or charge den- Inertia. In fact, in24] we have studied this problem in great

sity wave systems but, in fact, the problem is much more detail _and shown that, when the e_Iasticity of the bloclf _is
complex and is not yet fully understog@1—23] taken into account, for macroscopic systems the transition

from slip to stick is in most cases not determined by the

inertia effect described above.
Uet (9)

7. Macroscopic block motion: stick—slip and steady

/\/\/\/\ motion

q

We now finally arrive to the macroscopic block-level. The
Fig. 16. The “critical” potential resulting from eliminating or “integrating ~ fundamental problem here is to understand not only the mag-
out” many (short distance) degrees of freedom. nitude of the friction, but also how it depends on the sliding
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Fig. 17. Results of MD computer simulations, where a block is pulled on
a substrate (lubricated by1/3 monolayer of Ch) with a weak spring.
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position of the boundary line depends in general on whether
it is approached from the steady sliding region or from the
stick—slip region (hysteresis effects). We now show that all
friction laws which neglect memory effects fail in describ-
ing the phase boundary iRig. 18 To show this, assume
that the kinetic friction coefficienty = w(v), only depend

on the instantaneous sliding velocity= x of the block.

Let us consider the equation of motion for the block

Mx = ks[vst — x(1)] — Fo(x), (12)

whereFp(v) = u(v) Fn. Letus study when the steady sliding
becomes unstable with respect to infinitesimal perturbations.
We write

X = x0 + vst + &,
so that to first-order if§:
ME = —kst — Fy(vs)E.

Assumingé ~ exp(kt) gives

2 [Flos) kY
‘ +[—M }H(M)_o.

This equation has two zeros. If the real part of the zeros
are negative then the perturbatignof the steady motion

Stick—slip motion is observed and the figure shows the results of one slip Will decay with increasing time, i.e. the steady sliding state
event. (a) The interfacial shear stress (divided by the nominal contact js stable with respect temall perturbations. On the other
pressure), and (b) the block center of mass velocity, as a function of the hand. if a zero has a positive real part the steady motion

distance (in A) the spring has been pulled. In the calculations we have

used: temperaturd = 10K, pull-velocity of springvs = 1 m/s, spring
constantks = 3N/m, nominal contact pressum@) = 10° Pa, block mass
M = 10° a.u., and the elastic modulus of the solid walls= 7.7x 100 Pa.

history (memory effects) and sliding velocity. In particular,

one is interested in determining the phase boundaries in th

(ks, vs)-plane separating stick—slip motion from steady slid-

ing. This phase boundary, it turns out, depends sensitively

on the nature of the memory effects of the friction force.
The boundary line separating steady sliding from
stick—slip sliding has usually the qualitative form shown
in Fig. 18 In particular, steady sliding always occur if the
springks is stiff enough or the velocitys high enough. The

Fig. 18. Qualitative form of a typical kinetic phase diagram. In the dotted

e

is unstable. Thus, the lings = vs(ks) in the (ks, vs)-plane,
separating steady sliding from stick—slip motion, is deter-
mined by Rec = 0, i.e. by F(vs) = 0. Note that this con-
dition is independenbf ks. Thus, for all models where the
friction force only depends on the instantaneous velocity of
the block thevs = vs(ks) curve will be avertical linein the

(ks, vs)-plane. This is contrary to experimental observations,
where it is found that stick—slip always can be eliminated
by using a stiff enough sprinks. However, as we will now
show, it follows naturally in models where the static friction
force increases monotonically with the time of stationary
contact.

Let us demonstrate that if the static friction force increases
with the time of stationary contact, steady sliding will occur
if ks is large enough. Assume that after the return to the
pinned state the static friction force depends only on the time
¢t of stationary contactFs = Fs(r). We assume thaks(0)
equals to the kinetic friction force at low sliding velocity
just before stick (we assume overdamped motion), and that
Fs(7) increases monotonically with the timeof stationary
contact, as shown by the solid line ifig. 19 The dashed
lines in Fig. 19 show thespring force ksvst, as a function
of the time of stationary contact, for three different cases
1-3. In case 1, the spring force increases faster with time
than the initial linear increase of the static friction force;
hence, the motion of the block will not stop and no stick—slip

area stick—slip motion occur, while steady sliding occur in the rest of the Motion will occur. If the spring velocitys is lower than

(ks, vs)-plane.

the critical velocityve (cases 2 and 3) determined by the
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Fig. 21. Two solid surfaces with grafted monolayer films. (a) After “short”

Fig. 19. (Solid line) The variation of the static friction force with the time
of stationary contact; (dashed lines) the spring force for three different contact time; (b) after “long” contact time. Large interdiffusion is only
possible if the separation between the chains is large enough and the

cases 1, 2 and 3, corresponding to the spring velocities, and vz,
temperature high enough.

wherevy > vy > vs.
diffusion is only possible if the separation between the

initial slope of theFs(r) curve fksvc = dFs/di(r = 0)], the 1SID i

spring force will be smaller than the static friction force chains is large enough and the temperature high enough.

Fs(r) until 7 reaches the valug (case 2) ors (case 3), at (d) Shear stress relaxation at the interface. As discussed in

which point slip starts. In these cases stick—slip motion will ~ S€ctions 4 and ,5at “stop” immediately after sliding

oceur. there will be a wide distribution of local stresses at the
There are several different mechanisms by which the static ~ Sliding interface. With increasing time this distribution

friction force may increase with the time of stationary con- relaxes towards &(o)-distribution for which the static

friction is maximal[8].

tact:
The last process (d) operates for all sliding interfaces,

(a) Formation of capillary bridges in a humid atmosphere, _ !
seeFig. 20a The formation of capillary bridges between while thfe other processes (a)—(c) may, or may not, contribute
non-contact regions between the block and the substratedepending on the nature of contacting surfaces. Thus, for
is a thermally activated procef2s,27] example, time dependent plastic flow occurs in most contact

(b) Increase in the contact area due to time dependent (ther2réas between “natural” surfaces, but for extremely smooth

mally activated) plastic flow (perpendicular creep), see surfaces no plastic deformation occur and the contact is

Fig. 20h The contact area increases by the growth of purely elastic. This is the case, e.g. in Surface Force Appa-
existing contact areas and the formation of new contact ratus measurements using smooth mica surfaces. In a recent

areag28]. Experimental datf28] and theoryj29] shows ~ Work Bureau et al[6] have been able to study process (d)

that the contact area increases logarithmically with the in detail by performing experiments on a rough poly(methyl
time of stationary contact4 (1) = A(0)+aln (1+1/7). methacrylate) surface in contact with a very smooth glass
(c) Chain interdiffusion for polymers, or for solids covered Plate. The use of a rough/flat system enables them to take
advantage of quasi-saturation associated with logarithmic

by grafted monolayer films, sefeig. 21 Large inter- ! !
growth of the contact area, by performing experimental runs
of limited durationAr on an interface of “ageT > At.

@) (®) Thus, during the time periods of the measurements, the
contact area stays nearly constant. These important experi-

/. / AL LS LS L L L LS
/ 7'%7 W ments have proved the importance of the relaxation mecha-

nism (d).
l Memory effects can be described by replacifg ()]

l increasing time
in (12) by a friction force Fo[x(¢'), ' < t] which depends

(L) I UL LA JLLLLLL S S
W -7 Vvl on the velocity of the block(7') at all earlier times’ <
t. However, in practical applications it has turned out to
Fig. 20. Mechanisms which give rise to a strengthening of the static be much more convenient (but mathematical equivalent) to
introduce one or morstate variablesd (), 62(1), . . ., which

friction with the time of stationary contact. (a) Formation of capillary
bridges. The formation of capillary bridges between non-contact regions obey equations of motion. and to consider the friction force

is a thermally activated process; (b) increase in the contact area due to . . .

time dependent (thermally activated) plastic flow (perpendicular creep). &5 & function ofi(z) an_d of 61(8), 62(1), . .. . By suitable

The contact area increases by the growth of existing contact areas andchoice of the state variables and of the friction &y =
Fo[x(2), 61(1), 62(1), .. .], it is possible to take into account

the formation of new contact areas.
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the processes (a)—(d) above. As an illustration, we considerdissipation in the block which gives the major contribution
a particular useful state variable, namely the “contact age” to the friction force. The contribution to the friction coeffi-
variabled(r). This variable is assumed to satisfy the equation cient u from surface roughness on the length scalevill

of motion[30] be maximal wheny/A ~ 1/z, where Yt is the frequency
0 where ImE(w) /| E(w)| is maximal, which is located in the
h=1— %, transition region between the rubbery region (low frequen-

cies) and the glassy region (high frequencies). We can inter-
Here D is the average displacement of the center of mass pret 1/t as a characteristic rate of (thermally activated) flips
of the block (treated as a rigid object) necessary in order of molecular segments (configurational changes), which are
to break a macrocontact area, i.is typically of order a responsible for the visco-elastic properties of the rubber.

few micrometers. Note that for stationary contact= O, Since the flipping is a thermally activated process it follows
we getd = ¢, i.e. 0 equals the time of stationary contact. thatt depends exponentially (or faster) on the temperature
On the other hand, for uniform sliding = vt we getd = T ~ eXx)(AE/kgT), whereAE is the barrier involved in the

D/v, which is the average time a macrocontact area survivestransition. In reality, there is a wide distribution of barrier
before being broken by the sliding motion. For many natural heightsAE and hence of relaxation times and the tran-
systems and for low sliding velocities, the friction force sition from the rubbery region to the glassy region is very
in (12) is accurately given byFp[x(?), 6(f)] = constant+ wide, typically extending over three orders of magnitude in
Aln6+ Blnx. This type of phenomenological approach to frequency. As a result of the wide distribution of substrate
macroscopic friction dynamics has been very successful bothroughness wavelength and the large width of the loss func-

for “dry” friction [30] and boundary lubricatiof81,32] tion IME(w)/| E(w)|, the kinetic friction coefficient will vary
A Couloumbs friction law state that the friction force is very slowly with the sliding velocity, and is very large even
proportional to the normal load. He et B3] have sug- at extremely low sliding velocities, e.g. ¥ m/s. This is

gested that the explanation for this fact is the (approxima- illustrated inFig. 22 which shows, for a typical casg,(v)
tive) independence of the friction coefficient on the normal over a very large velocity range. The solid line is the result
pressure, which often is observed at large enough pressurefor a “simple” rubber with a single peak in(v), while the
However, we do not believe that this is the correct expla- dashed curve is for a case whereHtw)/|E(w)|, and hence
nation in most practical applications, but rather it follows w(v), has two peaks as would be the case, e.g. in a mixture
from the fact that for rough surfaces the area of real contact of two different rubbers with very different glass transition
is proportional to the load, and the pressure distribution is temperatures.
independent of the loaig4,35] Let us now discuss the concept of static friction force for
rubber. If there would be no interfacial pinning processes of
the type described iBections 2 and,2hen, strictly speaking,
8. Rubber friction the static friction force would vanish. However, because of
the wide u(v) curve, even very small pull-velocities will
Rubber friction differs in many ways from the frictional result in a large (apparent) static friction coefficient.
properties of most other solids. The reason for this is the very  Assume now that the kinetic friction coefficieng (v) has
low elastic modulus of rubber and the high internal friction the form shown inFig. 223 solid line, and that we start to
exhibited by rubber over a wide frequency reg[86,37] pull the top surface of the rubber block with the spegd
The pioneering studies of Gros¢B8] have shown that indicated inFig. 22a In this case we would observe a static
rubber friction in many cases is directly related to the in- friction coefficient equal to the kinetic frictionk (vg), see
ternal friction of the rubber. Thus, experiments with rubber solid line inFig. 22h If there are very low-frequency (long
surfaces sliding on silicon carbide paper and glass surfacedime) relaxation processes in the rubber (corresponding to
give friction coefficients with the same temperature depen- the low-velocity peak inFig. 223 dashed line), they may
dence as that of the complex elastic moduli(®) of the result in a static friction force larger than the kinetic fric-
rubber. This proves that the friction force under most nor- tion force under most normal sliding friction experiments
mal circumstances is directly related to the internal friction [dashed line inFig. 228. However, if the sliding velocity
of the rubber, i.e. it is mainly aulk propertyof the rubber is extremely small [to the left of the low-velocity peak of
[38]. u(v)] the static friction coefficient would again be equal to
When rubber slides on a hard rough surface with rough- the kinetic friction coefficient. Thus, theren® single value
ness on the length scales it will be exposed to fluctu-  of the static friction coefficient—it depends upon the initial
ating forces with frequencies ~ v/A. Since we have a  dwell time and rate of starting
wide distribution of length scales, we will have a corre- It has been observed experimentally that when there is no
sponding wide distribution of frequency components in the chain interdiffusion in the contact areas, the friction force
Fourier decomposition of the surface stresses acting on theat low sliding velocity (say below 1 mm/s), usually is of the
sliding rubber block. The time-dependent deformations of form shown by the solid line irfrig. 1b so that the static
the surface region of the rubber block will result in energy friction equals the kinetic friction. As an example we show
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Finally, we note that in addition to the contribution to rub-
ber friction from the internal friction of the rubber studied
above, there will in general be another contribution arising
from pinning effects at the interface. Thus, for a clean rub-
ber surface (if that ever exists) in contact with a hard sub-
strate, the rubber molecules at the interface will rearrange
themselves to bind as strongly as possible to the substrate
surface. Because of the lateral (atomistic) corrugation of the
substrate potential this will in general give rise to an energy
barrier towards sliding. However, in many practical situa-
tions this effect seems negligible, or the barriers involved
are so small that they can be rapidly overcome by thermal
fluctuations. If the rubber is in contact with another polymer
log[v/(1m/s)] surface, e.g. rubber in contact with rubber, chain interdiffu-
sion may also occur at the interface which will give a con-
F/Fy| (b) tribution to the friction force (withus > uk) [39]. Finally,
since most real surfaces are contaminated with a few mono-
A layers of physisorbed organic molecules, the contamination
layer will also contribute to the friction force as discussed
above. However, compared to the large contribution from
the internal friction of the rubber, the latter contribution is
usually negligible.

n(vo)

0

0 time 9. Summary and conclusion

Fig. 22. (a) The steady state kinetic friction coefficient (neglecting temper-

ature effects, e.g. by using temperature-frequency shifting in constructing  In this paper, we have discussed under which conditions

the curve) for a rubber block sliding on a rough substrate. The dashed the static friction is Iarger than the kinetic friction, and re-

curve indicate a case where there are two maxima( corresponding 4104t to the nature of thermally activated creep motion.

to two maxima in the mechanical loss function Attw)/|E(w)|; (b) the .

time dependent friction when the upper surface of the rubber block starts We have attempted to extract a general picture based on ac-

to move at timer = 0 with the speedy indicated in (a). curate computer simulations, and analytic studies of simple

model systems. We have focused on boundary lubrication

in Fig. 23the friction force for a rubber compounds used for at h'gh cor_n‘l_mng pressur_e(lG_Pa) as I typlt_:al for most
practical sliding systems involving hard materials, e.g. steel.

tires. Atr = O the upper surface of the rubber block start to : L L :
move with the velocity 3 x 10-4 m/s, and the figure shows We also discussed the peculiarities of rubber friction, which
’ 1[5 mainly a bulk property of the rubber.

the force necessary to keep this constant speed. Note tha . .
y P P The main results can be summarized as follows. We have

Hs ™ M- found that in most of our MD computer simulations (at
low sliding velocity), the lubricant molecules tend to be
permanently attached or pinned to one of the solids, e.g.
to the top solid (the “block”). If we describe the (flexi-
ble) lubricant-wall bonds as springs with bending elasticity,
then if the springs are elastically stiff, the system exhibits a
very small static friction, and a (low velocity) kinetic fric-
tion which increases with increasing sliding velocity. On the
other hand, if the springs are soft enough, strong elastic in-
stabilities will occur during sliding resulting in a large static
friction force Fs, and a kinetic friction forceFx equal to
the static friction force at low sliding velocities. In this case
very rapid slip events will occur at the interface, character-
. . R . . . . . ized by velocities much higher and independent of the drive
0 0.05 0.1 velocity v. In computer simulations we have found that (at
sliding distance (m) low temperature) for (nearly) incommensurate systemi;
Fig. 23. Friction coefficient observed during sliding of a rubber block on when the lubrication film undergoes a phase transformation

a hard rough substrate at the nominal contact pressure 0.2MPa and thédt the onset of slip do we observe a static friction coeffi-
sliding speedv = 3.3 x 1074 m/s. cient which is appreciately larger than the kinetic friction
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coefficient We have given arguments for why, at very low determined below) will contribute to the integral ovein
sliding velocity (for which thermally activated creep occurs), (A.1). Writing x = y(1 + &) we get for largey:

the kinetic friction force may depend linearly on (iyvo), o o

as usually observed experimentally, rather than non-linearly / dee"% = y / de e V2 (+e¥?

[— In (v/v9)]%/3, as predicted by a simple theory of activated /v 0

processes. We have also emphasized the important role of
elasticity at stop and start. We have shown that for “simple”
rubber one may expect (at low start velocity) that the static
friction coefficient would be equal to the kinetic friction co-

2
_y71/2 e7y3/2 .

© 32
~ dee” (1+3¢/2) _
y /O 3 3

Now, note that

efficient. 212 e,y3/2 -1
In general, at non-zero temperature, the static friction co- 3
efficient will be higher than the kinetic friction coefficient gives

because of various thermally activated relaxation processes, 32 )
e.g. chain interdiffusion or the (thermally activated) forma- Y~ = In (é“) +1Iny.
tion of capillary bridges. However, thereris single value of

the static friction coefficiensince it depends upon the initial For largea It is easy to solve this equation by iteration. To

dwell time and on the rate of startingVe have argued that

the correct basis for the Coulomb friction law, which states
that the friction force is proportional to the normal load,
is not the approximative independence of the friction coef-

lowest order we get

[ ()=

We can now approximate the integral (A1) with

y%

ficient on the normal pressure (which often does not hold
accurately anyhow), but rather it follows from the fact that o [ o3 2 \17%°
for rough surfaces the area of real contact is proportional to V7 ~ (BA) fo dy = (84) [In (go‘)}
the load, and the pressure distribution in the contact areas is

independent of the load. or

v \ 123
vr & (BA) 3 [— In <—)} , (A.3)
vo
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of flat surfaces separated byl/3 monolayer of CH. Let

us first briefly return to the system displayedHig. 10 We

Appendix A will address the following questions:

1. Why is the friction coefficient so highu(~ 0.1) when
the CH; molecules form islands which are (nearly) in-
commensurate with the block and the substrate?

2. During sliding we observe that the GHslands merge
into larger islands. Why?

In this appendix we will calculate the time Substituting
(6) in (8) gives

0 t
T = / dr [1 - exp(—v/ dt’eﬂA(Ut’)M)] )
—0o0 —0o0

Replacing(84)%/3(—ut) = y and (8A)%3(—ut') = x gives

VT = (ﬂA)_2/3/OO dy [1 - exp(—a/oo dx e—xm)} ,
0 y

The answer to both questions is related to the fact that be-
cause of the relatively low elastic modulus of the solids, the
external pressure and the wall-wall adhesion interaction will
deform the solids so that complete wall-wall contact occurs
between the CHlislands (sedig. 249. In the wall-wall

(A1) contact areas, the wall atoms form domain wall super struc-

where tures, where_the area between the domain _walls.consisjt of
N (1 x 1) domains (where the block atoms are in registry with

a= ;(ﬁA)*2/3. (A.2) the substrate atoms). During sliding rapid events occur at

the wall-wall interface, and this rather than the Jslands
is likely to be the reason for the relatively high friction co-
efficient.

Now, note thatx — oo asv — 0. As a result, for small a
very large range of-values (0< y < y*, wherey* will be
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Fig. 24. (a) Snapshot picture of the lubricant system showRign 1Q
(b) snapshot picture of the lubricant system showrFig. 26 Vertical
slices &zplane, —10A < y < 10A). Both calculations use the same
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Fig. 26. Snapshot picture of a part of the contact area showing the
lubrication film consisting of Cll molecules confined between two flat

model parameters, except that the elastic modulus is a factor 10 higherS0lid walls of gold, with the block and substrate atoms removed. Note

in case (b). In case (a) the combination of the external pressure an
the wall-wall adhesion interaction is able to deform the solids so that
complete wall-wall contact occurs between the,Qslands. In case (b)
the elastic modulus is so high that only a very small “buckling” of the
solid walls into the regions between the £Hlands occurs.

The elastic deformation of the solid walls around thesCH

gthat the CH molecules (locally) form a commensurate (with respect to

the block) square structure, which is pinned to the bottom surface of the
block. This square structure remains during sliding. The, @tands do

not change their shapes during sliding, and different islands move with
the same velocity. WithE = 7.7 x 101°Pa, T = 10K, ks = 30N/m,

vs = 10 m/s andP = 10° Pa.

between the systems iRigs. 10 and 2@s related to the

islands corresponds to a line energy. The system tries todifference in the elastic modulus of the solid walls which

minimize the (free energy) by reducing the line energy. This

occurs, e.g. when two islands merge into a single island.

implies a much smaller relaxation of the solid walls into
the regions between the Ghslands. This is illustrated in

In Fig. 25we show a sequence of such snapshots which Fig. 24h In Fig. 243 the strong bending of the solids into the

illustrates the merging of two CHslands.

regions between the CHslands will generate a strong line

Let us now contrast the results above with results obtained force which tends to squeeze together molecules in thge CH
for a system characterized by exactly the same parameters ailands as much as possible; this is the reason for the close
used above, except that the elastic modulus now is 10 timespacked hexagonal Gfstructure in this case. On the other

higher, similar to that of goldFig. 26 shows a snapshot
picture of the system which should be compareé&itp 10,

as obtained with a 10 times lower elastic modulus. In the
present case the GHnolecules form a square lattice (or,
equivalently, a(2 x 2) structure relative to the block surface
atoms) which is strongly pinned to the bottom surface of
the block. During sliding there is no change in the structure
of the CH, islands, and the islands follow the motion of
the block. Because of the relatively high elastic modulus
and strong pinning of the lubricant film to the block, there
is practically no elastic instability happening in the present
system and the sliding friction is extremely low, only ~
1.7x 1073 (at 10 m/s sliding velocity). The drastic difference

Fig. 25. A sequence of snapshot pictures during sliding=f 10 m/s),
illustrating the merging of two CHlislands. Each picture shows a vertical
slice kzplane,—10A < y < 10 A). The snapshots are separated by equal
time periods.

hand, the boundary line force is negligible in the case shown
in Fig. 24band the CH molecules take the square structure
shown inFig. 26 which maximizes the binding energy to
the solid walls.

The boundary line forces, which are the origin of the
merging of islands (sefeig. 25, and the compactification of
islands (comparé&ig. 10with Fig. 26), also have other im-
portant manifestations, recently observed in Surface Forces
Apparatus (SFA) measuremeri&0]. Thus, in one set of
experiments, 2D islands of trapped lubricant fluid were ob-
served after the squeeze-out of most of the lubricant. The
islands slowly drifted towards the periphery of the contact
area where they finally got squeezed out. The drift motion
of the islands results from the Hertzian-like pressure dis-
tribution in the contact area. The line force acting on the
island has a contribution (s¢41]) proportional to the per-
pendicular Hertzian pressuir), and sinceP(r) is higher
on the inner side (towards the center of the contact area) of
the island, there will be a net force acting on the island in
the direction towards the periphery of the contact area, re-
sulting in a slow drift of the island towards the periphery of
the contact area. SFA measurements have also shown that in
some cases the line tension is so high that it compresses the
monolayer islands into thicker islands, two or more mono-
layers thick (this process reduces the free energy of the sys-
tem). The magnitude of the line tension is also important for
the smoothness of the boundary line during squeeze-out.

Let us finally compare the results obtained above with
results obtained for a system characterized by exactly the
same parameters as used above (vith= 7.7 x 10° Pa,
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c(2 x 2) structure relative to the block surface atoms), whic

is strongly pinned to the bottom surface of the block, just

as for the system shown irig. 26 (which is based on the
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