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Physical analysis of the state- and rate-dependent friction law. II. Dynamic friction
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We report an extensive study of dynamic friction at nonlubricated multicontact interfaces between nominally
flat bodies, rough on the micrometer scale, made of identical polymer glasses. This work, which complements
a previous study of static friction on the same systems, has been performed at temperatures ranging from 20 °C
to close below the glass transitions. The data are analyzed within the framework of the Rice-Ruina state- and
rate-dependent friction model. We show that this phenomenology is equivalent to a generalized Tabor decom-
position of the friction force into the product of an age-dependent load-bearing area and of a velocity-
strengthening interfacial shear stress. Quantitative analysis of this latter term leads to associate velocity
strengthening with thermal activation of basic dynamical units of nanometer dimensions. We interpret our
results with the help of a model due to Persson, in which shear is localized in a nanometer-thick interfacial
adhesive layer, pinned elastically at a low shear level. Sliding proceeds via uncorrelated depinning of ‘‘nano-
blocks’’ which constitute the layer. It is the competition between the drive-induced loading of these blocks up
to their depinning stress and the thermally activated premature depinning events which leads to the velocity-
strengthening contribution to the interfacial strength. In our interpretation, friction therefore appears as the
localized elastoplastic response of a confined amorphous interfacial layer.@S0163-1829~99!13129-1#
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I. INTRODUCTION

The physics of solid friction has benefited from rece
progress along two different, though complementary, lines
research.

The first one is concerned with the~quasi!statics and low
velocity dynamics of multicontact interfaces~MCI’s! be-
tween macroscopic solids with rough surfaces. Within t
framework, one usually expresses the friction force, follo
ing Bowden and Tabor,1 as

F5ssS r , ~1!

whereS r is the real area of contact~consisting, for a MCI, of
a large numberN of microcontacts of average radius^a&
typically on the order of micrometers!, and the stressss
defines an interfacial shear strength.

For a MCI, the Amontons-Coulomb proportionality b
tweenF and the normal loadW then results, as shown b
Greenwood and Williamson,2 from that betweenSs andW,
which holds whatever the~elastic or plastic! regime of de-
formation of the load-bearing asperities.

The fine variations of the friction coefficientm5F/W re-
sponsible for the complexities of stick-slip dynamics app
to be very successfully described by the phenomenolog
state- and rate-dependent friction~SRF! model3–5 formulated
by Rice and Ruina on the basis of Dieterich’s experiments
rocks. The SRF model has been, since, extensively valid
on very different materials, namely, paper and polym
glasses.6–8

The model states that the dynamic friction coefficient d
pends both on the instantaneous sliding velocityẋ and on a
time-dependent state variablef:
PRB 600163-1829/99/60~6!/3928~12!/$15.00
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m[m~ ẋ,f!5m01B lnS f

f0
D1A lnS ẋ

V0
D . ~2!

A andB are always measured to be positive and, typically,
order 1022. It has been suggested thatf can be interpreted
as the age of the MCI, i.e., as the average time elapsed s
the contacts existing at a given instant were first formed.
example, in stationary motion at velocityV, contacts are de-
stroyed and replaced by a noncorrelated set of fresh o
after sliding a lengthD0, so thatf5D0 /V. D0, measured to
lie in the micrometer range, compares with microcontact
ameters.

More generally, the SRF model describes the time evo
tion of f by

ḟ512
ẋf

D0
, ~3!

which interpolates with the static case (f5t).
In Eq. ~2!, one then choosesf05D0 /V0, so thatm0 is a

reference value for steady sliding at some velocityV0 in the
relevant low-velocity range.

The two corrections tom0 in Eq. ~2! are immediately seen
to have different physical contents.

~i! The first one, B ln(f/f0), expresses that contac
strengthen logarithmically with age, as also appears from
logarithmic increase of the static friction coefficientms with
waiting timets . We have given a detailed proof in a prece
ing paper,9 hereafter referred to as~I!, that, as already sug
gested by Dieterich and Kilgore,10 static aging does resul
from the increase of the load bearing areaS r due to asperity
creep under normal compression. In nonsteady motion,f(t)
@Eq. ~3!# keeps track of the previous slip history on the fin
3928 ©1999 The American Physical Society
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distanceD0. So thef-dependent contribution tom describes
a retarded response to velocity variations. In steady slidin
is velocity weakening.

~ii ! These characteristics contrast with the instantane
velocity strengthening, termA ln(ẋ/V0), usually referred to as
describing the ‘‘direct effect’’ ~since it accounts for the
short-time force variation following a jump of the drivin
velocity4!.

It is the interplay between these two terms which is
sponsible for the oscillatory nature of the stick-slip bifurc
tion, the existence of which indicates that (B2A).0.

While, as mentioned above, the origin of the veloci
weakening term—namely, the slow creep growth ofS r—is
now clear, the physical content of the direct effect has
mained up to now elusive. In terms of Bowden and Tabo
decomposition, it seems natural to interpret it as a weak p
tive velocity dependence of the interfacial strengthss itself.
That is, it is likely to carry information about where exact
within the microcontacts shear is accommodated and, po
bly, about the size of the dynamical units responsible
dissipation in shear sliding.

The second line of investigation,11,12 initiated by
Yoshizawa and Israelachvili, deals with single microconta
between atomically flat surfaces with a well-defined geo
etry. Typical lateral dimensions are in the 1–10mm range.
The ~usually mica! flat surfaces are in general separated b
few molecular layers of a highly confined organic lubrica
Under normal stresses of order 102 MPa and for short lubri-
cant molecules, a pinned static state and a dissipative sli
one are observed. They are interpreted in terms of solidifi
tion ~in general in an amorphous state! of the boundary layer
under compression and of a shear melting transition.

It is often suggested that such configurations model
microcontacts of a macroscopic MCI. The high local confi
ing pressure would result from the stress-amplifying geo
etry of the Greenwood interface, while shear would
accommodated within a thin film of contaminants.

To what extent this captures the features of MCI nom
nally dry friction still remains undecided. Indeed, up to no
such experiments have not been performed over a velo
range large enough to provide a decisive test as regards
phenomenology, namely, observation of a veloci
strengthening friction stress compatible with the direct eff
of the SRF law.

The present work aims at contributing to bridge the
two—macroscopic and microscopic—approaches. For
purpose, we rely upon an extensive experimental study
friction at MCI’s between polymer glasses. A previous a
ticle ~I! has reported the results concerning the time evo
tion ~aging! of the static friction coefficientms(t) for PMMA
and PS~polystyrene! at temperatures ranging from 300 K
their respective glass transition temperatures (.400 K!. A
summary of these results is given in Sec. II A. We ha
complemented them with a study of dynamic friction in t
same systems, which is reported in Sec. II B.

These experimental results fully confirm the validity
the SRF description. We deduce from them the tempera
dependence of the relevant parametersA, B, andD0. In par-
ticular, following the works of Briscoe and Evans13 on
Langmuir-Blodgett layers and of Nakatani14 on rocks, we
analyze the data concerning the coefficient of the direct
it
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fect, A, with reference to an underlying thermally activate
mechanism. From this, we deduce an activation volu
which is of order (nm)3.

This leads us to propose~Sec. III! a model of dry friction
of a MCI in which the SRF equation@Eq. ~2!# is recast into a
generalized Tabor expression

F5ss~ ẋ!S r~f!, ~4!

with

S r~f!5S0F11m lnS fV0

D0
D G , ~5!

ss~ ẋ!5ss0F11a lnS ẋ

V0
D G ; ~6!

that is, drawing upon the results of~I!, we associate the ag
effect with creep growth of the microcontacts. We then sh
that the direct effect@Eq. ~6!# on the interface shear streng
can be described in the following frame, previously propos
by Persson:15 shear localizes within a nanometer-thick laye
forming the junction between contacting asperities. In t
layer, sliding proceeds via the shear-induced depinning
bistable ‘‘nanoblocks’’ of volume;(nm)3, which pave the
layer densely. As the contact slides, these block
analogous to the two-level centers well known in glasse
are swept up to their spinodal instability, where energy
dissipated in the associated jump, giving rise to friction16

These jumps are uncorrelated.
The direct effect (ẋ dependence ofss) results from the

combined effects of sweeping the bistable stress-strain c
acteristics and of noise-activated premature nanoblock
pinning, i.e., thermally activated jumps over the spinod
barrier occurring during the sweep — a mechanism wh
was already proposed by Larkin and Brazovskii17 in the
framework of charge-density-wave~CDW! transport.

In short, we model the dry friction of macroscopic solid
and interpret the SRF phenomenology for a macrosco
MCI in terms of the elastoplasticity of a highly confine
nanometer-thick amorphous layer~the ‘‘joint’’ ! weaker than
the bulk of the asperities, which therefore naturally localiz
shear.

II. EXPERIMENTAL METHODS AND RESULTS

The tribometer setup has been fully described in~I!. Its
principle is schematized in Fig. 1. The macroscopic slid
and the track, made of the same material, are nominally
but exhibit a 1.3mm roughness. The interface is therefore
the MCI type. The control parameters are the weightW of

FIG. 1. Schematic representation of the model system.
slider and the track are nominally flat bodies, exhibiting a micro
scale roughness, and forming a multicontact interface~MCI!. The
slider, loaded by a normal forceW, is driven along the track with a
remote point velocityV, through a compliant stage of stiffnessK.
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the slider, the driving velocityV, the stiffnessK of the driv-
ing stage, and the temperatureT of the whole system. This
latter can be fixed between room temperature (20 °C)
the temperature of the glass transitions of PS (Tg>102 °C)
and PMMA (Tg>110 °C). The driving velocity ranges be
tween 1021 and 102 mm s21. The applied tangential force i
measured through the deflection of the cantilever spr
which also imposes the stiffnessK of the setup.

A. Static friction results: A summary

Let us first briefly recall the main results reported in~I!,
concerned with the dependence of the static friction coe
cientms on waiting timets and temperatureT. At fixed T, ms
is found to increase quasilogarithmically withts , over a typi-
cal range 1 –103 s. We have therefore systematically dete
mined the parameterbs(T)5]ms /] ln ts, measured at con
stantT, for a fixed valueVload of the loading point velocity.
In addition, two different tangential stress conditions duri
waiting have been used, namely,~i! zero tangential load and
~ii ! quasiconstant finite load close to the dynamic fricti
force at velocityVload .

The correspondingbs values are denotedbs
B and bs

t . It
was found that, systematically,bs

t.bs
B . Both parameters

increase withT, and theT sensitivity strongly increases o
approachingTg .

The results were analyzed according to Bowden and
bor’s decomposition@Eq. ~1!#. The real area of contac
S r(ts) of our MCI’s, which have been found to obey Gree
wood’s statistical description, is composed ofN microcon-
tacts~with N proportional to the normal loadW) of average
radiusa(ts). Far enough fromTg (Tg2T*20 °C), the val-
ues andT variations of bs

B are successfully described i
terms of the increase ofa under constant compressive loa
W/N, following the creep law determined experimentally
uniaxial compressive tests on the bulk materials.

Close toTg (Tg2T&20 °C), this model underestimate
dbs /dT, which points towards an increase with waiting tim
of the average shear strengthss of the interface. The value
of dss /d(ln ts) extracted from this analysis increas
strongly when approachingTg ; this variation seems compa
ible with a strengthening of adhesion via chain reptat
across the joint.

This picture suggests that the properties of the adhe
joint may not be primarily determined by contaminants, b
rather, by a thin layer made of confined polymeric tails, m
chanically weaker than the bulk.

So, in terms of the SRF phenomenology, we conclude
agreement with Dieterich and Kilgore’s suggestion,10 that, in
general, the age effect is due to the creep-induced s
growth of the load-bearing area. The state variable can
indeed be understood as an average contact age.

However, it should be kept in mind that, in temperatu
ranges where configurational relaxation within the joint its
becomes active, a corresponding age-dependent increa
the joint strength is to be expected. Such appears to be
case close toTg for identical vitreous polymers, due to rep
tation, and, as observed by Nakatani, in feldspathic goug
T>800 °C, where sintering healing between grains is
work.14
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B. Dynamic friction

We report here the results concerning the sliding dyna
ics of the same systems at low velocities ranging from 0.1
100 mm s21.

1. Measurement procedure

In order to remove the long-wavelength variations of t
friction force along the track, we proceed as follows. T
slider is brought into steady sliding at velocityV by a suit-
able choice of the control parametersK andW, namely,K/W
large enough to prevent the occurrence of stick-slip. T
driving velocity is then suddenly jumped to the referen
valueVre f510 mm s21. The tangential force is recorded un
til steady sliding is finally reached again. A typical record
shown in Fig. 2. The friction coefficient differenceDmd(V)
is computed from the steady state forces:Dmd(V)5@Fd(V)
2Fd(Vre f)#/W. The average valuem d̄(Vre f) over the track
is also measured. The friction coefficientsmd plotted in Fig.
3 have to be understood asmd5m d̄(Vre f)1Dmd . The rela-
tive amplitude of the variations of the reference friction c
efficient about its mean value atVre f is typically 10%. As
clearly evidenced in Fig. 2, the system exhibits veloc
weakening, characterized at constant temperatureT by the
parameterbd5]Dmd /] ln V.

2. Velocity weakening

Logarithmic weakening is generally observed~see Fig. 3!,
and the data are well fitted by

md~V!5md~Vre f!2bd ln
V

Vre f
. ~7!

Close to the glass transition temperature, for both PS
PMMA, however, a trend to saturation of the weakening
fect is observed for the highest velocities which the drivi
stage can impose. The results are found to be correctly
scribed by

md~V!5md01bd lnS 11
Vsat

V D . ~8!

FIG. 2. Response of the system~PS at 20 °C) to a velocity jump
within the stable steady sliding region. The effect of the track
homogeneities is clearly seen at the larger velocity, hereVre f .
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The cutoff velocityVsat becomes a relevant fitting param
eter, and, in this case, the parameterbd is measured in the
asymptotic part ofDmd(V) on the low-velocity side (V
!Vsat).

3. Temperature dependence ofbd

PS and PMMA differ markedly as regards the effect
temperature on velocity weakening, as represented in Fig
For PS, at 20 °C,bd(T) is of order 331023. It increases
steadily withT. The value at 90 °C is one decade higher th
at room temperature. The value ofbd for PMMA at 20 °C is
much larger~of order 1022), but remains quasiconstant ov
tens of degrees. Its overall increase between room and g
transition temperatures is only twofold. Qualitatively, wh
compared with the effect of temperature on the aging par

FIG. 3. Experimental data showing velocity weakening of t
PMMA-PMMA system at three different temperatures: 23 °C~open
circles!, 89 °C ~solid circles!, and 111 °C~squares!. The lines are
best fits according to Eq.~8!. The cutoff velocity at 111 °C is
Vsat511 mm s21. The lowest bounds of the velocity ranges corr
spond to the onset of stick-slip oscillations, which increases w
temperature.

FIG. 4. Velocity weakening parameterbd vs distance to the
glass transition (T2Tg) for PS ~open symbols! and PMMA ~solid
symbols!. Different symbol shapes correspond to different samp
f
4.

n

ss

-

eterbs reported in~I!, the temperature sensitivity of velocit
weakening appears to be much smaller.

Moreover,bd is found to be systematically smaller tha
bs

t measured at the same temperature under a tangential

during waiting close belowWm̄d(Vre f), as seen in Fig. 5.

4. Dynamic stability and SRF parameters

The stability of the steady sliding motion of an isotherm
spring-slider system against stick-slip oscillations is co
trolled by the driving velocityV, the stiffnessK, and the
normal loadW. It has been found6 that K/W is the relevant
combination of the latter parameters. It is therefore con
nient to seek for the stick-slip bifurcation by tuningW at
constantK, V, andT, as illustrated in Fig. 6.

A straightforward linear stability6 analysis of the SRF
equations@Eqs.~2! and ~3!# predicts a bifurcation of the di-

h

s.

FIG. 5. Ratio of static slope for stressed agingbs
t and of dy-

namic slopebd vs (T2Tg) for PS and PMMA.

FIG. 6. Bifurcation between stick-slip~lower traces! and steady
sliding ~upper trace! controlled by the weightW of the slider for a
PS-PS interface.W decreases from bottom to top by a total amou
of 10 N. Driving point velocityV52 mm s21, spring stiffnessK
52.13104N m21. Each trace has been shifted upward for the sa
of clarity.
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rect Hopf type. The critical value (K/W)c of the driving
stage reduced stiffness parameter is such that

xc5S K

WD
c

D052
dmd

d ln V
5bd . ~9!

For (K/W),(K/W)c , stick-slip oscillations occur. Thei
critical pulsation at the onset of instability is

Vc5
V

D0
Axc

A
. ~10!

The SRF laws involve three parametersD0 , A, andB with

~B2A!5bd . ~11!

The dynamical analysis provides a simple scheme to
termine these parameters;8 namely, bd is measured by
changingV over decades with a driving stage stiff enough
ensure stable sliding. Its value is then plugged into Eq.~9! to
determineD0 from the measurement of the critical parame
xc , and ultimatelyA is obtained from the critical stick-slip
pulsation, according to Eq.~10!.

5. Position of the stick-slip bifurcation line

Being essentially interested in the effect of temperatu
we have determined the stability limit for a restricted ran
of velocities, typically 1 –10mm s21. We find, in agreemen
with previous studies,6,7 that the critical value ofK/W de-
creases slightly withV ~see Fig. 6!. IncreasingT destabilizes
markedly the system, therefore leading to a shift of the
furcation curve towards higher values ofK/W. This effect
appears clearly in Fig. 7 for both PMMA and PS, while it
more pronounced for the latter glass. It is worth noting th
due to the smallness ofd(K/W)c /d(ln V), the shift is tre-
mendously amplified when working at constantK/W rather
than at constantV.

The destabilizing effect ofT is correlated with the in-
crease of the velocity-weakening slopebd(T) which, accord-
ing to Eq. ~9!, rules the position of the bifurcation. For
purely logarithmic weakening, the SRF model would pred
a V-independent value of the critical parameterxc . The
slight decrease which is actually measured results from w
nonlinearities of themd(ln V) law.6,7

6. Memory length D0

The lengthD0 is determined from the knowledge ofbd
measured at about 1mm s21. One then computesD0

5bd(K/W)c
21 . The results are shown in Fig. 8. The valu

for PMMA are compatible with a constant valueD0
.0.5 mm. Those for PS, also in themm range, are much
more widely scattered and tend to increase with temperat

7. Direct effect parameter A

The parameterA, characteristic of the rate-dependent te
in SRF, Eq.~2!, can be determined by different methods.

On the one hand, it can be inferred, using Eq.~10!, from
the data about the critical pulsationVc at the onset of stick-
slip oscillations, together with the previously determinedxc
and D0. For both PMMA and PS~Fig. 9!, A(T) increases
e-

r

,
e

i-

t,

t

ak

re.

markedly with temperature on approaching the glass tra
tion. It has not been possible to approach closer toTg since
in the transition region the system is very unstable and
bifurcation is out of range for the experimental control p
rameters.

On the other hand,A can also be deduced from the ta
gential force response to a sudden jump of the loading p
velocity from V1 to V2. As appears clearly in Fig. 2, th
tangential force exhibits an initial fast variation. In our low
velocity regime, where inertia is negligible, the velocity
the slider reachesV2 at the apex of the fast response spik
When loading with a stiff enough spring, this occurs afte
time lapse much shorter than the age of the MCI prior
jumping, namely,f15D0 /V1. In such a case, the age can
safely taken as a constant in Eq.~2!, andA is simply related
to the spike heightDm through

Dm5A lnS V2

V1
D . ~12!

The condition for Eq.~12! to hold reads (Dm)/(K/V2)
!D0 /V1, i.e.,

FIG. 7. Stability diagrams in theV-K/W plane for~a! PMMA at
T524 °C ~solid circles! and 72 °C ~open circles!; ~b! PS at T
523 °C ~solid circles! and 87 °C~open circles!. Below the bifurca-
tion lines the systems exhibit stick-slip oscillations.
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KD0

W
@AS V1

V2
D lnS V2

V1
D . ~13!

This latter requirement becomes more difficult to fulfill
one approchesTg , whereA increases significantly. We hav
measured the force spikeDm following tenfold velocity
jumps ~from 1 to 10 mm s21) for PMMA. The correspond-

FIG. 8. Memory lengthD0 vs temperature for~a! PMMA and
~b! PS. Results from different samples are gathered.

FIG. 9. Direct effect parameterA vs (T2Tg) for PMMA ~solid
symbols! and PS~open symbols!. Different symbols correspond to
different samples. The crosses are data obtained from velocity j
experiments on PMMA. See the text for details.
ing values ofA.Dm/ ln10, assuming a constant age, a
plotted in Fig. 9. The agreement with those deduced fr
Eq. ~10! is good at room temperature, but deteriorates asTg
is approached. This can be explained by the fact that,
same spring being used at all temperatures, the constan
requirement fails at the highest ones. Indeed,KD0 /W
5231022 is much higher thanAln10/1050.23A at 20 °C
but of comparable order close belowTg , if A is deduced
from stick-slip oscillation data.

C. Connecting static and dynamic friction

At this stage, we have determined all the SRF paramet
namely, (B2A), A, andD0.

As expressed by Eq.~2!, the SRF expression form is
singular in the limit of vanishing velocity. We will argue in
Sec. III that this limitation does not impair the basic physic
content of the SRF approach, but simply results from the f
that the validity of the logarithmic expression for the dire
effect should be limited to a finite-velocity bracket.

Intuitively, already at the present stage, given our int
pretation of the physics of the aging affect~see Sec. II A
above!, it appears natural, since, in the static limit,f as
defined by Eq.~3! is the waiting time, to state that dynam
aging is essentially equivalent to static aging under a fin
tangential stress'Wmd(V), as far as both processes ta
place under a combination of normal and tangential load

This leads us to compare the SRF parameterB with bs
t or,

equivalently @see Eq.~11!#, the measured values ofA and
(bs

t2bd). Figure 10 shows that, indeed, experimental resu
support the validity of our interpretation. An analogous co
clusion has been also reached recently by Marone5 for gran-
ite.

It has been proposed4,6 that, in connection with aging, the
static and dynamic friction coefficients would be related b
‘‘time-velocity equivalence’’ relation. Namely, since, fo
steady sliding at velocityV, f5D0 /V, they would obey
md(V)5ms(D0 /V), which would entail thatbs5bd . It is
clear from Fig. 5 that this equivalence relation~which is
incompatible with the existence of a direct effect contrib
tion to md) does not hold—even though the values ofbs

t/bd

at room temperature~smaller than 2! and their scatter have
misled us into previously claiming its validity.

Another bridge between ‘‘static’’ and dynamic frictio
can be built, on the basis of the fact that any real meas
ment ofms is performed by loading, from the waiting stat
at some finite constant velocityVload . ms is then obtained
from the peak of the tangential forceF(t) at which, when
inertia is negligible, sinceF(t)5K(Vloadt2x) ~see Fig. 1!,
the instantaneous sliding velocityẋpeak5Vload .

Soms is not, strictly speaking, an intrinsic static propert
but a characteristic of a dynamical transient, and can thu
expected to be described by the same SRF expression
~2!, which holds for the sliding dynamics.

Figure 11 shows the variations with waiting time ofms
t ,

measured on PMMA at Vload510 mm s21 and
100 mm s21. The aging parameterbs

t is found to be inde-
pendent of Vload , while Dm5ms

t(100 mm s21)
2ms

t(10 mm s21)>731022. Since the loading time is al
ways negligible as compared with the waiting timets , on the
p
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basis of Eq.~2!, Dms should result from the direct term only
so that (Dms / ln10) should be compared withA which, at
this temperature, is found~Fig. 9! to be on the order of
43102261022. This lends further support to the SRF ph
nomenology: the fact that the direct effect term depends
the instantaneous sliding velocity appears to be reason
well verified even in the present case, wherems is measured
during an accelerated transient.

III. DISCUSSION AND MODEL

A. Estimate of an activation volume for shear creep

We have shown in Sec. II C above that the coefficientB of
the ‘‘state-dependent’’ term in Eq.~2! can be identified with
the logarithmic slopebs

t of the static friction coefficient
ms

t(ts). This enables us to attribute the velocity-weaken
contribution to the steady statemd to the creep-induced
growth of the load bearing area and, consequently, to rew
the SRF equation@Eq. ~2!# as

m~ ẋ,f!5m0F11m lnS fV0

D0
D GF11a lnS ẋ

V0
D G , ~14!

FIG. 10. Comparative plots of parametersA ~solid symbols! and
bs

t2bd ~open symbols! vs (T2Tg), for ~a! PMMA and ~b! PS.
n
ly

g

te

m05
S r0ss0

W
. ~15!

S r0 is the real area of contact andss0 the shear strength
in steady sliding at the reference velocityV0 (;W for our
Greenwood interfaces!. We thus identify

A5am0 , B5mm0 . ~16!

With V051 mm s21, m0 is typically of order 0.5; hence
a andm are on the order of 1021, so that the second orde
correctionm0am(ln)2 spuriously introduced when factorin
Eq. ~2! into Eq. ~14! is of order 531023. This is a small
correction, which is precisely comparable in magnitude w
the weak nonlinearities of themd(V) law, neglected by the
SRF model, but revealed by the detailed analysis of stick
slip and relaxation.

Equation~14! thus leads us to the generalized Tabor d
composition@Eqs.~4!–~6!# which attributes the direct effec
to an interfacial shear strength fitted by the empirical expr
sion @Eq. ~6!#, which we rewrite here for convenience,

ss~ ẋ!5ss0F11a lnS ẋ

V0
D G . ~17!

When considering Eq.~17! from the point of view of
continuum mechanics, one is naturally prone to associ
following Briscoe and Evans13 and Bréchet and Estrin,18 the
displacement rateẋ with a shear strain rateė5 ẋ/h, whereh
is some thickness characterizing an interfacial zone wh
shear localizes. This interpretation strongly suggests that
logarithmic ‘‘rheology’’ expressed by Eq.~17! might result
from a thermally activated shear-induced creep process
such is the case, as shown in Ref. 13,a should read

a5
kBT

ss0vact
, ~18!

which defines the volumevact associated with the elemen
tary dynamical process. With the help of Eq.~16!, we get

FIG. 11. Static friction coefficientsms
t vs waiting timets under

tangential load, for loading velocitiesVload510 mm s21 ~open
circles! and 100 mm s21 ~solid circles!. Note that the logarithmic
slopebs

t is independent ofVload .
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vact5
kBT

p

1

A
, ~19!

where the average normal stress acting upon the micro
tactsp5W/S r0 is roughly19 of the order of the yield stres
sY of the bulk material in uniaxial compression.

Figure 12 shows the temperature dependence ofvact , as
deduced from the data of Fig. 9 and from the values
sY(T) obtained in~I!.

It is seen that, for both PMMA and PS,

vact;1 –2~nm!3 ~20!

and this over the whole temperature range. This indica
that the elementary units of the dissipative dynamics con
a few molecular~sub!units—a size typical of the localize
defects~two-level centers! responsible for the plasticity o
glassy materials.20

B. Origin of pinning and shear localization

In order to get insight into the origin of the direct effect,
is necessary to figure out first where shear localizes. For
purpose, it is essential to recall that two of us21 have evi-
denced experimentally the existence, for our MCI’s, of
regime of elastic response to tangential loading, which
reversible at low load and crosses over to the dissipa
sliding regime in the immediate vicinity ofmsW ~or, equiva-
lently, for displacements;D0).

This gives direct proof that the static interface ispinned
up to a finite threshold stress. In this situation, it is w
known that the resulting low-velocity friction forceF is due
to the stress-induced depinning of multistable states wh
dissipate a finite energy during the corresponding fast s
odal jumps.16 The correspondingF is basically velocity in-
dependent.

The question then arises of the origin of this multista
pinning. There area priori two possible candidate mecha
nisms. One is the elastic potential arising from vertical el
tic compression during asperity crossing; a simple orde

FIG. 12. Activation volumevact associated with the direct ef
fect, as estimated from Eq.~19!, vs (T2Tg), for PMMA ~solid
circles! and PS~open circles!.
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magnitude estimate22 shows that realistic asperity profiles a
much too smooth for compressive pinning to give rise
multistability.

The natural candidate is therefore adhesion—a mec
nism which we expect to act on, typically, a nanomet
thickness range. Adhesive pinning is indeed observed
boundary lubricated single microcontacts,23 and was also
measured long ago by Courtney-Pratt24 with a dry metallic
single contact. For our MCI’s, one can reasonably guess
the nanometric interfacial layer in which adhesive intera
tions are active is essentially constituted of highly confin
tails of polymer molecules forming an amorphous ‘‘joint.
This interfacial layer is certainly less dense or, at least, m
chanically weaker than the bulk material, as indicated by
marked decrease ofTg with thickness for very thin PMMA
films.25 This leads us to postulate that it is in this layer th
the dissipative processes take place. Moreover, our ab
estimate of an activation volume points to nanometric late
dimensions for these units, comparable with the layer thi
ness.

Persson15 has proposed a schematic model which displa
the essential features of the above qualitative picture.
will therefore now try to interpret our results in the frame
this ‘‘nanoblock’’ model. We first briefly summarize its in
gredients, assumptions, and main results.

C. Persson’s nanoblock model

The single microcontact is schematized as follows~Fig.
13!.

~i! The joint, of lateral extensiona, is represented as
linear array of nanoblocks of sizeb3b3b, coupled to their
nearest neighbors by springs of stiffnessk2;EJb, whereEJ
is an elastic modulus of the joint. The blocks are coup
elastically to a driving upper plate by shear springs of st
nessk1;k2.

~ii ! Each block (i ), of abscissaqi , moves according to the
following rules.

~a! As long as the magnitude of the stressus i u acting on
~i! is smaller than a thresholdsa , the block is rigidly pinned
to the lower rigid nonmoving plate:q̇i50.

~b! When us i u>sa , it is depinned, and moves, at low
driving velocity ẋ, according to

mbq̈i1mbgq̇i5k2~qi 1122qi1qi 21!1k1~r i2qi !,
~21!

wheremb is the block mass,g the internal viscosity of the
joint, andr i the position of the driving point relative to (i ).

FIG. 13. Schematic representation of Persson’s nanob
model~see Ref. 15! of the adhesive joint between two load-bearin
asperities.
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~c! When q̇i vanishes for the first time,~i! is repinned
~stops!, and the process starts again. Note that such a
implies that the block dynamics is overdamped.26

The assumption of complete immobility forus i u,sa is a
simplified representation of the pinning of blocks by molec
lar scale modulations of the ‘‘plate’’ potentials. It is the com
petition between these modulations and the elastic resto
spring forces which, for large enoughr i , leads to the spin-
odal instability atsa .

The most serious assumption of the model is the infin
stiffness of the confining plates. This amounts to neglect
elastic deformations of the asperity bodies~represented by
the plates! on scales smaller than the contact radius w
respect to those of the joint. So it implies that

E@EJ , ~22!

whereE is an elastic modulus of the bulk material.27

If this would not hold, interblock long-range elastic co
plings mediated by the body of the asperities would beco
relevant, thus invalidating the nearest-neighbor coupl
assumption.22 It would then also become crucial to take in
account the full~211!-dimensional geometry of the elast
system.

Persson has studied this model numerically, and c
cluded the following.

~i! At driving velocities much smaller than the sound v
locity in the joint,cJ;(EJb

3/mb)1/2, a range relevant to ou
experiments, the steady sliding friction force isV indepen-
dent.

~ii ! The blocks slide essentially independently and in
noncorrelated fashion~only a very small fraction is unpinne
at a given time!.

~iii ! Accordingly, the distribution functionP(s) of
single-block stresses is stationary andV independent. It is,
very roughly, uniform betweensmin'0 andsmax5sa , with
P(sa)Þ0.

These results can be reinterpreted, for semiquantita
purposes, in terms of the following mean field picture: Wh
sliding, each block is swept across a stress-driving point
placement characteristicss( r̃), ending abruptly at the spin
odal limit sa ~Fig. 14!. Here, r̃ i5r i2r i0, wherer i0 is the
position of thei th driving point at the instant when blocki
was repinned for the last time. In mean field, variations ofs i
andr i for pinned blocks are related byds i5k1dr i /b2, for
each blocks i5s( r̃ i), and the block reference coordinatesr̃ i

have a uniform distributionQ( r̃). The frictional stress on a
microcontact is

FIG. 14. Stress-driving point displacement characteristicsr̃
measures the driving point displacement from its position at the
repinning event. The triangular shape~thick line! approximates a
schematic real multistability cycle~thin line!.
le

-

ng

e
g

e
g

n-

a

e
n
s-

s̄s5E
0

sa
sP~s!ds, ~23!

with P(s)5sa
21 , so thats̄s5sa/2.

Note that, in this highly simplified picture, the stres
displacement hysteresis cycle is made of two strictly lin
curves interrupted at6sa . The absence of the~generic! in-
finite (ds/dr) slope at the spinodal limit results from ne
glecting elastic displacements within the molecular bloc
pinning potential wells.

D. Thermally activated premature depinning

The previous results are concerned with the ze
temperature limit. At finiteT, thermal noise is necessaril
present. When swept by the driving plate along the str
cycle, a block is pinned in a locally stable state whose ene
increases withs, so that it gradually evolves from globall
stable to metastable, until it disappears atsa , via a saddle-
node bifurcation. That is, asr̃ approaches the spinodal lim
r̃max from below, the energy barrierDU( r̃) which separates
the pinned equilibrium state from the depinned one gradu
decreases to zero.

In the absence of externally imposed drift, metasta
blocks with reference coordinater̃ would escape, due to
thermal noise, above the activation barrierDU( r̃), at the rate

1

t~ r̃ !
'va expF2

DU~ r̃ !

kBT
G , ~24!

where the attempt frequencyva'cJ /b. In this situation
~which corresponds to the static state of the interface und
load ;mdW), the rightmost part ofQ( r̃) gets gradually de-
pleted by these premature depinning events, which are al
more effective thatr̃ is closer to r̃max: and the average
stress on the microcontact decreases, the slidercreeps under
shear.

When the joint is driven at the fixed velocityẋ5V, each
block is at the same time advected towards largerr̃ and
experiencing the above finiter̃-dependent depinning prob
ability. The largerV, the less time a block spends in th
vicinity of the spinodal, where the escape rate is no
negligible. The corresponding distributionQ( r̃) is, conse-
quently, strongly depleted above a cutoffr̃c(V) which in-
creases withV. The average frictional stress increas
accordingly. At large velocities, advection overrides activ
tion. Q ~and, equivalently,P) recovers its uniformT50
value, andss saturates ats̄s .

This picture can be formalized by writing the evolutio
equation forQ( r̃), which reads

]Q

]t
52V

]Q

]r̃
2

Q

t~ r̃ !
, ~25!

with the boundary condition

Q~ r̃min ,t !5Q~ r̃max,t !1E dr̃8
Q~ r̃8,t !

t~ r̃8!
, ~26!

st
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which expresses that the depinned blocks refeed the lo
edge of the distribution.

The steady state distribution reads

Qst~ r̃,V!5Q0 expF2E
0

r̃ dr̃8

Vt~ r̃8!
G ~27!

and the average frictional stress

ss~V!5E
0

sa
sQst„r̃~s!,V…

dr̃

ds
ds, ~28!

with (dr̃/ds)5(b2/k1).
For velocitiesV!V* 5cJ(kBT/sab3), Qst @Eq. ~27!# can

be shown16 to exhibit a very abrupt drop from itsT50 value
to practically complete depletion about a cutoffr̃c(V) de-
fined by

tc[t~r̃c!5
kBT

Vu~dDU/dr̃ !r̃c
u
. ~29!

One then obtains15

ss~V!5s̄sF11
kBT

s̄sb
3

EJ

8s̄s

lnS V

V*
D G . ~30!

When introducing, in the spirit of Sec. II, a referen
velocity V0, Eq. ~30! reduces to the direct effect expressio
Eq. ~17!, with

ss05s̄sF12
kBT

s̄sb
3

EJ

8s̄s

lnS V*

V0
D G , ~31!

a5
kBT

s̄s0b3

EJ

8s̄s

. ~32!

This is to be compared with the expression ofa @Eq.
~18!#, which we used to evaluate an effective activation v
umevact . From Eq.~32!, this is related to the joint param
eters and block volume by

vact5b3
8s̄s

EJ
. ~33!

For shear melting of confined boundary layers, Thomp
and Robbins28 suggest that, roughly,s̄s /EJ'531022. With
this evaluation and the value ofvact extracted from experi-
ments, we do obtain values of the block sizeb in the nanom-
eter range.

So not only does the above model account for the fu
tional form of the direct effectV dependence of the interfa
cial strength, but it appears quantitatively consistent.

It is important to point out that, while the detailed valu
of the coefficientsss0 and a in Eqs. ~31! and ~32! result
from the particularly simple choice of a linear truncat
stress-displacement block characteristic, the logarithmiV
dependence ofss in Eq. ~30! is robust. Indeed, it result
directly from the exponential dependence of the r

@1/t( r̃)# of activated premature depinning. Departures fro
er

,

-

n

-

e

this behavior are to be expected only at velocities la
enough forr̃c(V) to lie in the close vicinity ofr̃max where
the generic infinite (ds/dr̃) slope at the spinodal limit will
result in a slower@ ln(V/V* )#2/3 variation16 of @ss(V)2s̄s#
which, at even higherV, far above our experimental rang
finally crosses over to the ‘‘phonon drag’’ regime where d
sipation is controlled by the internal viscosityg. Since the
reduced velocity relevant to viscous dissipation isV/cJ , the
crossover region is very wide, and corresponds to an ap
ent saturation of the frictional stress at the constant values̄s .

Another crossover is expected on the low-velocity sid
Indeed, as the stress decreases,r̃c(V) approaches from
above the position corresponding to the Maxwell platea16

and repinning backjumps, though extremely rare, become
most as frequent as depinning ones. This results in the c
sical Eyring ~sinh! behavior for ss(V) ending in an ex-
tremely fast quasilinear drop extrapolating to zero.

These behaviors are schematically summarized in Fig.

E. Activated depinning for nonsteady motion

Finally, in order to ascertain that activated premature
pinning fully accounts for the SRF expression, Eq.~6!, we
must extend Eq.~30!, which holds for steady sliding only, to
the case of accelerated motion with velocityẋ(t).

The equation forQ( r̃,t) retains its form@Eq. ~25!#, with
V˜ ẋ(t). One expects that, for slow enough velocity var
tions, the system adapts adiabatically to the instantaneouẋ,
i.e., that

Q~ r̃,t !'Qst„r̃,ẋ~ t !…. ~34!

One easily checks that this (]Q/]t!Q/t) holds as long as

ẍ

ẋ
!

1

t~ r̃ !
F E

0

r̃ dr̃8

ẋt~ r̃8!
G21

. ~35!

One shows16 that the above integral is of orde
(kBT)/@ ẋt( r̃)uDU8( r̃)u#. Finally, as can be intuitively ex-
pected, the condition of adiabatic adaptation reduces to

t* @tc~ ẋ!, ~36!

FIG. 15. Schematic interfacial stress vs velocity curve~thick
line!. Note the breaks on the velocity axis~see text!. The thin line
corresponds to the asymptotic~Newtonian! viscous regime, con-
trolled by the internal viscosityg.
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wheret* is the time scale of velocity variations, andtc( ẋ) is
the activation time corresponding to the upper cutoff ofQst

at velocity ẋ @Eq. ~29!#. Plugging Persson’s expression f
the activation barrier height,

DU~s!5sab3
sa

EJ
S 12

s2

sa
2D , ~37!

into Eq. ~29!, we find that condition~36! yields

t* @ta~ ẋ!5
b

ẋ

kBT

4s̄sb
3

. ~38!

For ẋ'1 mm s21, b;1 nm, andkBT/s̄sb
3'A ~the SRF

parameter!, we obtainta( ẋ);1025 s.
This is to be compared with the time scales relevant

essentially, three types of experimental situations.
~i! Stick-slip oscillations: close to the bifurcation,t* is the

inverse of the critical frequencyVc @Eq. ~10!#, i.e., of order
2pD0 /Vdrive . So t* /ta( ẋ)'D0 /bA;105.

Far from the bifurcation,t* is governed by the time fo
inertial slip: t in;AM /K, whereM is the slider mass andK
the stiffness of the driving spring. Typically, since (K/M )
,(K/M )c , t in.1023 s.

~ii ! When measuring the dependence ofms on Vload ~Sec.
II C! one deals with the acceleration of the slider fromẋ
.0 to ẋ5Vload within a time t* *D0 /Vload ,29 to be com-
pared withta(Vload). Hence, again,t* /ta(Vload);105.

~iii ! Velocity jumps fromV1 to V2.V1 : t* is the time
needed to increase the load, at velocityV2, by AW ln(V2 /V1),
to be compared withta'bA/V2. Steady sliding requiresx
5KD0 /W.xc5bd;1022. Typically in the experiments
x/xc,10. Hencet* /ta5(x21D0 /b)ln(V2 /V1);104.

From this we conclude that, in all dynamical situatio
relevant to low driving velocities, it is legitimate to exten
Eq. ~30! to nonsteady motion by simply replacingV by the
instantaneous slider velocity. This completes our interpre
tion of the direct SRF effect in terms of the competitio
between activated depinning and sweeping of multista
characteristics of nanoblocks.

IV. CONCLUSION

In summary, the quantitative analysis of our experime
on static and dynamic friction leads us to conclude that,
our MCI’s between polymer glasses at least, the SRF mo
provides an excellent phenomenological description of
frictional dynamics. It can legitimately be interpreted phy
cally in terms of a generalized Bowden-Tabor decomposit
of the friction force.

The SRF, contact-strengthening (V-weakening!, age ef-
fect results from the slow creep of asperity microconta
under normal compression, leading to logarithmic growth
the real area of contact.

The velocity-strengthening ‘‘direct effect’’ SRF contribu
tion to m is attributable to the premature depinning, due
thermal noise, of a two-dimensional layer of elementary
namical units of nanometric dimensions, forming what
call the adhesive joint. Frictional sliding corresponds
,

a-

le

s
r
el
e
-
n

s
f

-

sweeping these nanoblocks up to a spinodal instability wh
they flip back into a relaxed stress state. Such a descriptio
akin to the model of plasticity of amorphous solids recen
proposed by Falk and Langer.30 These~uncorrelated! jumps
are responsible for the finiteV-independent dynamic friction
force, to which the activated direct term appears as a sm
logarithmic correction.

We therefore interpret friction in terms of the plastic d
formation of elastoplastic adhesive joints, much weaker m
chanically than the bulk materials, driven by the bodies
the ~adjacent! load-bearing asperities, to which they are ela
tically pinned when unsheared.

In this model the whole dissipation takes place in t
joint. Bréchet and Estrin18 have suggested that it might, o
the contrary, result from plastic creep within the asper
bodies. However, their model implicitly assumed infinite
strong adhesive pinning. In the real case where, as prove
the existence of a finite memory lengthD0, the interfacial
strengths̄s is finite, the effect of asperity creep can be es
mated as follows. When the joint slides, the friction stress
approximatelys̄s . Hence a rate of plastic deformation in th
asperities:ėpl(s̄s). The velocity at which the joint is driven
is thereforevJ'@V2 ėpl(s̄s)a#, with a the contact diameter
As long asvJ.0, the joint is effectively sliding. The tota
dissipation, controlled bys̄s , is unaffected by asperity cree
whose only effect is that dissipation is now redistributed b
tween two contributions associated, respectively, with joi
and asperities. It is only at velocitiesV,Vplast5aėpl(s̄s)
that the joint remains pinned while the asperity flows plas
cally in a chewing-gum-like fashion. Thenss(V)
5( ėpl)

21(V/a). Since the asperities are stronger than
bulk, s̄s is much smaller than the yield stress of the aspe
ties, so that the Bre´chet-Estrin regime is, in general, re
stricted to extremely small velocities, irrelevant to our e
periments.

Let us insist again that Persson’s model which is the ba
of our interpretation, as well as the mean field approximat
to which it is amenable, depends crucially on the validity
condition~22! which states that the joint be much more com
pliant than the bulk material. For systems where this con
tion is not satisfied, long-range elastic interactions betw
nanoblocks, mediated by the asperity bodies, become
evant. These will certainly promote correlations betwe
block flips, which might result, for example, in kinklike
compression waves or possibly decohesion waves of
Schallamach type. This suggests that it should be of inte
to perform systematic friction studies on multicontact sy
tems involving ‘‘soft’’ materials.

Note finally that our interpretation provides support to t
classical Mindlin model of a sheared adhesive He
contact.31 Indeed, this continuum mechanics description
lies upon the concept of alocal Amontons-Coulomb law
with a constant friction coefficient. Such a law necessa
results from an averaging, which should be valid on a sc
much smaller than the~micrometric! asperity diameter. This
is indeed justified if, as we concluded above, the basic
namical units are of nanometric size. Of course, even if
averaging process on this scale is legitimate, it remains to
proved that the Amontons-Coulomb proportionality hol
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between local shear and normal stresses. A rec
simulation32 by He et al. of a sheared confined bounda
layer indicates that such a linear relationship is indeed to
expected.

This, however, does not permit us to justify the use o
local version of the SRF model. Indeed, the ‘‘state’’ variab
f is an averagecontact age. Such an average can only
s
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u

d
d

l

e

.

nt

e

a

e

defined on a scale much larger than the mean intercon
distance. It is meaningful only on a semimacroscopic sca
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32G. He, M. H. Müser, and M. O. Robbins, Science284, 1650

~1999!.


