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Physical analysis of the state- and rate-dependent friction law. 1. 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 [$@4:63-18299)13129-1

I. INTRODUCTION X
_ o . %o v_)' &)
The physics of solid friction has benefited from recent 0 0
progress along two different, though complementary, lines ofA andB are always measured to be positive and, typically, of
research. order 10 2. It has been suggested thatcan be interpreted
The first one is concerned with tliquasjstatics and low  as the age of the MCI, i.e., as the average time elapsed since
velocity dynamics of multicontact interfacédICI's) be-  the contacts existing at a given instant were first formed. For
tween macroscopic solids with rough surfaces. Within thisexample, in stationary motion at veloci§ contacts are de-
framework, one usually expresses the friction force, follow-stroyed and replaced by a noncorrelated set of fresh ones

w=u(X,$)=pmo+BlIn +Aln

ing Bowden and Taboras after sliding a lengttD, so that¢p=D,/V. Dy, measured to
lie in the micrometer range, compares with microcontact di-
F=0s,, (1)  ameters.

) o More generally, the SRF model describes the time evolu-
whereX., is the real area of contattonsisting, for a MCI, of  tjon of ¢ by

a large numbeiN of microcontacts of average radiga)

typically on the order of micrometersand the streserg i X

defines an interfacial shear strength. p=1- Do 3
For a MCI, the Amontons-Coulomb proportionality be- 0

tweenF and the normal loadV then results, as shown by which interpolates with the static casg t).

Greenwood and Williamsohfrom that betweer® ; and W, In Eq. (2), one then choose$,=D,/V,, so thatu, is a
which holds whatever théelastic or plastig regime of de-  reference value for steady sliding at some velobfgyin the
formation of the load-bearing asperities. relevant low-velocity range.

The fine variations of the friction coefficiepi=F/W re- The two corrections ta, in Eq. (2) are immediately seen

sponsible for the complexities of stick-slip dynamics appeato have different physical contents.
to be very successfully described by the phenomenological (i) The first one, BIn(¢/¢,), expresses that contacts
state- and rate-dependent frictiBRP) modef~>formulated  strengthen logarithmically with age, as also appears from the
by Rice and Ruina on the basis of Dieterich’s experiments offogarithmic increase of the static friction coefficigng with
rocks. The SRF model has been, since, extensively validategaiting timet,. We have given a detailed proof in a preced-
on very different materials, namely, paper and polymefing paper® hereafter referred to a$), that, as already sug-
glasses ® gested by Dieterich and Kilgord, static aging does result
The model states that the dynamic friction coefficient de-from the increase of the load bearing a&radue to asperity
pends both on the instantaneous sliding veloi:iland on a creep under normal compression. In nonsteady motdgn)
time-dependent state variabe [Eq. (3)] keeps track of the previous slip history on the finite
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distanceD . So the¢-dependent contribution ta describes @W K v
a retarded response to velocity variations. In steady sliding, it

is velocity weakening [ \ J\/\/\/—Hﬂﬂli>F x

(if) These characteristics contrast with the instantaneous, o LI

velocity strengtheningermA In(5</Vo), usually referred to as . .
descnblng the “d”‘ect effect”(sn’]ce |t accounts for the FIG. 1. Schematic representatlon of the model System. The

short-time force variation following a jump of the driving slider and the track are nominally flat bodies, exhibiting a micron-
velocit)/‘). scale roughness, and forming a multicontact interfdd€l). The

slider, loaded by a normal ford#, is driven along the track with a
remote point velocity, through a compliant stage of stiffneks

It is the interplay between these two terms which is re-
sponsible for the oscillatory nature of the stick-slip bifurca-

tion, the existence of which indicates tha {A)=>0. fect, A, with reference to an underlying thermally activated

Wh|le_, as mentioned above, the origin of the Vel(.)c'ty'mechanism. From this, we deduce an activation volume
weakening term—namely, the slow creep growthef—is T
which is of order (nmj.

now clear, the physical content of the direct effect has re- his | del of drv fricti

mained up to now elusive. In terms of Bowden and Tabor’s This e_ads us to propogé&ec. ”.D a model ot dry rl_ct|on
L : . . of a MCI in which the SRF equatidrEqg. (2)] is recast into a

decomposition, it seems natural to interpret it as a weak POSE . heralized Tabor exoression

tive velocity dependence of the interfacial strengthitself. 9 P

That is, it is likely to carry information about where exactly F=0 X)) (4)

within the microcontacts shear is accommodated and, possi- s nr

bly, about the size of the dynamical units responsible fowith

dissipation in shear sliding.

The second line of investigatioh!? initiated by - $Vo
Yoshizawa and Israelachvili, deals with single microcontacts 2i($)=2g 1 m In(D_O ’ ©
between atomically flat surfaces with a well-defined geom-
etry. Typical lateral dimensions are in the 1—4@n range. ] X
The (usually mica flat surfaces are in general separated by a os(X)=0g| 1+ aln V_o> ; (6)

few molecular layers of a highly confined organic lubricant.
Under normal stresses of order?IPa and for short lubri- that is, drawing upon the results 6, we associate the age
cant molecules, a pinned static state and a dissipative slidingffect with creep growth of the microcontacts. We then show
one are observed. They are interpreted in terms of solidificathat the direct effectEq. (6)] on the interface shear strength
tion (in general in an amorphous state# the boundary layer can be described in the following frame, previously proposed
under compression and of a shear melting transition. by Perssort® shear localizes within a nanometer-thick layer,

It is often suggested that such configurations model théorming the junction between contacting asperities. In this
microcontacts of a macroscopic MCI. The high local confin-layer, sliding proceeds via the shear-induced depinning of
ing pressure would result from the stress-amplifying geombistable “nanoblocks” of volume~(nm)*, which pave the
etry of the Greenwood interface, while shear would belayer densely. As the contact slides, these blocks—
accommodated within a thin film of contaminants. analogous to the two-level centers well known in glasses—

To what extent this captures the features of MCI nomi-are swept up to their spinodal instability, where energy is
nally dry friction still remains undecided. Indeed, up to now, dissipated in the associated jump, giving rise to fricidn.
such experiments have not been performed over a velocityhese jumps are uncorrelated.

range large enough to provide a decis?ve test as regards_MCI The direct effect X dependence ofro) results from the
phenomenology, namely, observation of a velocity-combined effects of sweeping the bistable stress-strain char-
strengthening friction stress compatible with the direct effeciycteristics and of noise-activated premature nanoblock de-
of the SRF law. _ o . pinning, i.e., thermally activated jumps over the spinodal
The present work aims at contributing to bridge theseparrier occurring during the sweep — a mechanism which
two—macroscopic and microscopic—approaches. For thigyas already proposed by Larkin and Brazovekin the
purpose, we rely upon an extensive experimental study oframework of charge-density-wa€DW) transport.
friction at MCI's between polymer glasses. A previous ar- |y short, we model the dry friction of macroscopic solids,
ticle (I) has reported the results Conceming the time eVOIUand interpret the SRF phenomeno|ogy for a macroscopic
tion (aging of the static friction coefficient.s(t) for PMMA  McI in terms of the elastoplasticity of a highly confined
and PS(polystyreng at temperatures ranging from 300 K to nanometer-thick amorphous layéhe “joint” ) weaker than

their respective glass transition temperaturesiQ0 K). A the bulk of the asperities, which therefore naturally localizes
summary of these results is given in Sec. IlA. We haveghear.

complemented them with a study of dynamic friction in the
same systems, which is reported in Sec. Il B. Il EXPERIMENTAL METHODS AND RESULTS

These experimental results fully confirm the validity of
the SRF description. We deduce from them the temperature The tribometer setup has been fully describedljn Its
dependence of the relevant paramet&r8, andDy. In par-  principle is schematized in Fig. 1. The macroscopic slider
ticular, following the works of Briscoe and Evadnson and the track, made of the same material, are nominally flat
Langmuir-Blodgett layers and of Nakatihion rocks, we  but exhibit a 1.3um roughness. The interface is therefore of
analyze the data concerning the coefficient of the direct efthe MCI type. The control parameters are the weighof
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the slider, the driving velocity, the stiffnesK of the driv- 0.50 - .
ing stage, and the temperatufeof the whole system. This
latter can be fixed between room temperature (20°C) and
the temperature of the glass transitions of Fg=£102 °C)

and PMMA (T;=110°C). The driving velocity ranges be- 0.45 |
tween 10! and 13 ums 1. The applied tangential force is
measured through the deflection of the cantilever spring

which also imposes the stiffne&sof the setup.
0.40 1

A. Static friction results: A summary

Let us first briefly recall the main results reported(ij , ,

. S . 0.35
concerned with the dependence of the static friction coeffi- 0 5 10 15
cient ug on waiting timetg and temperaturé. At fixed T, us
is found to increase quasilogarithmically with over a typi-

cal range 1-19s. We have therefore systematically deter- g1 2. Response of the systdRS at 20 °C) to a velocity jump
mined the parameteBs(T)=dus/dInts, measured at con- \ithin the stable steady sliding region. The effect of the track in-

stantT, for a fixed valueV|y,q Of the loading point velocity.  homogeneities is clearly seen at the larger velocity, Mege.
In addition, two different tangential stress conditions during

waiting have been used, name(y), zero tangential load and B. Dynamic friction
(ii) quasiconstant finite load close to the dynamic friction
force at velocityV,gaq-

The correspondings values are denoteﬂ? andBZ. It
was found that, systematically3¢> ﬂ?. Both parameters
increase withT, and theT sensitivity strongly increases on 1. Measurement procedure
approachingry . -

The results were analyzed according to Bowden and Ta: Ir_1 order to remove the long-wavelength variations of the
bor's decomposition[Eq. (1)]. The real area of contact friction force along the track, we proceed as follows. The

3, (to) of our MCI's, which have been found to obey Green- slider is _brought into steady sliding at velocityby a suit-
wood’s statistical description, is composed Mfmicrocon- ~ aPle choice of the control parametétandW, namely,K/W

tacts(with N proportional to the normal loa@/) of average 'afg_e enough to prevent the occurrence of stick-slip. The
radiusa(t). Far enough fronT, (T,—T=20°C), the val- driving velocity is then suddenly jumped to the reference
g 9 9 valueV,.;=10 ums 1. The tangential force is recorded un-

ues andT variations of 3 are successfully described in til steady sliding is finally reached again. A typical record is
terms of the increase & under constant compressive load shown in Fig. 2. The friction coefficient differenceu (V)

Lnidal compressive tocts on the bUIK materials, 1S Computed from the steady state forcasuo(V)=[Fo(V)
Close toT, (Ty—T=20°C), this model underestimates —Fa(Vrer) I/W. The average valugq(Vier) over the track
dB./dT, which points towards an increase with waiting time 1S @lso measured. The friction coefficientg plotted in Fig.
of the average shear strengt of the interface. The value 3 have to be understood as= ug(Vier) + Apg. The rela-
of dog/d(Inty extracted from this analysis increasestive amplitude of the variations of the reference friction co-
strongly when approachinfy; this variation seems compat- efficient about its mean value &t is typically 10%. As
ible with a strengthening of adhesion via chain reptationclearly evidenced in Fig. 2, the system exhibits velocity
across the joint. weakening, characterized at constant temperatuby the
This picture suggests that the properties of the adhesivearameteBy=dAuq/dInV.
joint may not be primarily determined by contaminants, but,
rather, by a thin layer made of confined polymeric tails, me- 2. Velocity weakening
chanically weaker than the bulk. _ Logarithmic weakening is generally observsee Fig. 3,
So, in terms of the SRF phenomenology, we conclude, ilng the data are well fitted by
agreement with Dieterich and Kilgore’s suggesttBthat, in
general, the age effect is due to the creep-induced slow \%
growth of the load-bearing area. The state variable can thus a(V) = pa(Vrer) = Balng—. (7)
indeed be understood as an average contact age. ref
However, it should be kept in mind that, in temperatureClose to the glass transition temperature, for both PS and
ranges where configurational relaxation within the joint itselfPMMA, however, a trend to saturation of the weakening ef-
becomes active, a corresponding age-dependent increasefett is observed for the highest velocities which the driving
the joint strength is to be expected. Such appears to be tlstage can impose. The results are found to be correctly de-
case close td 4 for identical vitreous polymers, due to rep- scribed by
tation, and, as observed by Nakatani, in feldspathic gouge at

T=800°C, where sintering healing between grains is at
work 14 9 g g ma(V)=pgot BqIn

time (s)

We report here the results concerning the sliding dynam-

ics of the same systems at low velocities ranging from 0.1 to

100 ums 1.

Vsat)
1+ v | (8)
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FIG. 3. Experimental data showing velocity weakening of the . . )
PMMA-PMMA system at three different temperatures: 23(®Pen FIG. 5. Ratio of static slope for stressed agjg and of dy-

circles, 89 °C (solid circles, and 111 °C(squares The lines are  "@mic slopeBy vs (T—Ty) for PS and PMMA.

best fits according to Eq@8). The cutoff velocity at 111°C is

Vea=11 uwms L The lowest bounds of the velocity ranges corre- €ter 8¢ reported in(l), the temperature sensitivity of velocity

spond to the onset of stick-slip oscillations, which increases withwveakening appears to be much smaller.

temperature. Moreover, B4 is found to be systematically smaller than
B< measured at the same temperature under a tangential load

The cutoff velocityVg,; becomes a relevant fitting param- during waiting close belowVuy(V,ef), as seen in Fig. 5.

eter, and, in this case, the parameggris measured in the

asymptotic part ofAuy(V) on the low-velocity side ¥ 4. Dynamic stability and SRF parameters

<Vsay. The stability of the steady sliding motion of an isothermal

spring-slider system against stick-slip oscillations is con-

trolled by the driving velocityV, the stiffnessK, and the
PS and PMMA differ markedly as regards the effect ofnormal loadW. It has been fourfithat K/W is the relevant

temperature on velocity weakening, as represented in Fig. #0mbination of the latter parameters. It is therefore conve-

For PS, at 20°CB4(T) is of order 3<10 3. It increases hient to seek for the stick-slip bifurcation by tuniy at

steadily withT. The value at 90 °C is one decade higher thanconstantk, V, andT, as illustrated in Fig. 6.

at room temperature. The Va|ue/@g for PMMA at 20°C is A straightforward linear Stabi”ﬁ/ analysis of the SRF

much larger(of order 10°2), but remains quasiconstant over €quationgEgs.(2) and(3)] predicts a bifurcation of the di-

tens of degrees. Its overall increase between room and glass

transition temperatures is only twofold. Qualitatively, when ' ' ' '

compared with the effect of temperature on the aging param- —_ |

3. Temperature dependence ¢,
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FIG. 6. Bifurcation between stick-slipower tracey and steady
T- Tg sliding (upper tracg controlled by the weighWV of the slider for a
PS-PS interfacal decreases from bottom to top by a total amount
FIG. 4. Velocity weakening parametgt, vs distance to the of 10 N. Driving point velocityV=2 ums %, spring stiffnesK
glass transition T—T,) for PS(open symbolsand PMMA (solid =2.1x10°N m~. Each trace has been shifted upward for the sake
symbols. Different symbol shapes correspond to different samplesof clarity.
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rect Hopf type. The critical valueK/W). of the driving 0.018 : ——————r
stage reduced stiffness parameter is such that PMMA
K dug 0.017+ ‘
Xc—(V—V>CDo——m—Bd- C)

§ stick-slip
For (K/W)<(K/W)., stick-slip oscillations occur. Their = 0.016 1
critical pulsation at the onset of instability is g

Vo [xe 0.015} .

QC—D—O A (10

The SRF laws involve three paramet®s, A, andB with 0.014——m———— : —

1 10
(B=A)=8y4. 11 (a) V(ums™)
The dynamical analysis provides a simple scheme to de g g2
termine these parametétsnamely, B4 is measured by
changingV over decades with a driving stage stiff enough to PS

ensure stable sliding. Its value is then plugged into(Egto

determineD, from the measurement of the critical parameter==~ ¢ o915 $
Xc. and ultimatelyA is obtained from the critical stick-slip &

pulsation, according to Eq10). = stick-slip

5. Position of the stick-slip bifurcation line g 0.010

Being essentially interested in the effect of temperature *
we have determined the stability limit for a restricted range ‘
of velocities, typically 1-1@:ms . We find, in agreement stick-slip
with previous studie§; that the critical value oK/W de- 0.005 '
creases slightly with/ (see Fig. 6. IncreasingTl destabilizes 1 P 10
markedly the system, therefore leading to a shift of the bi- (©) V(ums™)
furcation curve towards higher values KfW. This effect o .
appears clearly in Fig. 7 for both PMMA and PS, while it is FIG. 7. S‘?b"'“_’ diagrams in the-K/W plgne for(2) PMMA at

. . T=24°C (solid circle3 and 72°C(open circleg (b) PS atT
more pronounced for the latter glass. It is worth noting that,” > L o : .
due to the smallness af(K/W)./d(InV), the shift is tre- 723|_ C(sohlld circlesg and:.g C(ppkenl_cwcle*_,a” Bt_elow the bifurca-
mendously amplified when working at constatw rather tion fines the systems exibit stick-slip oscillations.
than at constan.

The destabilizing effect off is correlated with the in- markedly with temperature on approaching the glass transi-
crease of the velocity-weakening slogg(T) which, accord- tion. It has not been possible to approach closeT ¢since
ing to Eq. (9), rules the position of the bifurcation. For a in the transition region the system is very unstable and the
purely logarithmic weakening, the SRF model would predictbifurcation is out of range for the experimental control pa-
a V-independent value of the critical parametgr. The  rameters.
slight decrease which is actually measured results from weak On the other handA can also be deduced from the tan-

i

nonlinearities of theuy(In V) law .’ gential force response to a sudden jump of the loading point
velocity from V; to V,. As appears clearly in Fig. 2, the
6. Memory length Q tangential force exhibits an initial fast variation. In our low-

velocity regime, where inertia is negligible, the velocity of
the slider reache¥, at the apex of the fast response spike.
When loading with a stiff enough spring, this occurs after a
; > time lapse much shorter than the age of the MCI prior to
for PMMA are compatible with a constant valuBg jumping, namely¢,=D,/V;. In such a case, the age can be

=0.5 um. Those for PS, also in them range, are much gfely taken as a constant in E8), andA is simply related
more widely scattered and tend to increase with temperature, o spike heights u through

The lengthD is determined from the knowledge ¢
measured at about ums l. One then computeD,

=,8d(K/V\0C_1. The results are shown in Fig. 8. The values

7. Direct effect parameter A

The parametef, characteristic of the rate-dependent term
in SRF, Eq.(2), can be determined by different methods.

On the one hand, it can be inferred, using Eif), from
the data about the critical pulsatiéh, at the onset of stick-
slip oscillations, together with the previously determined The condition for Eq.(12) to hold reads 4 u)/(K/V,)
and Dy. For both PMMA and PSFig. 9), A(T) increases <Dgy/V4, i.e.,

A,u—AIn(V—l). (12)
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ing values of A=A n/In10, assuming a constant age, are
plotted in Fig. 9. The agreement with those deduced from
Eq. (10) is good at room temperature, but deteriorate3 as

is approached. This can be explained by the fact that, the
same spring being used at all temperatures, the constant age
requirement fails at the highest ones. Indedéd),/W
=2x%10? is much higher tharAIn10/10=0.23A at 20°C

but of comparable order close beloly, if A is deduced
from stick-slip oscillation data.

C. Connecting static and dynamic friction

At this stage, we have determined all the SRF parameters,
namely, B—A), A, andD,,.

As expressed by Eqg2), the SRF expression for is
singular in the limit of vanishing velocity. We will argue in
Sec. Ill that this limitation does not impair the basic physical
content of the SRF approach, but simply results from the fact
that the validity of the logarithmic expression for the direct
effect should be limited to a finite-velocity bracket.

Intuitively, already at the present stage, given our inter-
pretation of the physics of the aging affeee Sec. Il A
above, it appears natural, since, in the static limi, as
defined by Eq(3) is the waiting time, to state that dynamic
aging is essentially equivalent to static aging under a finite
tangential stress=Wuy4(V), as far as both processes take
place under a combination of normal and tangential loads.

This leads us to compare the SRF paramBtesith 37 or,
equivalently[see Eq.(11)], the measured values @& and
(Bz— Bq)- Figure 10 shows that, indeed, experimental results
support the validity of our interpretation. An analogous con-
clusion has been also reached recently by Matdémegran-
ite.

It has been proposéfthat, in connection with aging, the
static and dynamic friction coefficients would be related by a
“time-velocity equivalence” relation. Namely, since, for

one approche¥,, whereA increases significantly. We have steady sliding at velocityv, ¢#=D,/V, they would obey

measured the force spikAu following tenfold velocity
jumps (from 1 to 10 ums 1) for PMMA. The correspond-

0.20

0.15

< 0.10

0.05

FIG. 9. Direct effect parametek vs (T—T,) for PMMA (solid
symbol$ and PS(open symbols Different symbols correspond to Pendent

ma(V)=pug(Do/V), which would entail thatBs= 4. It is
clear from Fig. 5 that this equivalence relatigwhich is
incompatible with the existence of a direct effect contribu-
tion to uq) does not hold—even though the valuesadf B4

at room temperaturésmaller than R and their scatter have
misled us into previously claiming its validity.

Another bridge between “static” and dynamic friction
can be built, on the basis of the fact that any real measure-
ment of u is performed by loading, from the waiting state,
at some finite constant velocity,,.4. 1 iS then obtained
from the peak of the tangential forde(t) at which, when
inertia is negligible, sinc& (t) =K(V|,adt—X) (see Fig. 1,
the instantaneous sliding velocii%ea,; Vioad -

So u is not, strictly speaking, an intrinsic static property,
but a characteristic of a dynamical transient, and can thus be
expected to be described by the same SRF expression, Eq.
(2), which holds for the sliding dynamics.

Figure 11 shows the variations with waiting time of,
measured on PMMA at V,,;4=10 ums ! and
100 ums . The aging parameteB is found to be inde-
of Vigag» While Ap=pl(100 ums?)

different samples. The crosses are data obtained from velocity jumpr #(10 ums 1)=7x10"2. Since the loading time is al-

experiments on PMMA. See the text for details.

ways negligible as compared with the waiting titge on the
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1 T T T T 0.70
A —4—10ums"
B, - B, e 065 - —o— 100 um s
: e
1 0-1 3 [ ] O_ 0.60
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102 | } e o | 0.50 |
A
o 0.45 A 1
o
PM PMMA
© MA 0.40 : '
10° ' : : : 1 10 100 1000
-100 -80 -60 -40 -20 0 t (s)
(a) T- Tg FIG. 11. Static friction coefficienta vs waiting timets under

tangential load, for loading velocitie¥,q=10 ums ! (open
circles and 100 ums ! (solid circle3. Note that the logarithmic
slopeBg is independent o¥/q,q-

- 2rOO'SO

107 ¢

3,0 is the real area of contact ancl, the shear strength
u] in steady sliding at the reference velocWy (~W for our
102 . 1 Greenwood interfacgsWe thus identify

- B

A= , B=mu,g. 16
PS alo Lo (16)

3 . ' . . . . With Vo=1 ums 1, u, is typically of order 0.5; hence
10 « andm are on the order of 10, so that the second order
-80 -70 -60 -50 -40 -30 -20 -10 correctionugam(In)? spuriously introduced when factoring
) T—Tg Eq. (2) into Eq. (14) is of order 5x 10" 3. This is a small
correction, which is precisely comparable in magnitude with
FIG. 10. Comparative plots of parametérgsolid symbolsand ~ the weak nonlinearities of thgy(V) law, neglected by the
Bi— B4 (open symbolsvs (T—T,), for (8) PMMA and (b) PS. SRF model, but revealed by the detailed analysis of stick and
slip and relaxation.
basis of Eq(2), A ug should result from the direct term only, Equation(14) thus leads us to the generalized Tabor de-
so that (A us/In10) should be compared with which, at ~ composition[Egs. (4)—(6)] which attributes the direct effect
this temperature, is founéFig. 9) to be on the order of to an interfacial shear strength fitted by the empirical expres-
4x 10 2+102. This lends further support to the SRF phe- sion[Eq. (6)], which we rewrite here for convenience,
nomenology: the fact that the direct effect term depends on

the instantaneous sliding velocity appears to be reasonably : X
well verified even in the present case, whereis measured os(X) =05 1+aln V_o) } (17)
during an accelerated transient.
When considering Eq(17) from the point of view of
IIl. DISCUSSION AND MODEL continuum mechanics, one is naturally prone to associate,

following Briscoe and Evari and Brehet and Estrirt® the
displacement rat& with a shear strain rate=x/h, whereh

We have shown in Sec. Il C above that the coefficof  is some thickness characterizing an interfacial zone where
the “state-dependent” term in E@2) can be identified with  shear localizes. This interpretation strongly suggests that the
the logarithmic slopeB: of the static friction coefficient logarithmic “rheology” expressed by Eq17) might result
wi(ts). This enables us to attribute the velocity-weakeningfrom a thermally activated shear-induced creep process. If
contribution to the steady stateq to the creep-induced such is the case, as shown in Ref. &3should read
growth of the load bearing area and, consequently, to rewrite

A. Estimate of an activation volume for shear creep

the SRF equatiohEg. (2)] as = ke T , (18)
) OsoVact
w(X, )= ol 1+ min Vo 1+aln i” (14)  Wwhich defines the volume, associated with the elemen-
Do Vo tary dynamical process. With the help of Ed6), we get
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’u\ o o . FIG. 13. Schematic representation of Persson’s nanoblock
wE d o o model(see Ref. 150f the adhesive joint between two load-bearing
c 1+F . . asperities.
T % . o
©
= i magnitude estimaféshows that realistic asperity profiles are
much too smooth for compressive pinning to give rise to
0 —_ multistability.
-90 -80 -70 -60 -50 -40 -30 -20 -10 The natural candidate is therefore adhesion—a mecha-
T_Tg nism which we expect to act on, typically, a nanometric

thickness range. Adhesive pinning is indeed observed on
FIG. 12. Activation volumev ., associated with the direct ef- boundary lubricated single microconta}%fsand was also
fect, as estimated from Eq19), vs (T—T,), for PMMA (solid ~ measured long ago by Courtney-Pfatwith a dry metallic
circles and PS(open circles single contact. For our MCI’s, one can reasonably guess that
the nanometric interfacial layer in which adhesive interac-
1 tions are active is essentially constituted of highly confined
—, (190  tails of polymer molecules forming an amorphous “joint.”
A This interfacial layer is certainly less dense or, at least, me-
) ) chanically weaker than the bulk material, as indicated by the
where the average normagl stress acting upon the MiCrocoR;arked decrease df, with thickness for very thin PMMA
tactsp=W/% o is rough!yl of the order of the yield stress  fjmg 25 This |eads us to postulate that it is in this layer that
oy of the bulk material in uniaxial compression. the dissipative processes take place. Moreover, our above
Figure 12 shows the temperature dependence.gf 8s  gstimate of an activation volume points to nanometric lateral
deduced from the data of Fig. 9 and from the values Ofjimensions for these units, comparable with the layer thick-

Vact™

keT
p

oy(T) obtained in(l). ness.
It is seen that, for both PMMA and PS, Perssol? has proposed a schematic model which displays
the essential features of the above qualitative picture. We
Vacr~1-2(nm)3 (200 will therefore now try to interpret our results in the frame of

this “nanoblock™ model. We first briefly summarize its in-

and this over the whole temperature range. This indicategredients, assumptions, and main results.
that the elementary units of the dissipative dynamics contain
a few molecular(subunits—a size typical of the localized
defects(two-level centersresponsible for the plasticity of
glassy material$’ The single microcontact is schematized as folldiFy.
13).

(i) The joint, of lateral extensiom, is represented as a
o o ) _ linear array of nanoblocks of siz&xbXxb, coupled to their
. In order to get. insight mtp the origin of the dlrgct effect, it nearest neighbors by springs of stifindss- E, b, whereE,
is necessary to figure out first where shear localizes. For thig 41 elastic modulus of the joint. The blocks are coupled
purpose, it is essential to recall that two oftiave evi- elastically to a driving upper plate by shear springs of stiff-
denced experimentally the existence, for our MCI'’s, of anessk1~k2.

regime of elastic response to tangential loading, which is (il) Each block {), of abscissa|, , moves according to the
reversible at low load and crosses over to the dissipative'f\,o"owing rules. '

sliding regime in the immediate vicinity gi;W (or, equiva- (@) As long as the magnitude of the stréss| acting on

lently, for displacements- D). o ) (i) is smaller than a threshots, , the block is rigidly pinned

This gives direct proof that the static interfacepisned he | iaid . latdr — 0
up to a finite threshold stress. In this situation, it is wel| 0 the lower rigi nonmoving pgtq— :
known that the resulting low-velocity friction forde is due _(P) When .| oi|=0a, it is depinned, and moves, at low
to the stress-induced depinning of multistable states whicHriving velocity x, according to
dissipate a finite energy during the corresponding fast spin-
odal jumps'® The correspondingF is basically velocity in-
dependent.

The question then arises of the origin of this multistable
pinning. There area priori two possible candidate mecha-
nisms. One is the elastic potential arising from vertical elaswherem, is the block massy the internal viscosity of the
tic compression during asperity crossing; a simple order ofoint, andp; the position of the driving point relative ta)(.

C. Persson’s nanoblock model

B. Origin of pinning and shear localization

Mp0i+ My Y0 =Ka(di+ 1~ 20+ 0 - 1) +Ka(pi— 1), o1
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;S: J(rach((r)da', (23
0

with P(0)=0,", so thatog= 0,/2.
Note that, in this highly simplified picture, the stress-
> displacement hysteresis cycle is made of two strictly linear
0 ’ b26,/ky p curves interrupted at o, . The absence of th@enerig in-
~ finite (do/dp) slope at the spinodal limit results from ne-
FIG. 14. Stress-driving point displacement characteristics. glecting elastic displacements within the molecular block-
measures the driving point displacement from its position at the lagpinning potential wells.
repinning event. The triangular shagbick line) approximates a
schematic real multistability cycléhin line).

D. Thermally activated premature depinning

(c) When g; vanishes for the first time(j) is repinned The previous results are concerned with the zero-
(stop3, and the process starts again. Note that such a rufémperature limit. At finiteT, thermal noise is necessarily
implies that the block dynamics is overdamiéd. present. When swept by the driving plate along the stress

The assumption of complete immobility fow;| <o, is a  CYcle, a blockis pinned in a locally stable state whose energy
simplified representation of the pinning of blocks by molecu-increases withr, so that it gradually evolves from globally
lar scale modulations of the “plate” potentials. It is the com- Stable to metastable, until it disappearsrgt via a saddle-
petition between these modulations and the elastic restoringode bifurcation. That is, s approaches the spinodal limit
spring forces which, for large enough, leads to the spin- - from below, the energy barriexU(p) which separates

odal instability ato, . the pinned equilibrium state from the depinned one gradually
The most serious assumption of the model is the infinitejecreases to zero.

stiffness of the confining plates. This amounts to neglecting |n the absence of externally imposed drift, metastable
elastic deformations of the asperity bodigepresented by pocks with reference coordinafe would escape, due to

the plates on scales smaller than the contact radius with . o ~
respect to those of the joint. So it implies that thermal noise, above the activation barddd (p), at the rate

E>E,, 22) L p[_AU(E)

: (24)

whereE is an elastic modulus of the bulk materfal. 7(p)

If this would not hold, interblock long-range elastic cou-
plings mediated by the body of the asperities would becom
relevant, thus invalidating the nearest-neighbor couplin
assumptiorf? It would then also become crucial to take into
account the full(2+1)-dimensional geometry of the elastic

where the attempt frequency,~c;/b. In this situation
?\Nhich corresponds to the static state of the interface under a
qoad ~ ugW), the rightmost part 0Q(p) gets gradually de-
pleted by these premature depinning events, which are all the

system. more effective thaip is closer topmay: and the average
Persson has studied this model numerically, and constress on the microcontact decreases, the sticeps under
cluded the following. shear

(i) At driving velocities much smaller than the sound ve-  When the joint is driven at the fixed veloci=V, each
locity in the joint, c;~ (E b%m;)" a range relevant to our pjock is at the same time advected towards largeand

experiments, the steady sliding friction force\isindepen- experiencing the above finife-dependent depinning prob-

dent. ability. The largerV, the less time a block spends in the

(i) The blocks ;Iide essentially independently and in avicinity of the spinodal, where the escape rate is non-
noncorrelated fashiofonly a very small fraction is unpinned . . S~
at a given timg negligible. The corresponding dlstr|but|9@(p) is, conse-
(i) Accordingly, the distribution functionP(s) of  quently, strongly depleted above a cutg{f(V) which in-
single-block stresses is stationary avidndependent. It is, creases withV. The average frictional stress increases
very roughly, uniform betwees,i;~0 ando = o5, With accordingly. At large velocities, advection overrides activa-
P(o,)#0. tion. Q (and, equivalently,P) recovers its uniformT=0
These results can be reinterpreted, for semiquantitativealue, ando g saturates atr.
purposes, in terms of the following mean field picture: When This picture can be formalized by writing the evolution
sliding, each block is swept across a stress-driving point disequation forQ(p), which reads
placement characteristies(p), ending abruptly at the spin-
odal limit o, (Fig. 14). Here, p;=p;— pio, Wherep;, is the 9Q _ _Vﬁ_ Q. oF
position of theith driving point at the instant when blogk at p (p)’ (29
was repinned for the last time. In mean field, variations-of
and p; for pinned blocks are related byo,=k;dp;/b?, for ~ With the boundary condition
each blocks; = (p;), and the block reference coordinajgs
ha_we a uniforr_‘n distributio®(p). The frictional stress on a Q(zmm,t):Q(;max,t)JrJ' dp’
microcontact is

Q(p' 1)

= , (26)
7(p")
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which expresses that the depinned blocks refeed the lower

edge of the distribution. 4 ~IN(VN") < In(VV')28  visc. dissip.
The steady state distribution reads oy F———————— ) m———
| I
Qulp V)= Qoex — | & @7 L
e oVr(p') I
| [}
and the average frictional stress I |
i —{ 5 — —
Ta ~ al *
7:0)= [ "0Qu(o) Vighdo, 28) petrEnee Vo9 v

ith (d5/de) = (b2/k FIG. 15. Schematic interfacial stress vs velocity cuftiack
with (dp/do) = ( 11'_ 3 line). Note the breaks on the velocity axisee text The thin line

For veIéJC|t|es\/_<<_V =Cy(kgT/oab%), Qs [E_q' (27)] can corresponds to the asymptotiblewtoniar) viscous regime, con-
be shown® to exhibit a very abrupt drop from if§=0 value  tojied by the internal viscosity.

to practically complete depletion about a cutpff(V) de-

fined by this behavior are to be expected only at velocities large
T enough forp.(V) to lie irlthe close vicinity ofp, Where
=1(p)=——0—. (29)  the generic infinite ¢o/dp) slope at the spinodal limit will
V|(dAU/dp); | result in a slowel In(V/V*)]?? variation'® of [o¢(V)— o]
One then obtairié which, at even highe¥, far above our experimental range,

finally crosses over to the “phonon drag” regime where dis-

v sipation is controlled by the internal viscosity Since the
o(V) =0y —n (30)  reduced velocity relevant to viscous dissipatiovig;, the
Usb3 Os vE crossover region is very wide, and corresponds to an appar-

When introducing, in the spirit of Sec. II, a reference ent saturation of the frictional stress at the constant value

velocity Vg, Eq. (30) reduces to the direct effect expression, Another crossover is expecteg on the low-velocity side.
Eq. (17), with Indeed, as the stress decreaspgV) approaches from

above the position corresponding to the Maxwell plattau
kBT E, [V* and repinning backjumps, though extremely rare, become al-
1- In(v—> , (31 most as frequent as depinning ones. This results in the clas-
0

O50=0g

Usbs 8 sical Eyring (sinh) behavior for o4(V) ending in an ex-
tremely fast quasilinear drop extrapolating to zero.
keT E; These behaviors are schematically summarized in Fig. 15.
a= = -—. (32)
ogob® 80

E. Activated depinning for nonsteady motion
This is to be compared with the expression ®f{Eq.

(18)], which we used to evaluate an effective activation vol-
umev,e. From Eq.(32), this is related to the joint param-
eters and block volume by

Finally, in order to ascertain that activated premature de-
pinning fully accounts for the SRF expression, K@), we
must extend Eq(30), which holds for steady sliding only, to

the case of accelerated motion with velociit).
,80% The equation folQ(p,t) retains its form Eq. (25)], with
Vae=b" = (33 V—x(t). One expects that, for slow enough velocity varia-

. . tions, the system adapts adiabatically to the instantaneous
For shear melting of confined boundary layers, Thompsone_, that

and Robbin€ suggest that, roughly?S/EJm 5x 10 2. With

this evaluation and the value of,; extracted from experi- 0,6)~Q(p,x(1)). (34)
ments, we do obtain values of the block sizi the nanom- Qe Qsle.X(
eter range. One easily checks that thigQ/Jt<Q/7) holds as long as

So not only does the above model account for the func-

tional form of the direct effecv dependence of the interfa- : ~ ]t
cial strength, but it appears quantitatively consistent. p - f — (35)
It is important to point out that, while the detailed values x 7(p)[ /o xr(p")

of the coefficientsog, and « in Egs. (31 and (32) result _ )

from the particularly simple choice of a linear truncated ©Nne show® that the above integral is of order
stress-displacement block characteristic, the logarithvhic (kBT)/[xr(p)IAU (p)|]. Finally, as can be intuitively ex-
dependence obr¢ in Eq. (30) is robust. Indeed, it results pected, the condition of adiabatic adaptation reduces to
directly from the exponential dependence of the rate

[1/7(p)] of activated premature depinning. Departures from t* > 7,(X), (36)
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wheret* is the time scale of velocity variations, amg(x) is ~ Sweeping these nanoblocks up to a spinodal instability where
the activation time corresponding to the upper cutoffyf  they flip back into a relaxed stress state. Such a description is
at velocity x [Eq. (29)]. Plugging Persson’s expression for akin to the model of plasticity of amorphous solids recently

the activation barrier height, proposed by Falk and Lang& These(uncorrelateljumps
are responsible for the finité-independent dynamic friction
o o2 force, to which the activated direct term appears as a small
AU(o)= a'abSE—a< 1——2) ; (37) logarithmic correction.
J a We therefore interpret friction in terms of the plastic de-
into Eq. (29), we find that condition(36) yields formz_ition of elastoplastic adhe_sive joi_nts, much Weak_er me-
chanically than the bulk materials, driven by the bodies of
_ b kT the (adjacent load-bearing asperities, to which they are elas-
t*>t,(X)= - ——. (389 tically pinned when unsheared.
X 4ob® In this model the whole dissipation takes place in the

, . — joint. Brechet and Estritf have suggested that it might, on
Forx~1 ums ~, b~1 nm, andkgT/osb”~A (the SRF  the contrary, result from plastic creep within the asperity

parameter;, we obtaint,(x)~10"° s. bodies. However, their model implicitly assumed infinitely
This is to be compared with the time scales relevant tostrong adhesive pinning. In the real case where, as proved by
essentially, three types of experimental situations. the existence of a finite memory lengBy, the interfacial

(i) Stick-slip oscillations: close to the bifurcatiat, isthe  grengtho is finite, the effect of asperity creep can be esti-
inverse of the critical frequenc. [Eq. (10)], i.e., of order  ateq as follows. When the joint slides, the friction stress is

27D/ Vgrive- SOt*/ta(x)=Do/bA~10". approximatelyos. Hence a rate of plastic deformation in the

Far from the bifurcationt* is governed by the time for e . . S .
. . . . . y . Th I hich th t is driven
inertial slip: t;,~VM/K, whereM is the slider mass and f':\sperltles ép(7s). The velocity gt which the join _
is thereforev;~[V —€,/(05)a], with a the contact diameter.

the stiffness of the driving spring. Typically, sinc&/ AN . -
<(KIM)., ti,>10"3s. g spring. typicaly ™) As long asv;>0, the joint is effectively sliding. The total

(i) When measuring the dependenceugfon V.4 (Sec.  dissipation, controlled by, is unaffected by asperity creep
IIC) one deals with the acceleration of the slider from whose only effect is that dissipation is now redistributed be-
~0 to X=V within a time t* =D /V 29 (5 be com tween two contributions associated, respectively, with joints
pared witht“ziz ). Hence agz;nt*olt (Iizd,d)~105. and asperities. It is only at velocitieé<V,.s=aey(og)

(i) VeloacitijTJmps from’Vl 0 V2>aV1 ,0?* is the time _that the joint remains pinned while the asperity flows plasti-

needed to increase the load, at velodity by AWIn(V,/V;), cally in a chewing-gum-ike fashion. Thenoy(V)

to be compared with,~bA/V,. Steady sliding requirey = (€p1) '(V/a). Since the asperities are stronger than the
=KDo/W>x.=Bq~10"2. Typically in the experiments, bulk, o is much smaller than the yield stress of the asperi-
X! x¢<10. Hencet* /t,= (x "1Dy/b)In(V,/Vy)~10". ties, so that the Brhet-Estrin regime is, in general, re-

From this we conclude that, in all dynamical situationsstricted to extremely small velocities, irrelevant to our ex-
relevant to low driving velocities, it is legitimate to extend periments.
Eq. (30) to nonsteady motion by simply replacingby the Let us insist again that Persson’s model which is the basis
instantaneous slider velocity. This completes our interpretaef our interpretation, as well as the mean field approximation
tion of the direct SRF effect in terms of the competition to which it is amenable, depends crucially on the validity of
between activated depinning and sweeping of multistableondition(22) which states that the joint be much more com-

characteristics of nanoblocks. pliant than the bulk material. For systems where this condi-
tion is not satisfied, long-range elastic interactions between
IV. CONCLUSION nanoblocks, mediated by the asperity bodies, become rel-

evant. These will certainly promote correlations between

In summary, the quantitative analysis of our experimentdlock flips, which might result, for example, in kinklike
on static and dynamic friction leads us to conclude that, forompression waves or possibly decohesion waves of the
our MCI's between polymer glasses at least, the SRF mode$challamach type. This suggests that it should be of interest
provides an excellent phenomenological description of theo perform systematic friction studies on multicontact sys-
frictional dynamics. It can legitimately be interpreted physi-tems involving “soft” materials.
cally in terms of a generalized Bowden-Tabor decomposition Note finally that our interpretation provides support to the
of the friction force. classical Mindlin model of a sheared adhesive Hertz

The SRF, contact-strengtheniny-(veakening, age ef- contact® Indeed, this continuum mechanics description re-
fect results from the slow creep of asperity microcontactdies upon the concept of &bcal Amontons-Coulomb law
under normal compression, leading to logarithmic growth ofwith a constant friction coefficient. Such a law necessarily
the real area of contact. results from an averaging, which should be valid on a scale

The velocity-strengthening “direct effect” SRF contribu- much smaller than thémicrometrig asperity diameter. This
tion to u is attributable to the premature depinning, due tois indeed justified if, as we concluded above, the basic dy-
thermal noise, of a two-dimensional layer of elementary dy-namical units are of nanometric size. Of course, even if the
namical units of nanometric dimensions, forming what weaveraging process on this scale is legitimate, it remains to be
call the adhesive joint. Frictional sliding corresponds toproved that the Amontons-Coulomb proportionality holds
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between local shear and normal stresses. A recerdefined on a scale much larger than the mean intercontact
simulatiort? by He et al. of a sheared confined boundary distance. It is meaningful only on a semimacroscopic scale.
layer indicates that such a linear relationship is indeed to be
expected.

This, however, does not permit us to justify the use of a
local version of the SRF model. Indeed, the “state” variable =~ We are grateful to B. Velicky for fruitful discussions and
¢ is anaveragecontact age. Such an average can only bago O. Ronsin for a critical reading of the manuscript.
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