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Friction between two weakly adhering boundary lubricated surfaces in water
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The sliding of adhesive surfactant-bearing surfaces was studied with a surface forces apparatus nanotribom-
eter. When the surfaces are fully immersed in an aqueous solution, the dynamic behavior is drastically different
and more varied than under dry conditions. In solution, the shear stress exhibits at least five different velocity
regimes. In particular, the sliding may proceed by an ‘‘inverted’’ stick-slip over a large range of driving
velocities, this regime being bounded by smooth~kinetic! sliding at both lower and higher driving velocities.
The general behavior of the system was studied in detail, i.e., over a large range of experimental conditions,
and theoretically accounted for in terms of a general model based on the kinetics of formation and rupture of
adhesive links~bonds! between the two shearing surfaces with an additional viscous term.
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I. INTRODUCTION

Very often the friction between two surfaces sliding pa
each other exhibits a stick-slip motion even when the driv
force or velocity is kept constant@1,2#. The stick-slip can be
erratic, with stochastic spikes, or highly periodic, showi
regular sawtooth oscillations. Several causes have been
tified to be at the origin of such unsteady sliding@3#. First,
rough or corrugated surfaces have long been known to
duce irregular or regular stick-slip@1#. In a very general fash
ion, regular stick slip always arises when the interfacial fr
tion decreases with the driving velocityV andthe stiffness or
compliance of the system is below some critical value@1–6#.
This often arises with dry and boundary-lubricated surfa
and has been conceptualized in a number of phenomeno
cal ‘‘rate-and-state’’models@2,7,8#. More recently, a ‘‘phase-
transition model’’ has been proposed for the stick-slip o
served in molecularly thin liquid films confined betwee
smooth surfaces@9–11#. According to this model, during
each stick-slip cycle, the film undergoes a transition betw
a static solidlike state~stick! and a kinetic liquidlike state
~slip!.

For all of these systems, the stick-slip oscillations oc
between a high friction static state and a low friction kine
state, and the transition from stick-slip to smooth sliding
observed to occurabovesome critical driving velocityVc .
An example of this type of transition, observed in the maj
ity of tribological systems, is shown in Fig. 1~a!. This fric-
tion trace as well as all the other ones presented herein
were measured between boundary lubricated surfaces w
tribometer version of the surface forces apparatus~SFA!
@12#, the surfaces being coated by self-assembled surfac
layers. For the results presented in Fig. 1~a!, the coating con-
sisted of a single monolayer of cethyl-trimethyl ammoniu
chloride~CTAC! on each surface and the measurements w
performed under dry conditions. Similar friction traces ha
been previously obtained with other surfactants exposed
vapor atmosphere under similar conditions as well as un
controlled humidity@13#.

In two recent papers@14,15#, we have reported what ap
pears to be a different class of behavior when the frict
measurements are performed with the surfaces fully
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mersed in bulk aqueous surfactant solutions. An exampl
given in Fig. 1~b!. The surfaces were now immersed
CTAC solution from which the surfactant was directly a
sorbed. A stick-slip behavior with regular oscillations st
occurs, but many trends of this unsteady regime are reve
with respect to the ones of the common stick-slip, which
why we called it ‘‘inverted stick-slip’’@14#. One of these
differences is that the unsteady regime now occursafter a
smooth-sliding regime, which is observed at low velocitie
In further contrast to the common scenario, the spikes of

FIG. 1. Stick-slip–to–smooth-sliding transition.~a! Conven-
tional stick-slip: In the stick-slip regime, atV,Vc , the friction
force oscillates between the kinetic valueFk and a higher ‘‘static’’
valueFs . Above the critical driving velocityVc , smooth sliding is
observed.~b! Inverted stick-slip. The smooth-sliding regime is no
observed at low velocities,V,Vc1 . In the stick-slip regime, the
friction force oscillates between the kinetic valueFk and alower
value Fsk . Note that after a change in the driving direction, n
stiction spike is observed in the smooth-sliding regime at low
locities.
©2003 The American Physical Society10-1
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stick-slip oscillations are inverted, falling below the smoo
kinetic baselineFk , observed at lower velocity, instead o
rising above it towards the static valueFs , as in Fig. 1~a!. In
fact, no indication of static friction is observed in this ca
even when the sliding starts from rest, regardless of the s
ping time, or when the sliding direction is reversed in t
smooth-sliding regime. In the common scenario@cf. Fig.
1~a!#, a reversal of the sliding direction usually yields a st
tion spike that precedes the smooth sliding. The lo
frequency cycles in the friction traces in Fig. 1 are due
such direction reversals. No stiction peaks are observe
the case of the inverted stick-slip scenario, as can be
served in Fig. 1~b!.

In this paper, we report the data we have cumulated
this unusual behavior. Most of it can be accounted for
terms of a general model based on the kinetics of forma
and rupture of adhesive links between two shearing surfa
The paper is organized as follows. In Sec. II, we describe
materials and the experimental technique used in this w
Section III is devoted to the experimental results. The
neric profiles of the stress-velocity sliding curves in the d
ferent regimes are given in detail in this section. We revi
their dependence on the normal load, the temperature,
the bulk surfactant concentration. In Sec. IV, we present
adhesive friction model initially proposed by Schallamach
years ago@16#, to which some modifications are added
improve the interpretation of the experimental curve. T
discussion of the results in terms of the theoretical mode
presented in Sec. V. Finally, the main conclusions of t
study are presented in Sec. VI.

II. EXPERIMENT

A. Apparatus

All data reported in this paper have been obtained wit
nanotribometer, a dynamic version of the~SFA!, specially
designed to investigate at the nanometer level the s
forces between two surfaces sliding past each other@12,17#.
The surfaces are molecularly smooth mica sheets glued
cylindrical lenses of radiusR'2 cm, using a thermosettin
epoxy ~EPIKON 1004, Shell Chemical Co.!, which are
mounted in the apparatus in a crossed configuration. T
geometry, combined with the molecular smoothness of
mica surfaces, ensures a single contact point when the
faces made to approach towards each other. The two surf
can be approached~loading! or separated~unloading! with a
distance accuracy of a few angstroms. An interferome
technique~FECO! is used to measure the separation betw
the surfacesD ~to 62 Å!, their local radii of curvatureR
around the contact position~to 60.1 mm!, and when de-
formed under a normal loadL, their elastically flattened are
of contact,A5pr 2 ~to 610 mm2!. A lateral relative motion
of the surfaces is induced with voltage-driven piezoelec
bimorph strips supporting the lower surface@17#. Applying a
triangular voltage signal to the bimorphs displaces this s
face at a constant sliding velocityV. The surface is moved
linearly in one direction until the maximum voltage
reached, and then the direction is reversed. The sliding
plitude ranges from a few nanometers to 25mm, while the
06611
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frequency can be varied between 1023 and 10 Hz. The fric-
tion force F is measured with semiconductor strain gaug
attached to a double-cantilever spring of stiffnessKm be-
tween 3000 and 9500 N/m, supporting the second~upper!
surface. The resonance frequency of the mass-spring sy
was between 300 and 400 Hz. The temperature was c
trolled between 16 and 32 °C with an accuracy of better th
0.05 °C.

B. Materials and procedure

Four water-soluble surfactants with positively charg
quaternary ammonium head groups were investiga
referred to in the text as CTAC, DDAB, gemini, and trimeri
CTAC has been purchased from Kodak with a higher qua
grade and used as received. DDAB~didodecyldimethyl-
ammonium bromide!, 12-2-12 gemini @ethanediyl-
1,2-bis~dimethyldodecylammonium bromide!# @18#, and 12-
3-12-3-12 trimeric „methyldodecylbis@3-~dimethyldodecyl-
ammonio!propyl#ammonium tribromide… @18# were original.
Gemini and trimeric surfactants are quaternary ammon
bromide oligomers, with dodecyl ammonium moieties co
nected at the ammonium group by ethyl or propyl cha
@18#. All these cationic surfactants spontaneously adsorb
the negatively charged mica surfaces from aqueous soluti
For surfactant concentrations above the critical micelle c
centration~CMC!, the adsorbed films show a different mo
phology depending on the surfactant. A number of them
sorbed as flat bilayers, while the others formed rat
modulated layers, suggesting the adsorption of globula
cylindrical micelles@19–22#. Adsorption on the mica sur
faces was initiated in the SFA chamber by having the m
surfaces immersed in the surfactant solutions at a given c
centration. After overnight adsorption, the coated surfac
still immersed in the surfactant solution, were brought in
contact. The friction measurements were performed un
different normal loads, including loads large enough to
duce the rupture of the adsorbed films. The normal fo
profile ~force vs separation distance! between the coated sur
faces was systematically measured before any friction st
to determine the quality of the contact and the point of z
load.

III. RESULTS

Figure 2~a! shows a typical force profile measured b
tween two cationic surfactant-coated mica surfaces in
aqueous solution@23#. In this example, we used the trimer
surfactant at a concentration of 8 CMC. At large separatio
the expected long-range DLVO force due to the interact
of the charged adsorbed films is observed. Closer in, w
the bilayers are only separated for a few angstroms, a hy
tion force barrier deviated the measured force profile fr
the predictions of the DLVO theory@23,24#. Along this steep
branch, we were unable to detect any significant fricti
force, regardless of the sliding velocity and the morpholo
of the adsorbed films. At the largest loads that could be
plied before the adsorbed films ruptured, the friction for
was at the lower limit of the sensitivity of the device~;20
mN! with a corresponding weak signal emerging from t
0-2
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FRICTION BETWEEN TWO WEAKLY ADHERING . . . PHYSICAL REVIEW E67, 066110 ~2003!
noise. Such a friction trace is presented in Fig. 2~b!. It has
been measured between two trimer bilayers separated b
nm, i.e., almost at physical contact. The corresponding co
ficient of friction,m5F/L would be equal or less than 0.004
an extremely low value~as a reference, the kinetic friction
coefficient of ice is around 0.03!. This low friction without
stick-slip may be related to what has been recently repor
by Ravi et al. in study of aqueous salt solutions@25#.

At larger loads, above the rupture threshold, we have o
served two different behaviors depending upon the morph
ogy of the adsorbed films. When the surfactant molecu
adsorbed as cylindrical or globular micelles, the adsorb
films are almost completely expelled from the contact zo
~interfacial rupture!. However, it seems that a few isolate
molecules or small patches remain trapped between the m
surfaces: the surface separation after this type of rupture
never zero, but varied between 0 and 5 Å.

On the other hand, when the surfactant molecules ads
as flat bilayers, large loads trigger the hemifusion of the tw
bilayers into one bilayer@26#, i.e., only the outer monolayer
of each adsorbed bilayer is expelled from the contact zo
~cohesive rupture!. Hemifusion@Fig. 2~a!# brings the two ad-
sorbed monolayers into an adhesive~hydrophobic! contact.
The mica surfaces are then about 30 Å apart, depending

FIG. 2. ~a! Normal force profile between two adsorbed trimer
bilayers in aqueous surfactant solution. Before the hemifusion,D
.7 nm, the friction between the bilayers is smooth and weak.
the hemifused state, the friction between the two contacting mo
layers is large and may exhibit an inverted stick-slip.~b! Actual
friction trace measured between two bilayers of the trimeric surfa
tant at T526 °C with a driving velocityV50.05mm/sec and a
normal loadL52.1 mN. The triangular signal is the actual positio
of the lower surface. The measurement evidences ultralow frict
between the bilayer-covered surfaces.
06611
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the surfactant. The hemifused state is clearly recognizabl
the corresponding force profiles, being characterized by
almost vertical force barrier~hard wall! after a jump-in from
point J, as illustrated in Fig. 2~a!. After the jump, the two
surfaces adhere in the central contact region but repel out
it, where the bilayers are preserved. A circular defect line
dislocationlike loop separates the two domains.

Once in the hemifused state, the friction forces beco
significant, in contrast to what is observed when the surfa
are still covered by complete bilayers under the same lo
The inverted stick-slip scenario is observed when the s
faces are in this hemifused state. The measured fric
traces are highly ‘‘reversible’’ and ‘‘reproducible,’’ in the
sense that they do not change with time or sliding directi
and are identical under loading and unloading conditio
This is true both in the inverted stick-slip and smooth-slidi
states.

The inverted stick-slip scenario was always found w
the three surfactants we tested that have the ability to ge
ate an adhesive monolayer-monolayer contact, nam
CTAC, 12-2-12@18# and 12-3-12-3-12 surfactants@18#. We
found it more convenient to work with the trimeric surfacta
and most of the results presented in this paper have b
obtained with this noncommercial surfactant@18#. To fully
characterize the inverted stick-slip scenario, we pursue
thorough exploration of the relevant experimental para
eters; in the next few sections, the response of the syste
changes on sliding velocity, normal load, temperature, a
bulk surfactant concentration are described in detail.

A. Driving velocity dependence

Figure 3 shows the typical variation of the shear str
s5F/A with driving velocity V at a fixed temperature an
load when the mica surfaces are coated with the trime
surfactant and brought together in the adhesive hemifu

n
o-

-

n

FIG. 3. Driving-velocity dependence of the spring force me
sured, while shearing two adsorbed monolayers of the 12-3-12-3
surfactant under a load ofL54.51 mN atT520 °C. The surfactant
concentration in the bulk solution is 0.8 CMC. The smooth-slidi
~SS1!–to–stick-slip transition occurs atVc1'0.3mm/s. Prior to the
transition, the kinetic stresssk levels off atV1 after a logarithmic
s-V dependence~shear-thinning regime!. The quasi-smooth regime
persists up to the transition atVc1 . At high driving velocities, a new
transition to a smooth-sliding regime~SS2! is observed between 14
and 17mm/s.
0-3
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DRUMMOND, ISRAELACHVILI, AND RICHETTI PHYSICAL REVIEW E 67, 066110 ~2003!
state~monolayer-monolayer contact!. The slidings-V curve
presents at least four different regimes with an inverted st
slip regime bounded by two steady smooth-sliding regim
The smooth friction-velocity curves at low driving velocitie
increase roughly logarithmically withV, with no indication
of a static friction. The absence of a yield stress and
increase of the friction force with driving speed suggest t
the boundary lubricant is in a fluidlike~viscous and not New-
tonian! state under these conditions. In marked contras
conventional stick-slip behavior, no stiction spikes are o
served on starting the sliding from rest or after reversing
sliding direction. A logarithmics(V) dependence was ob
served before with similar boundary lubricants, but underdry
sliding conditions@35#. However, more recent boundary lu
brication studies under dry atmospheres have not found
functional dependence@13,27#.

In the smooth-sliding regime at lowV, s levels off at
some driving velocityV1 ~crossover velocity!, after which it
remains roughly constant with increasingV up to the first
critical velocity Vc1 , at which point the smooth-to-stick-sli
bifurcation occurs~Fig. 3!. At higher shear rate whenV
.Vc2 , the inverted stick-slip regime transits towards a s
ond smooth-sliding state. The value of the friction force
this second steady state atVc2 is lower than atVc1 , just
before the stick-slip regime. AsV increases aboveVc2 , the
interfacial friction increases and the mechanical system
restabilized. Over the limited range of velocities, that we c
investigate in this second smooth-sliding regime, the sh
stress seems to increase linearly with the driving velocity
shown in Fig. 4.

Depending on the temperature or the type of surfac
and surface densities, only a part of the fulls-V curve,
shown in Fig. 3, would be observed over the range of exp
mental velocities attainable. For example, for the trime
surfactant at eight times the CMC, during the first hours
adsorption and before saturation adsorption is achieved
observe the ‘‘high shear rate’’ transition. However, after sa
ration adsorption is reached, high velocity sliding procee
almost exclusively by the stick-slip motion. This is becau
the second threshold velocityVc2 is shifted to higher values
than the maximum experimental driving velocity attainab
To access the second transition at high shear rates, the
centration of the trimeric surfactant was lowered by a fac

FIG. 4. Velocity dependence of the shear stress between
adsorbed monolayers of the trimeric 12-3-12-3-12 surfactant in
high velocity smooth-sliding regime.L54.51 mN,T520 °C.
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10 to just below the CMC. This reduced the surfactant d
sity in the adsorbed bilayers and reducedVc2 to easily ac-
cessible values~Fig. 3!.

The transition atVc2 between the smooth sliding and in
verted stick-slip regimes characterized by periodic relaxat
oscillations of large amplitude, may reveal an intermedia
complex time-dependent behavior@15#. A sequence of suc-
cessive oscillatory states is then observed over a notice
driving velocity range belowVc2 at the onset of the transi
tion. The oscillatory states can be either periodic, but wit
complex periodic pattern, or aperiodic. Some examples
such time-dependent friction responses are illustrated in
5, with the corresponding Fourier spectra and phase port
obtained at different driving velocities. These thre
dimensional phase portraits were constructed from meas
ments of the single available variable@from the time series of
the friction force,F(t)] by the time delay method, in which
F(t) is plotted as a function ofF(t1Dt) and F(t12Dt),
whereDt is fixed @28#. TheV dependence of the dynamica
behavior can be summarized as follows. Starting from
steady state at a high shear rate, by decreasingV the time-
independent state transits to a time-dependent state exh
ing periodic oscillations of smaller amplitude than in th
inverted stick-slip regime. The transition is subcritical, i.
discontinuous first order but with a narrow range of hyst
esis. The oscillations appear to be periodic, but the ba
pattern consists of two oscillations of different amplitudes,
illustrated in Fig. 5~d!. These oscillations are not relaxatio
oscillations, but rather quasiharmonic oscillations. In this
riodic regime, which exists over a narrow range ofV, the
surfaces never stick together. A further reduction ofV leads
to an aperiodic oscillatory state, as the one shown in F
5~c!. The corresponding power spectra no longer show w
defined peaks, but rather a broadband above the instrum
noise level. This aperiodicity is well illustrated by the corr
sponding phase portrait@Fig. 5~c!#, showing a coarse attrac
tor in contrast to the previous one where the trajectories
contracted on limit cycles@Fig. 5~d!#, within the experimen-
tal accuracy. A further reduction ofV leads to a new periodic
state with more complex motifs, as shown in Fig. 5~b!. These
periodic states are separated by the aperiodic states.
mately, the region of complex oscillatory states gives rise
the inverted stick-slip region at lowerV, Fig. 5~a!.

The scenario described above is sensitive to the app
load. By increasing the compression load, the seque
seems to besimplifiedand the number of different states
reduced. No interpretation of the sequence in terms of
namic systems can be advanced due to two difficulties:
limited signal-to-noise ratio of the device at high shear ra
and limitations of the finite distances sheared during e
cycle. Given that the surfaces are rubbed in cycles of ab
20 mm in amplitude, the number of oscillations per cycle
restricted and low-frequency components cannot be detec
Moreover, each time the sliding direction is reversed,
system first goes through a transient regime before reac
the oscillatory steady state, since the driving velocity pas
through zero during the inversion. The transient regime
duces the number of useful oscillations per cycle which c
be sampled for analysis.

o
e

0-4
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FIG. 5. Measured friction traces, normalized amplitude Fourier spectra, and phase portraits of the spring force at different drivin
L54.51 mN andT520 °C. The time delay chosen to build the phase portrait is~a! 1023 s, ~b!–~d! 0.531023 s. The dotted lines in the
Fourier spectra indicates the resonance frequency of the mass-spring system used in this particular experiment~351 Hz!.
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B. Load dependence

When the surfaces are at rest (V50), the change of the
contact area with load over the investigated load rang
very well described by the Johnson-Kendall-Roberts~JKR!
theory @29#, as shown in Fig. 6. Usually, only a weak adh
sion hysteresis was found along a loading-unloading cy
Furthermore, within the resolution of our experimental set
we did not observe any change in the contact area when
surfaces slide past each other. However, when separated
ing sliding, the surfaces jumped apart at lower negative lo
than when they were not sliding,V50. Therefore, the adhe
sion is reduced by shearing. Note that for this kind of s
tems, the measured adhesion energy is relatively w
around a few mJ/m2 ~Fig. 6!, regardless of the surfactant an
the temperature@see Fig. 11~b! later#, provided that the bulk
surfactant concentration is close to or above the CMC.

Figure 7~a! shows the load dependence of thes-V curve
at a fixed temperature. Within the experiment accuracy,
shear stresss appears to be independent of the normal loaL
over the range of loads~and contact areas! investigated, both
along the plateau regime preceding the stick-slip instabi
V1.V.Vc1 , and for the high velocity smooth-sliding re
gime whenV.Vc2 . This is illustrated in Fig. 8. Note tha
the load independence is no longer verified along the lo
06611
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rithmic regime whenV,V1 @Fig. 7~a!#. At these small ve-
locities, thes-V curves can be superposed on the same m
ter curve as shown in Fig. 7~b! by plottings as a function of
V/V0 , whereV0(L) is the intercept with the velocity axis o
the logarithmic part of the curves. At a fixed temperature,
find that2 ln(V0) scales asL1/6 for the range of load studied

FIG. 6. Contact area as a function of normal load, for load
and unloading of two mica surfaces under a solution of 8 CMC
trimeric surfactant, after hemifusion. The measured data is w
described by the Johnson-Kendall-Roberts~JKR! theory of contact
mechanics~continuous line! @29#.
0-5



th

ta

r

or
ct is
cal
of

on

ric
by
the
ring
in-
the
of

he
r
ies.
lly

ngle
ive

ci-
ug-

sur-

ilar
e of

-

re
Fig.
om
rom
f
are

be
t
.
sl
c

a
th

ted
ure
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Since the contact areaA scales asL2/3 at large loads@29#, the
friction force has an almost linear load dependence along
logarithmic regime, more preciselyF}L5/6 or F}A5/4. More
systematic investigations are necessary to definitively es
lish the exact values of these exponents.

The normal load also has a noticeable effect on the fi
critical velocity Vc1 . As illustrated in Fig. 9, two regimes
can be identified. At very low or negative loads,Vc1 in-
creases sharply withL. In contrast, at larger loads,Vc1 de-
creases weakly withL, i.e., increasing the load at constantV

FIG. 7. ~a! Sliding-velocity dependence of the shear stress
tween two adsorbed monolayers of the 12-3-12-3-12 surfactan
different normal loads.T526 °C. Surfactant concentration 8 CMC
~b! The curves measured are superposed after normalizing the
ing velocity byV0 ~obtained from the intercept of the logarithmi
regime, as described in the text!.

FIG. 8. Load dependence of the shear stress between two
sorbed monolayers of the trimeric 12-3-12-3-12 surfactant in
low velocity ~open symbols;V50.052mm/s) and high velocity
~closed symbols;V520.8mm/s) smooth-sliding steady states.T
520 °C. Surfactant concentration 0.8 CMC.
06611
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b-

st

changes smooth sliding into inverted stick-slip sliding. F
the second transition at high shear rate, the opposite effe
observed: the higher is the load, the larger is the criti
velocity Vc2 . Thus, increasing the load extends the range
the inverted stick-slip regime.

C. Temperature dependence

Temperature may have important and different effects
the hemifusion process, the force profile~Fig. 2!, and the
friction forces. For instance, for the 12-3-12-3-12 trime
surfactant, the hemifusive rupture is no longer triggered
compression at temperatures higher than 24 °C, within
experimental window of accessible loads. However, shea
at driving velocities larger than a certain threshold can
duce the hemifusion. Once hemifusion has occurred,
monolayer-monolayer contact is maintained, regardless
the driving velocity. At temperatures larger than 28 °C, t
first-order ~discontinuous! hemifusion transition is neve
achieved, even under large loads and fast-sliding velocit
Under such conditions, the bilayers are simply gradua
compressed down to a thickness corresponding to two si
monolayers. In addition, the contact is no longer adhes
and the friction force is much reduced at all sliding velo
ties, often below the apparatus sensitivity. This behavior s
gests that at these elevated temperatures, the adsorbed
factant layer changes its physical state~e.g., amorphous to
liquidlike!.

Figure 10~a! illustrates how the slidings-V curve is
modified when the temperature is changed under sim
loads. An increase of the temperature leads to an increas
the critical velocityVc1 and a decrease of the shear stresss.
An example of the dramatic change ofs with temperature is
given in Fig. 11~a! in the plateau region of the first smooth
sliding regime~which is only weakly dependent onL andV,
as shown in Fig. 7!. Interestingly, over the same temperatu
range the adhesion energy is fairly constant, as shown in
11~b!. These adhesion values were directly measured fr
the pull-off forces needed to separate the two surfaces f
contact@Fig. 2~a!#. Values obtained from the best JKR fit o
the contact area-load curves, similar to the one in Fig. 6,
consistently lowered by almost a factor of 2.
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e

FIG. 9. Bifurcation diagram between the smooth and inver
stick-slip sliding for the 12-3-12-3-12 surfactant for a temperat
of T524.5 °C.
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FRICTION BETWEEN TWO WEAKLY ADHERING . . . PHYSICAL REVIEW E67, 066110 ~2003!
Decreasing the temperature reduced bothV1 , the cross-
over velocity between the logarithmic and the plateau
gime, andVc1 . In particular, a linear relation was observe
between lnVc1 andT21, as can be observed in Fig. 12.

D. Bulk surfactant concentration dependence

Concentration studies are more time consuming and o
a limited number of concentrations were investigated. T
following trends were observed.

At low surfactant concentrations, well below the CM
the friction force was relatively weak and smooth in the v
locity range studied~from a few nm/s to a fewmm/s!. At
these low concentrations, the surfaces were covered
patches of monolayer or by an incomplete bilayer. The m
concentrated the solution is, the larger is the friction force
the monolayer-monolayer contact, and the lower is the ad
sive energy. For instance, with the CTAC surfactant, the
verted stick-slip regime first emerges at concentrations la
than 0.05 CMC when the adsorbed bilayers are not yet f
developed. In this case, the smooth-sliding–to–stick-
transitions occur at large driving velocitiesVc1 , and the am-
plitude of the relaxation oscillations in the stick-slip regim
is smaller. The more concentrated the solution is, the lowe
Vc1 , and the larger is the stick-slip amplitude. The sa
trends were found with the trimeric surfactant, as shown

FIG. 10. ~a! Sliding-velocity dependence of the shear stress
tween two adsorbed monolayers of the 12-3-12-3-12 surfactan
different temperatures; normal loadL53.75 mN; surfactant con-
centration 8 CMC.~b! The measured curves do not superpose a
normalizing the sliding velocity byV0 ~obtained from the intercep
of the logarithmic regime, as described in the text!. The translation
of the crossover between the logarithmic and the plateau regim
due to the change of the longer characteristic time with the t
perature.
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Fig. 13, which compares the sliding curves measured at
and 8 CMC under similar normal loads.

In summary, increasing the bulk surfactant concentrat
has effects similar to those when increasing the normal l
or decreasing the temperature: all lead to an increase o
shear stress, a decrease ofVc1 , and to an extension of the
range of the inverted stick-slip regime.

IV. MODEL

The shape of the measureds-V curves discussed abov
resembles earlier results presented by Grosh for the slid
of elastomer blocks@30#, and more recent results obtaine
with dialkyl surfactant monolayers@31,32#. In each case,
there was a finite value for the adhesion energy between
rubbing surfaces. However, two differences between th
and our system have to be remarked. First, the inverted s

-
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is
-

FIG. 11. ~a! Change ofs with temperature at a driving velocity
corresponding to the first steady state on the plateau regimL
51.8 mN. ~b! Temperature dependence of the adhesion energy
the 12-3-12-3-12 surfactant.

FIG. 12. Dependency of the critical velocityVc1 with the in-
verse of temperature for the 12-3-12-3-12 surfactant,L51.8 mN.
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DRUMMOND, ISRAELACHVILI, AND RICHETTI PHYSICAL REVIEW E 67, 066110 ~2003!
slip behavior was not reported in the previous studies;
may be due to a higher stiffnessKm of their mechanical
setup. It is well known that a stick-slip regime exists on
over a limited range of theKm-V phase space@2#. Second,
the force plateau may have a very different velocity range
each case: it may even be shortened to a simple peak, as
be discussed below.

The main trends of thes-V curve presented in Fig. 3 ca
be accounted for by a theory of adhesive friction, origina
developed for ‘‘elastomer’’ surfaces@16,33,34#, but that can
be applied to any sheared surfaces bridged together by
kind of weak adhesive junctions. Let us assume that at
instant, the adhesive areaA consists ofN independent bonds
or adhesive nanodomains, hereafter called ‘‘junctions,’’ e
of average areadA. During motion, the whole contact areaA
does not slide as a single unit: individual junctions are c
tinually formed and broken incoherently. Each junction
assumed to stretch elastically up to its breaking or yi
point. In the model, a junction detaches either spontaneou
by thermal excitation, or by the external shear force, a
reforms further down after various thermoelastic relaxat
processes have occurred. Two characteristic times are
volved:t0 , the mean time tobreaka junction due to therma
fluctuations underzero lateral stress or local shear force, a
t, the mean time to thermallyactivateor reactivate a junc-
tion. Upon shearing, the junctions are elastically deform
resulting in a reduction of the energy barrier to transit fro
the bonded to the free state. If the reduction is assumed t
proportional to the elastic forcef elas, as proposed by Scha
lamach@16#, the characteristic lifetime of astressedjunction
becomest0 exp(2gfelas/kBT), whereg is a constant with the
dimension of length. A junction is also always depinned i
mediately, once the local stress reaches the yield p
@33,34#. Let l * 5Vtb be the critical deformation at the yiel
point, with tb(V) as the time to reach this point starting fro
rest at a given velocityV. It is also assumed that in contra
to the rupture time, the time of junction formationt is inde-
pendent of the shear rate, but dependent on temperature

In this model, the dissipation comes from the elastic
ergy stored during the deformation of the junctions in t
adhesive state and then irreversibly lost~dissipated as heat!

FIG. 13. Sliding-velocity dependence of the shear stress
tween two adsorbed monolayers of the 12-3-12-3-12 surfactan
two different bulk surfactant concentrations,~open symbols for 8
CMC and closed symbols for 0.8 CMC! at L54.5 mN andT
520 °C.
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when they are depinned. The total friction force can be w

ten asF5N0 f̄ elas, whereN0 is the number of junctions in

the bonded state depending onV and f̄ elas is the mean elastic
force of the adhesive junctions averaged over the con
area. The elastic force per bonded junction isf elas

5dAGVt/d, whereG is the shear modulus,d the thickness
of the junction, andt the elapsed time since the zero-stre
state.

On solving the above equations, the model predicts f
limiting friction regimes, provided thatt0@t. At very low
sliding velocity,V! l * /t0 , the junctions are always broke
by thermal fluctuations and the mean lifetime of a junction
close to the static lifetime,̂ t&b>t0 . The friction is then
proportional to the sliding velocity, defining the ‘‘rheolog
cal’’ or linear V regime@16,33#. The lubricant film behaves
similar to a Newtonian fluid, ands;GVt0 /d.

At higher driving velocity, whereV becomes comparabl
with l * /t0 , the forced rupture process competes w
the thermal mechanism with lowered activation barrie
giving in the first approximation a logarithmicV dependence
for the shear stress@34#, as is commonly found in a cree
regime @2,35,36#. The stress is now given bys
;(kBT/gdA)ln(V/V0), with V05(kBTd)/(gdAGt0).

Beyond this regime, wherel * /t@V@ l * /t0 , the junc-
tions are mainly elastically depinned, reaching the criti
stress in an uncorrelated manner. The shear stress is
almost velocity independent@33,34# and given by s
>1/2Gl* /d, since the number of junctions in the bonde
state is almost constant. Such a behavior arises only if
two characteristic timest and t0 are well separated,t0 /t
@1.

Finally, at even higher velocity, asV becomes comparabl
to or larger thanl * /t, the number of junctions in the bonde
stateN0 decreases, since each junction now spends relati
more and more time in the unbonded state. By definiti
N05N^t&b /(^t&b1t); when ^t&b5tb5 l * /V,t, then N0
>Ntb /t, i.e., N0 and therefore the shear stress decrease
the inverse of the sliding velocity@33,34#, s;V21.

If the condition t0@t is not satisfied, thes-V profile
predicted by the model is modified to a large extent. Fort0
comparable to or even smaller thant, the plateau in thes-V
profile narrows or disappears, leaving a peak where the lo
rithmic and V21 regimes merge together. The number
junctions in the adhesive state,N0 , starts to decrease whe
the adhesive junctions are still depinned both by the th
mally activated process and by the external shear stress.
eral examples of such peakeds-V curves have been reporte
in lateral force microscope experiments with adhes
surfactant-coated surfaces@31,32#.

The elastic-adhesive model discussed above account
the logarithmic and plateau regimes of the experimentals-V
curves~Figs. 3, 7, and 11! and provides an interpretation fo
the inverted stick-slip bifurcation. At the onset of thes
}1/V regime, a mechanical instability may arise wh
ds/dV becomes negative, i.e., as soon as the numberN0 of
junctions in the bonded state starts to significantly decre
at larger velocities.

Within the framework of this model, the experiment

e-
at
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FRICTION BETWEEN TWO WEAKLY ADHERING . . . PHYSICAL REVIEW E67, 066110 ~2003!
s-V curve obtained with the trimeric surfactant at a bu
surfactant concentration of 8 CMC andT526 °C ~Fig. 14!
can be remarkably fitted by the following equations~see the
Appendix!:

Felas5
tb

^t&b1t
N

kBT

ga E
1

ea dh

h
ln~h!expS 2

tb

at0
h D ,

^t&b5tb expS 2
tb

at0
~ea21! D1

tb
2

a2t0
E

1

ea

dh ln~h!

3expS 2
tb

at0
h D , ~1!

with a5gdAGl* /dkBT. The fit was performed with four
free independent parameterst0 , l * , G, andgdA. Knowing
the thickness of a monolayer,d>2 nm, the numerical value
obtained arel * 54.5 Å, G52.28 MPa,gdA532.8 nm3, t0
between 0.13 and 0.3 s, andt between 184 and 417ms ~the
last two quantities are functions of the applied load!. All the
fitted values appear to be physically reasonable. The ac
tion volume gdA indicates that a junction has an area
approximately (gdA)2/3510.3 nm2, i.e., composed of abou
20 monomeric molecules.

The elastic-adhesive model described above is insuffic
to account for the second steady smooth-sliding regime
larger driving velocities. It predicts that eventually the fri
tion vanishes at high shear rates. A second contribution to
friction force, other than the elastic contribution, must
considered in order to restabilize the mechanical system
kinetic state with a finite friction. This extra contributio
may arise from the free junctions,N2N0;N(12 l * /tV)
sliding past each other over an average time oft. For the
surfactant monolayers considered here, we may associate
second contribution to the viscous friction,Fvis;V, if the
monolayers are in a liquidlike state, or to the cost of tilti
the molecules during sliding if they are rather in a solidli
state. The linear increase of the force at high sliding veloc
~Fig. 4! seems to support the idea of a viscous contributi

At this stage, we can propose a constitutive friction la
for the system considered here:

FIG. 14. Sliding-velocity dependence of the shear stress
tween two adsorbed monolayers of the 12-3-12-3-12 surfactan
different normal loads andT526 °C. The dotted line is the best fi
obtained with the adhesive friction model, as described in the t
06611
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F~V!5f~V!N f̄elas~V!1@12f~V!#N fvis~V!, ~2!

wheref is the fraction of junctions in the bonded state,f̄ elas
and f vis are the mean contributions per junction in the adh
sive and free states, respectively. Following Chernyak
Leonov@33#, a simpler expression for Eq.~1! with a similar
qualitative behavior can be derived~see the Appendix!. Us-
ing this result, Eq.~2! takes then the following analytica
expression:

F5fF0

Vt0

l *
12~11 l * /Vt0!e2 l* /Vt0

12e2 l* /Vt0
1~12f!

A

d
hV

~3!

with

f~V!5
^t&b

^t&b1t
. ~4!

The mean lifetime of a junction in the bonded state has n
a much simpler expression than Eq.~1!: ^t&b5t0(1
2e2 l* /Vt0). F0 /N is the mean elastic shearing force p
junction in the nonthermal regimes, where adhesive ju
tions are broken only by the external shearing mechani
F05A/dGl* .

Figure 15 shows the elastic-viscous friction force of E
~3! as a function of the sliding velocity when the two sta
characteristic times are well separated,t0 /t@1. As can be
observed in the figure, the viscous contribution becomes
nificant only at large sliding velocities, i.e., when the numb
of junctions in the free state increases abruptly, (12f) N
;N(12 l * /tV) when l * /V!t!t0 . At lower velocities,
this number tends to zero; most of the junctions are in
adhesive state and the main contribution to the dissipa
comes from the elastic component.

Luengoet al. @17# have shown that the equation of motio
of the SFA nanotribometer can be reduced to the equatio
motion of a block of massm ~upper surfaces of the SFA!
sliding on a substrate, the block being connected to an ela
spring of stiffnessKm ~double-cantilever spring of the fric

e-
at

t.

FIG. 15. Representation of the elastic-viscous model for
friction force vs sliding velocity. The viscous contribution is mo
important at faster driving velocities, while the elastic contributi
dominates at slower velocities.
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DRUMMOND, ISRAELACHVILI, AND RICHETTI PHYSICAL REVIEW E 67, 066110 ~2003!
tion device! which is pulled at one end with velocityV. This
can be formalized by the following ordinary differenti
equation~ODE! system:

ẋ5n,
~5!

mṅ5Km~Vt2x!2F,

wherex is the instantaneous position of the upper surfa
Overdots indicate time derivatives. After combining Eqs.~3!
and ~5! and some rescaling, Eq.~5! can be written in the
dimensionless form

j̇5
V

n0
2n,

~6!

ṅ5j22f
n

B

12~11B/unu!e2B/unu

12e2B/unu 2~12f!An

with the fraction of junctions in the adhesive state given

f5
12e2B/unu

12e2B/unu1t/t0
, ~7!

wherej andn are the dimensionless position and velocity
the upper surface, given byx/x0 and ẋ/n0 with F0
5A/dGl* 5Kmx0 , tm5(m/Km)1/2, and n0tm5x0 , while
B5 l * /n0t0 . Numerical integration of Eq.~6! accounts
qualitatively for the inverted stick-slip scenario, i.e., an
verted stick-slip regime with relaxation oscillations bound
by two steady smooth-sliding regimes. The first transition
low V occurs after the friction has reached a plateau
which the strength of the friction force is almost constant
is out of the scope of this paper to report detailed results
these numerical simulations, which will be presented in
forthcoming paper. We would just like to mention that t
dimensionality of Eq.~6! is not high enough to fully accoun
for all the experimental observations. It has only two ind
pendent variables,j ~the position of the block! and n
5dj/dt ~its instantaneous velocity!. Such a dynamic system
has solutions either as steady or periodic oscillatory sta
with no complexity in the basic motif~harmonic or relax-
ation oscillations! @38#. As we have already mentioned, th
transition between the steady smooth-sliding regime of h
shear rate and the inverted stick-slip regime reveals a
quence of successive oscillatory states either as periodic
a complex periodic pattern or even aperiodic~Fig. 5!. The
minimal dimension to account for such a complex dynam
is 3 @37#.

To increase the dimensionality of the model, a third va
able must be added. This has been done in different tr
logical models by introducing a state variable@2,7,8#. A good
candidate for a state variable isf, the fraction of junctions in
adhesive state, with a memory effect formalized by a sup
mentary differential equation. The simplest way to introdu
this new variable is

ḟ5
1

t
f~12f!2fw~ ẋ!, ~8!
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where the functionw( ẋ) must satisfy 12f5tw( ẋ) under a
stationary condition, i.e.,w( ẋ)215t1t0@12exp(2l* /ẋt0)#
when ẋ5V. The first term on the right-hand side of Eq.~8!
describes the behavior when the surfaces are at resẋ
50), so that the number of junctions in the adhesive st
only depends on the two characteristic timest and t0 , f0
5t0 /(t01t), i.e., f0>1 sincet0 /t@1. f has two limit
values 0~unstable! and 1~stable!, accounting for the state o
the boundary film; 1 stands for adhesive and 0 for nonad
sive. According to Eq.~8!, from any initial state withf
,1, the contact will tend to adhere at a characteristic r
proportional to 1/t. A natural choice for this characteristi
time is the mean lifetime of the junctions in the free sta
Equation~8! introduces a memory effect in the equation
motion for the center of mass~5!; the number of junctions in
the adhesive state is no longer a variable only of the rela
velocity between the two surfaces,ẋ(t), but also depends on
the previous history of the system. In combining Eqs.~8! and
~6!, a new dimensionless ODE system can then be written

j̇5
V

n0
2n,

ṅ5j22f
n

B

12~11B/unu!e2B/unu

12e2B/unu 2~12f!An, ~9!

ḟ5
t0

t
f~12f!2

t0f

t0~12e2B/unu!1t
.

Numerical integration of Eq.~9! produces solutions with
more complex time-dependent behaviors than the ones fo
with Eq. ~6!. Oscillatory states with basic patterns includin
successive oscillations of large and small amplitudes can
observed at the onset of the transition to the steady stat
high shear rate. Some of them can even transit into a cha
state by a subharmonic cascade@39# or type-III intermittency
@40# scenario. However, even if there exist strong similarit
between the dynamic states of the model and the experim
tal results, up to now we have failed to find a set of para
eters generating a sequence with a large number of com
oscillatory states over a restricted range of driving veloc
as observed along the experimentals-V curve shown in
Fig. 3.

V. DISCUSSION

The proposed adhesive friction model describes the f
tion behavior of boundary-lubricated surfaces and provi
an interpretation for the physical origin of the observed
verted stick-slip. This is caused by the mechanical instabi
occurring when the friction force decreases with increas
driving velocity. The striking feature of this system com
from the fact that two steady smooth-sliding states surro
the stick-slip regime, with the one at low sliding veloci
involving thermally activated processes. Such thermal p
cesses are commonly invoked to account for the behavio
many macroscopic tribological systems. However, they
usually associated with aging effects@7,41#, such as the in-
crease of the real contact area of asperities by plastic cr
0-10
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FRICTION BETWEEN TWO WEAKLY ADHERING . . . PHYSICAL REVIEW E67, 066110 ~2003!
generating an opposite effect of increasing stress when
sliding velocity decreases, and resulting in high static fr
tion. In contrast, the adhesive model described above, wi
thermal process of rupture of adhesive junctions, predic
zero static friction force followed by a linearly increasin
friction with driving velocity, as was found experimentally

As already mentioned, the model has two characteri
timest0 andt, and a characteristic lengthl * . The character-
istic time of thermal rupture of a junction,t0 , is important
only at very low shear rates where the adhesive junctions
broken mainly by thermal fluctuations. When the ruptu
mechanism by the external force becomes dominant,
mean lifetime of the adhesive junctions is determined by
characteristic length,̂t&b5 l * /V. Thus, for the nontherma
regimes ~plateau, stick slip, and second steady state!, the
model is completely defined by one characteristic time an
characteristic length.

According to the model, the larger is the ratiot0 /t, the
larger is the plateau regime, and therefore larger is the st
slip range. Experimentally, the range of the stick-slip regi
increases at higher loads or bulk surfactant concentration
seems physically reasonable that an increase of the
causes an increase of the time ratiot0 /t, because the large
is the load, the longer will be the time to thermally break
adhesive junction, and the shorter will be the time to th
mally reactivate a broken one. Figure 7~b! illustrates the in-
crease oft0 with the load. In order to put the data on th
sames-V master curve, the driving velocities were norma
ized byV0 , as described in Sec. III. According to the mod
V05 l * /(at0); a can be obtained graphically at the cros
over between the logarithmic and the plateau regimesa
5 ln(V1 /V0). We found thatV0 decreases with increasin
load. The existence of a master curve indicates thata as well
asl * ~related to the plateau value! and the activation volume
gdA ~or the junction size, related to the slope of the log
rithmic part! are independent of the load. Therefore, acco
ing to the model, the decrease ofV0 is merely due to an
increase oft0 with increasing load.

The bulk surfactant concentration dependence illustra
in Fig. 13 is more difficult to account for. One of the pro
lems is the enlargement of the stick-slip range that occ
with the increase of the shear stress. At low concentratio
the friction is relatively weak and no stick-slip is ever o
served. Within the framework of the model, we may invo
different causes for such a dependence. Maybe the l
shear modulus becomes increasingly stiffer as the surfac
coverage of the surfaces increases. At small surfactant
centrations, due to the low level of the friction force com
pared to the stiffness of the device, the mechanical stick-
instability does not occur. Another possible explanation
that at rest, the number of adhesive junctions changes n
bly with the bulk surfactant concentration, while the a
sorbed layers are not fully completed. Under these con
tions, only a fraction of the contact area is in the adhes
state. It is equivalent to considering again the ratio of the t
characteristic times,t0 /t'1. When the adsorbed monolay
ers are not yet completed, the mean lifetime in a free s
may be longer before the two moieties of a future junct
get into a right location and conformation in order to activa
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it. This seems to be in contradiction with the fact that
small bulk concentrations, the adhesion between
surfactant-bearing surfaces is rather large, often larger by
order of magnitude than that when the adsorbed films
completed. However, this change in adhesion energy
mainly due to the defect loop around the monolay
monolayer contact. The defect energy scales as the radiu
the loop, i.e., the radius of the monolayer-monolayer con
r. Thus, the defect loop opposes the adhesive monola
monolayer contact. The more complete the bilayers are,
larger is the line energy due to the loop, and the easier it
be to pull apart the two surfaces. The defect loop has a
nificant contribution to the adhesion force, but not to t
friction force, since the latter scales either asr 2 ~plateau,
stick-slip, and viscous regime! or r 5/2 ~logarithmic regime!
and not asr ~see Figs. 7 and 8;r is the radius of the loop!.

Figure 12 shows that the first critical velocityVc1 scales
like exp(2D/kBT), which may be expected, given that th
observed behavior is interpreted in terms of thermally driv
processes. In the framework of the simplest two-dimensio
~2D! mechanical model~5!, the instability of the first steady
state may occur as soon as the friction force decreases
increasing velocity (dF/dVs50). By considering only the
elastic contribution to the friction force~1!,—at the onset of
the stick-slip instability, the viscous contribution of the fric
tion force can be neglected,f(Vc1)>1 whent0 /t@1—the
first critical velocity can be approximated as

VC1>S a22

a3 eaD 1/2 l *

~tt0!1/2.

By definition,t andt0 can be written ast* exp(U/kBT) and
t* exp(U0 /kBT), respectively, whereU andU0 are the corre-
sponding energy barriers to be overcome in order to activ
or deactivate an adhesive junction. For an overall adhe
system, as the one considered here,U0@U. From the slope
of ln(Vc1)2T21 curve, the energy barrierU0 could be ex-
tracted, provided that onlyt0 changes with temperature. Th
is not the case, sincet, l * , anda also change. For instance
Fig. 10~b! shows howa systematically changes with tem
perature. The larger is the temperature, the smaller isa.

Alternatively, the activation energyU0 could be extracted
from the previousV1 relationship, provided that the temper
ture changes ofa and l * are known, since by definitionV0
5 l * /(at0), thenceV1>(ea/a)( l * /t0). Unfortunately, the
barrier energy values obtained either withVc1 or V1 have a
strong ~exponential! dependence ona, and this quantity is
determined with poor accuracy, especially at low tempe
tures where the logarithmic regime is experimentally
stricted. Moreover, the determination of the temperat
change ofl * is even less accurate, sincel * can only be
measured by fitting the wholes-V curve; as mentioned be
fore, it involves the fitting of four parameters. Given the
limitations, no attempt has been pursued to calculate the
ergy barrier.

As we have already mentioned, mica surfaces coated
monolayer of surfactant sliding past each other in dry atm
sphere exhibit only a regular stick-slip behavior. This h
been reported several times in the past@4,20#. We have found
0-11
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that with the same pair of surfaces, an inverted stick-slip
be observed when they slide in solution, while regular sti
slip is found when they slide in air, as demonstrated in Fig
Even though in the dry case the surfaces are still coated
monolayer of surfactant molecules, its molecular density
likely to be different from that of the hemifused monolaye
in solution. Nevertheless, the surfaces still make an adhe
contact in dry atmosphere with junctions built with the sa
material.

Can the previous adhesive friction model still account
this more commonly observed behavior? Let us assume
t0 andt are very large, so thatl * /t0 is outside the driving
velocity range accessible by the experiment. As a result
adhesive junction would never be depinned by thermal fl
tuations, but is always broken by the imposed external
formation. In addition, let us assume that the characteri
time to form a junction is large enough so thattV/ l * >1;
adhesive junctions will then be formed over a significa
time, leading to some aging effects resulting in a static fr
tion. The longer the contact stays at rest, the larger would
the number of junctions in the adhesive state,N0 . Besides,
the slower is the driving velocity, the larger isN0
>Nl* /Vt, and the larger is the friction force. This agin
inducing a static friction generates the common stick-s
scenario. Yamada and Israelachvili@27# have reported such
aging effects for the friction between adhesive fluorocarb
surfactant monolayers in dry atmosphere. In the new s
nario, the two thermal regimes—linear and logarithmic—
not appear; the thermal fluctuations do not have any ef
and the adhesive junctions are always mechanically bro
The regular stick-slip scenario will start somewhere at
onset or inside the fourth regime (s;V21) with N0(V)
,N anddN0(V)/dV,0.

Even if the elastic-viscous model~3! properly describes
the inverted stick-slip scenario and, particularly, the five d
ferent regimes emerging from the experimentals-V curves
as well as their temperature and load behavior, some q
tions remain unanswered. It is not straightforward to gu
what controls the nanometric elastic coherence length de
ing the individual junctions, or why this length does not d
pend on the sliding velocity, as assumed in the model. On
other hand, the assumption that the junctions are indepen
of each other seems unrealistic, at least nearest-neig
junction interactions could be expected. A model with on
one characteristic time is then open to criticism. One of
main defects of the model is that it does not consider
contact mechanics@42#. The surface geometry of the SF
nanotribometer corresponds to two cylinders mounted o
crossed configuration, so that the distribution of the norm
pressure along the circular contact area is nonuniform:
pressure peaks at the center and vanishes at the rim or
becomes negative for adhesive contact@42#. As discussed
above, we have found thatt0 is dependent on the load. Eve
though the analysis has been done within the framework
uniformly distributed load, this result appears credible from
physical point of view. The larger the normal loads are,
larger is the characteristic time. We may then conclude
the real peaked distribution of the normal pressure sho
also imply a radial distribution of the static mean lifetim
06611
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t0(r ) of junctions in the adhesive state. The adhesive ju
tions would then thermally break more frequently near
edge of the contact area than at the center. Theoretical
numerical studies in this direction may be revealing; t
contact-mechanics aspect of the problem is generally
glected in nanotribological analyses.

VI. CONCLUSION

In this paper, we have reported the sliding behavior
adhesive surfactant-bearing surfaces. When the surface
fully immersed in an aqueous solution, the dynamic behav
is richer than the one usually observed under dry conditio
On the whole, five different regimes have been identified a
accounted for by an extension of the adhesive model of
friction force, initially proposed by Schallamach@16#. The
new steady-state, smooth-sliding regimes occurring at lo
sliding velocities and preceding the stick-slip regimes
accounted for by a thermally activated process, locally
pinning the two adhering surfaces. We have examined h
the different regimes depend on the normal load, the te
perature, and the bulk surfactant concentration. Under cer
conditions, we have found that the oscillatory stick-slip r
gime exhibits very complex dynamics, implying that su
tribological systems must have at least three degrees of f
dom. To theoretically describe it, a third independent va
able must be introduced into the usual 2D mechanical mo
consisting of the equation of motion of a block sliding on
track, being pulled at a constant driving velocity via a sprin
The fraction of nanodomains in an adhesive state in the c
tact region could be this third variable represented by a s
variable with a memory.

Even though these results have been obtained exclusi
with surfactant-coated surfaces, they can probably be ge
alized. The model used to describe the data should
broadly relevant for other surfaces in the adhesive con
with local dynamic junctions formed by macromolecule
such as polymer chains or proteins. Many examples can
identified in biological systems.
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APPENDIX

1. Derivation of Eq. „1…

At rest,V50, the probabilityP̂0 for an adhesive junction
to stay in this state during the time (0,t) is

P̂0~ t !5expS 2
t

t0
D , ~A1!

wheret0 is a function of temperature, given as
0-12
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t05t* expS U0

kBTD , ~A2!

with t* being an elementary time andU0 the energy barrier
to be overcome for breaking an adhesive junction. The pr
ability that the breakoff then occurs during the same perio

P0512 P̂0~ t !512expS 2
t

t0
D . ~A3!

The probability density for thermal breakdown of an adh
sive junction at timet is

c0~ t !5
dP0

dt
5

1

t0
expS 2

t

t0
D . ~A4!

Therefore, the mean time for which an adhesive junct
stays bounded is

^t&0b5E
0

`

tc0~ t !dt5t0 . ~A5!

In a similar way, we can define the mean lifetime of a fr
junction,

^t&0 f5E
0

`

tc~ t !dt5t, ~A6!

wherec(t) is the probability density for a free junction t
adhere again. The mean numberN0 of junctions in an adhe-
sive contact per unit of nominal contact area is given by

N05N
^t&0b

^t&0b1^t&0 f
5N

t0

t01t
, ~A7!

whereN is the total number density of junctions.
Let us now consider how the previous formulas are mo

fied when the two surfaces slide past each other at a fi
relative velocityV. During sliding, the adhesive junction
are elastically stressed, resulting in a reduction of the ene
barrier to transit from the bonded to the free state. If
reduction is assumed to be proportional to the elastic fo
Fe5dAGVt/d, as proposed by Schallamach@16#, U5U0
2gFe , whereg is a constant with the dimension of leng
andG the shear modulus,dA andd the area and the thick
ness of junctions, andt the time elapsed since the zero-stre
state. Under shear, the lifetime of an adhesive junction
then

t~V,t !5t* expS U02gFe

kBT D ~A8!

and the survival probabilityP̂V for an adhesive junction
formed at timet50,

P̂V~ t !5expF2
1

t0
E

0

dt

dt expS gdAGVt/d

kBT D G . ~A9!
06611
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The probability of the opposite event is thenPV(t)51
2 P̂V(t).

In addition, we assume that an adhesive junction is a
depinned when the local stress reaches a critical value
yield point. Let l * 5Vtb be the critical deformation at the
yield point, withtb(V) as the time to reach this point startin
from rest at a given velocityV. For t.tb , the transition to
the free state is certain to occur; therefore, the survival pr
ability of the adhesive junction becomes zero. In assum
that the two breaking mechanisms are independent, the
vival probability can be rewritten as

P̂V~V,t,l * !5expF2
tb

at0
~ea/tb21!Gu~ tb2t !, ~A10!

whereu(x) is the Heaviside step function, equal at 1 forx
.0 and 0 forx,0, whilea5gdAGl* /dkBT. The probabil-
ity density for an adhesive junction to be depinned then ta
the following form:

c0~V,t,l * !5
d

dt
PV~V,t,l * !,

c0~V,t,l * !5expS 2
tb

at0
~ea/tb21! D

3S u~ tb2t !

t0
ea/tb1d~ tb2t ! D . ~A11!

The mean lifetime of an adhesive junction according to E
~A5! becomes

^t&b5
1

t0
expS 2

tb

at0
D E

0

tb
t exp~at/tb!expS 2

tbea/tb

at0
Ddt

1tb expS 2
tb

at0
~ea21! D ; ~A12!

by definingh5exp(at/tb), Eq. ~A12! can be written like in
Eq. ~1!:

^t&b5tb expS 2
tb

at0
~ea21! D1

tb
2

a2t0
E

1

ea

dh ln~h!

3expS 2
tb

at0
h D . ~A13!

In this model, the dissipation comes from the elastic ene
stocked during the shearing of junctions in the adhesive s
and then definitively lost when they are depinned. Followi
Chernyak and Leonov@33#, the total shear stress can be wr
ten as

s5
N

^t&b1^t& f
E

0

`

Fe~ t !P̂V~V,t,l * !dt. ~A14!

It is assumed that the mean lifetime of a junction in the fr
state is independent ofV, the sliding having no perturbation
on the junction formation mechanism. This seems reason
0-13
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at low sliding velocity;̂ t& f5t, regardless ofV. By combin-
ing Eq. ~A10! and ~A14!, we obtain

s5
N

^t&b1t

kBT

gtb
a exp~ tb /at0!E

0

tb
t expS 2

tb

at0
etb /ateDdt,

~A15!

and using the change of variablesh5exp(at/tb), Eq. ~A12!
can be written like in Eq.~1!:

s5
tb

^t&b1t
N

kBT

ga E
1

ea dh

h
ln~h!expS 2

tb

at0
h D .

~A16!

Let us consider the different limits.
Linear regime. At very low sliding velocitiesV, tb /t0

@1. Sincea.1, we have botheatb /at0@1 and tb /at0
@1. This leads to

P̂V~V,t,l * !'expS 2
t

t0
D ,

^t&b't0 . ~A17!

The external shearing force does not contribute to the bre
ing of adhesive junctions, and the resulting shear stress
creases linearly with the sliding velocity,

s'N
dA

d
GVt0 . ~A18!

Nonthermal regimes. On the other hand, at very large slid
ing velocities,tb /t0!1; thence,eatb /at0!1 and tb /at0
!1. It is straightforward to show that

P̂V~V,t,l * !'u~ tb2t !,

^t&b'tb . ~A19!

The depinning of adhesive junctions is always due to
external applied force; the thermal fluctuations no longer p
ticipate in the process. Whenl * /V@t, the net shear stress
almost constant. At thisplateau regime,

s'
1

2
N

dA

d
Gl* . ~A20!

At larger driving velocities,l * /V!t, the shear stress de
creases with 1/V,

s'
l *

2Vt
N

dA

d
Gl* . ~A21!

Logarithmic regime. For intermediate velocities, wher
eatb /at0@1 but tb /at0!1, the thermal fluctuation and th
external shear force mechanisms contribute together to
breaking of adhesive junctions. The mean lifetime of an
hesive junction~A13! reduces to
06611
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^t&b'
tb
2

a2t0
E

1

ea

dh ln~h!expS 2
tb

at0
h D , ~A22!

which can be expressed in terms of exponential integ
functions

E
1

ea

dh ln~h!expS 2
h

j D
52jFa expS 2

ea

j D2Ei S 2
ea

j D1Ei S 2
1

j D G ,
~A23!

with the following expansions when 1/j5at0 /tb!1 and
ea/j@1:

Ei S 2
ea

j D>expS 2
ea

j D ~je2a1j2e22a1j3e23a1¯ !,

Ei S 2
1

j D> lnS 1

j D1gE2
1

j
, ~A24!

where gE is the Euler constant. We find then that integr
~A23! can be approximated by

E
1

ea

dh ln~h!expS 2
h

j D'11j~ ln j2gE!, ~A25!

and the mean lifetime of an adhesive junction by

^t&b'
tb

at0
etb /at0 ln

at0

tb S 12
gE2tb /at0

ln
at0

tb

D . ~A26!

In order to estimate the shear stress~A23!, let h5mea, so
that

E
1

ea dh

h
ln h expS 2

tb

at0
h D

5E
ea

1 dm

m
~ ln m1a!expS 2

tbea

at0
m D . ~A27!

Since exp(a)@1 andeatb /at0@1, integral~A27! I can be
accurately approximated by

I 5E
ea

1 dm

m
~ ln m1a!expS 2

tbea

at0
m D

5E
e2a

c~ tbea/at0! dm

m
~ ln m1a!, ~A28!

whereC is a constant slightly smaller than 1. The asympto
result is then

I' 1
2 ln2~at0 /tb!. ~A29!

If ^t&b@t, the net shear stress has the following logarithm
dependence:
0-14
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s'
1

2

kBT

gdA
ln~V/V0!, ~A30!

with V05(kBTd)/(gdAGt0).

2. Derivation of the elastic force in Eq.„3…

In this simpler model, it is assumed that the spontane
breaking of adhesive junctions by thermal fluctuations is
dependent of the external shearing force, i.e., the activa
barrier is not reduced by the local shear stress. The for
breakoff is always assumed to occur at a yield point defi
by l * . The survival probability~A10! can be written as

P̂V~V,t,l * !5expS 2
t

t0
D u~ tb2t !, ~A31!

while the probability density for an adhesive junction to
depinned takes the following form:

c0~V,t,l * !5expS 2
t

t0
D S u~ tb2t !

t0
1d~ tb2t ! D ,

~A32!

with tb5 l * /V. The mean lifetime of an adhesive junctio
according to Eq.~A5! becomes

^t&b5t0F12expS 2
tb

t0
D G . ~A33!
,

J

m

a

06611
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By combining Eqs.~A14! and ~A31!, the total shear stres
can be written as

s5
N

^t&b1t

GV

d E
0

tb
t exp~2t/t0!dt ~A34!

leading to the following expression:

s5
^t&b

^t&b1t
N

GVt0

d

12~11tb /t0!e2tb /t0

12e2tb /t0
, ~A35!

with f(V)5^t&b /(^t&b1t). By defining F05NAGl* /d,
whereA is the nominal contact area, the net elastic force
the following form:

Felas5fF0

Vt0

l *
12~11tb /t0!e2 l* /Vt0

12e2 l* /Vt0
. ~A36!

Qualitatively, the shear stress corresponding to Eq.~A36! is
similar in shape to the previous stress~A16!, with four re-
gimes. Since the coupling between the fluctuation break
and the local shear stress is differently treated, the more
ticeable difference between the two models arises in the
termediate logarithmic regime. Otherwise, the linear, the p
teau, and the 1/V regimes are hardly discernible.
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