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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 smogkimetic) sliding at both lower and higher driving velocities.

The general behavior of the system was studied in detall, 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 linkgbonds between the two shearing surfaces with an additional viscous term.
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[. INTRODUCTION mersed in bulk aqueous surfactant solutions. An example is
given in Fig. 1b). The surfaces were now immersed in
Very often the friction between two surfaces sliding pastCTAC solution from which the surfactant was directly ad-
each other exhibits a stick-slip motion even when the drivingsorbed. A stick-slip behavior with regular oscillations still
force or velocity is kept constaft,2]. The stick-slip can be occurs, but many trends of this unsteady regime are reversed
erratic, with stochastic spikes, or highly periodic, showingWith respect to the ones of the common stick-slip, which is
regular sawtooth oscillations. Several causes have been idewhy we called it *inverted stick-slip”[14]. One of these
tified to be at the origin of such unsteady slidifg]. First, differences is that the unsteady regime now ocaftsr a
rough or Corrugated Surfaces have |0ng been known to pr(ﬁmooth-sliding I’egime, Wh|Ch iS Observed at |OW Ve|OCitieS.
duce irregu|ar or regu'ar StiCk'Sl[p.]. In a very general fash- In further contrast to the common Scenal’io, the Spikes of the
ion, regular stick slip always arises when the interfacial fric-
tion decreases with the driving velocity andthe stiffness or
compliance of the system is below some critical vdlie6].
This often arises with dry and boundary-lubricated surfaces
and has been conceptualized in a number of phenomenolog
cal “rate-and-state”’modelg2,7,8. More recently, a “phase-
transition model” has been proposed for the stick-slip ob-
served in molecularly thin liquid films confined between
smooth surface$9—-11]. According to this model, during
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each stick-slip cycle, the film undergoes a transition betweer = 3 £ Y_if‘_!_{lfﬂ/_s_f_‘(g_x_ ______ V=49 m/s>V,
a static solidlike statdstickl and a kinetic liquidlike state — A
(slip). ~15 F(b) Change of sliding CTAC in solution
For all of these systems, the stick-slip oscillations occur % 1B 4~ direction F
between a high friction static state and a low friction kinetic = o5 E
state, and the transition from stick-slip to smooth sliding is ¢
observed to occuabovesome critical driving velocity/,.. 0 2
An example of this type of transition, observed in the major- g-0.5 £

ity of tribological systems, is shown in Fig(d. This fric-
tion trace as well as all the other ones presented hereinafte
were measured between boundary lubricated surfaces with ‘ """7566:‘»':'-':'.':2&)‘:? ::':-};&-)v;-.-:'.-;'.'1:;(-):6-.--.-.--.-.--.i.51(-).-0-.-.
tribometer version of the surface forces apparat85A) Time, t (s) )

[12], the surfaces being coated by self-assembled surfactat..

Iayers. For the results presented in Flga);].'the coating con- FIG. 1. Stick-slip—to—smooth-sliding transitioti@) Conven-
sisted of a single monolayer of cethyl-trimethyl ammonium;q o stick-slip: In the stick-slip regime, a/<V,, the friction
chloride(CTAC) on each surface and the measurements Wergy .o oscillates between the kinetic valEie and a higher “static”
performed under dry conditions. Similar friction traces haveyayeF_ . Above the critical driving velocity, , smooth sliding is
been previously obtained with other surfactants exposed t0 gyserved(b) Inverted stick-slip. The smooth-sliding regime is now
vapor atmosphere under similar conditions as well as undegpserved at low velocitiesy<V,; . In the stick-slip regime, the
controlled humidity{13]. friction force oscillates between the kinetic valBg and alower

In two recent papergl4,15, we have reported what ap- value Fq,. Note that after a change in the driving direction, no
pears to be a different class of behavior when the frictionstiction spike is observed in the smooth-sliding regime at low ve-
measurements are performed with the surfaces fully imiocities.
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stick-slip oscillations are inverted, falling below the smoothfrequency can be varied between £0and 10 Hz. The fric-
kinetic baselineF,, observed at lower velocity, instead of tion force F is measured with semiconductor strain gauges
rising above it towards the static val&g, as in Fig. 1a). In  attached to a double-cantilever spring of stiffnésg be-

fact, no indication of static friction is observed in this casetween 3000 and 9500 N/m, supporting the secamape)

even when the sliding starts from rest, regardless of the stosurface. The resonance frequency of the mass-spring system
ping time, or when the sliding direction is reversed in thewas between 300 and 400 Hz. The temperature was con-
smooth-sliding regime. In the common scenaf@. Fig. trolled between 16 and 32 °C with an accuracy of better than
1(a)], a reversal of the sliding direction usually yields a stic-0.05 °C.

tion spike that precedes the smooth sliding. The low-

frequency cycles in the friction traces in Fig. 1 are due to B. Materials and procedure

such direction reversals. No stiction peaks are observed in . .
the case of the inverted stick-slip scenario, as can be ob- Four water-solub]e surfactants with posmvgly Chf’”ged
served in Fig. tb) ' quaternary ammonium head groups were investigated,

- ferred to in the text as CTAC, DDAB, gemini, and trimeric.
In this paper, we report the data we have cumulated oh ’ AT ;
this unUStIJOaIpbehavior. pMost of it can be accounted for in= 'AC has been purchased from Kodak with a higher quality

L ._grade and used as received. DDABidodecyldimethyl-
terms of a general model based on the kinetics of formatlorgmmonium bromide  12-2-12 gemini [ethanediyl-

and rupture of adhesive links between two shearing surface§.,', = . .
The paper is organized as follows. In Sec. II, we describe th ,2-bigdimethyldodecylammonium bromitie{18], and 12-

materials and the experimental technique used in this wor 5-12-3-12 trimeric (methyldodecylbig3-(dimethyldodecyl-

Section 1l is devoted to the experimental results. The gegmmom()propyl]ammomum tribromidg[18] were original.

neric profiles of the stress-velocity sliding curves in the dif—Gem'.r:jI anlq trimeric gltjr:fzctjntslare quaternary .aTmon(;LrJ]r_n
ferent regimes are given in detail in this section. We revie\/\PrOT'de ;);(F:]]omers, with dodecy Elmmtcr)]nllurr: mr0|e lleshc i
their dependence on the normal load, the temperature, a cted at the ammonium group by €thyl or propyl chains
the bulk surfactant concentration. In Sec. IV, we present al 8. Al these cationic su_rfactants spontaneously adsorb on
adhesive friction model initially proposed by Schallamach 40t e negatively charged mica surfaces from aqueous solutions.
years agd16], to which some modifications are added to For surfactant concentrations above the critical micelle con-

improve the interpretation of the experimental curve. Thecentratlon(CMC), the adsorbed films show a different mor-

discussion of the results in terms of the theoretical model ifphology dependmg on the surfactant. A number of them ad-

presented in Sec. V. Finally, the main conclusions of thissOrbed as flat bilayers, Wh'le the other_s formed rather

study are presented in Sec. VI. mo_dulz_ated Igyers, suggesting the a_dsorptlon of globular or
cylindrical micelles[19-22. Adsorption on the mica sur-

faces was initiated in the SFA chamber by having the mica

II. EXPERIMENT surfaces immersed in the surfactant solutions at a given con-

A. Apparatus centration. After overnight adsorption, the coated surfaces,

) ) ) . still immersed in the surfactant solution, were brought into
All data reported in this paper have been obtained with &gntact. The friction measurements were performed under

nanotribometer, a dynamic version of th8FA), specially iterent normal loads, including loads large enough to in-
designed to investigate at the nanometer level the shegfce the rupture of the adsorbed films. The normal force
forces between two surfaces sliding past each dth2y17. rofile (force vs separation distandeetween the coated sur-
The surfaces are molecularly smooth mica sheets glued ontg.es was systematically measured before any friction study

cylindrical lenses of radiu®~2 cm, using a thermosetting g getermine the quality of the contact and the point of zero
epoxy (EPIKON 1004, Shell Chemical Cp.which are |y5q.

mounted in the apparatus in a crossed configuration. This
geometry, combined with the molecular smoothness of the
mica surfaces, ensures a single contact point when the sur-
faces made to approach towards each other. The two surfacesFigure 2a) shows a typical force profile measured be-
can be approachetbading or separatedunloading with a  tween two cationic surfactant-coated mica surfaces in an
distance accuracy of a few angstroms. An interferometri@aqueous solutioh23]. In this example, we used the trimeric
technique(FECO is used to measure the separation betweersurfactant at a concentration of 8 CMC. At large separations,
the surfacedD (to +2 A), their local radii of curvatureR  the expected long-range DLVO force due to the interaction
around the contact positiofto =0.1 mm), and when de- of the charged adsorbed films is observed. Closer in, when
formed under a normal lodd, their elastically flattened area the bilayers are only separated for a few angstroms, a hydra-
of contact,A=r? (to =10 um?). A lateral relative motion tion force barrier deviated the measured force profile from
of the surfaces is induced with voltage-driven piezoelectriche predictions of the DLVO theoiy23,24. Along this steep
bimorph strips supporting the lower surfdde]. Applying a  branch, we were unable to detect any significant friction
triangular voltage signal to the bimorphs displaces this surforce, regardless of the sliding velocity and the morphology
face at a constant sliding velocity. The surface is moved of the adsorbed films. At the largest loads that could be ap-
linearly in one direction until the maximum voltage is plied before the adsorbed films ruptured, the friction force
reached, and then the direction is reversed. The sliding anwas at the lower limit of the sensitivity of the devi¢e 20
plitude ranges from a few nanometers to 26, while the  uN) with a corresponding weak signal emerging from the

Ill. RESULTS
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FIG. 3. Driving-velocity dependence of the spring force mea-
sured, while shearing two adsorbed monolayers of the 12-3-12-3-12
surfactant under a load &f=4.51 mN atT=20 °C. The surfactant
concentration in the bulk solution is 0.8 CMC. The smooth-sliding
(SS)-to-stick-slip transition occurs &,;~0.3 um/s. Prior to the
transition, the kinetic stress levels off atV, after a logarithmic
o-V dependencéshear-thinning regimeThe quasi-smooth regime
persists up to the transition ¥, . At high driving velocities, a new
transition to a smooth-sliding regint8S3 is observed between 14
and 17um/s.

Bilayer vs bilayer, L = 2.1 mN b J
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the surfactant. The hemifused state is clearly recognizable on
_ ~ the corresponding force profiles, being characterized by an
_ FIG. 2 (a) Normal force profile be_tween two adsorbed_ trimeric 3imost vertical force barrigthard wal) after a jump-in from
liI?yers '?] a?ge_ousbsurfactanthsotljgltlon. Before theh he”;'f”ml?l point J, as illustrated in Fig. @). After the jump, the two
the Erenn’qi;uze(:'?t'g?e teht(\?Nfer'eCr:'(;nebelt agz]st:f S;mOOt Etm t,Wea " "surfaces adhere in the central contact region but repel outside
) ' iction betw € two contacting monGg '\ hare the bilayers are preserved. A circular defect line or
layers is large and may exhibit an inverted stick-slip). Actual di - .
iy : o islocationlike loop separates the two domains.
friction trace measured between two bilayers of the trimeric surfac- o in the hemifused state the friction f b
tant at T=26 °C with a driving velocityV=0.05um/sec and a . .?.Ce Itn. € fmltutse hS a.e’ be ”Cdlonh OrC(ES ecfome
normal loadL =2.1 mN. The triangular signal is the actual position significant, in contrast to w at IS ObServed when the surfaces
of the lower surface. The measurement evidences ultralow frictiorf € S_t'” coverec! by gomplete _blla_tyers under the same load.
between the bilayer-covered surfaces. The inverted stick-slip scenario is observed when the sur-
faces are in this hemifused state. The measured friction
noise. Such a friction trace is presented in Figh)2It has traces are highly “reversible” and “reproducible,” in the
been measured between two trimer bilayers separated bysénse that they do not change with time or sliding direction,
nm, i.e., almost at physical contact. The corresponding coefand are identical under loading and unloading conditions.
ficient of friction, w=F/L would be equal or less than 0.004, This is true both in the inverted stick-slip and smooth-sliding
an extremely low valudas a reference, the kinetic friction states.

coefficient of ice is around 0.03This low friction without The inverted stick-slip scenario was always found with
stick-slip may be related to what has been recently reportethe three surfactants we tested that have the ability to gener-
by Raviet al. in study of aqueous salt solutiofi5]. ate an adhesive monolayer-monolayer contact, namely,

At larger loads, above the rupture threshold, we have ob€TAC, 12-2-12[18] and 12-3-12-3-12 surfactant$8]. We
served two different behaviors depending upon the morpholfound it more convenient to work with the trimeric surfactant
ogy of the adsorbed films. When the surfactant moleculesind most of the results presented in this paper have been
adsorbed as cylindrical or globular micelles, the adsorbedbtained with this noncommercial surfactdd8]. To fully
films are almost completely expelled from the contact zonecharacterize the inverted stick-slip scenario, we pursued a
(interfacial ruptureé However, it seems that a few isolated thorough exploration of the relevant experimental param-
molecules or small patches remain trapped between the mieders; in the next few sections, the response of the system to
surfaces: the surface separation after this type of rupture waghanges on sliding velocity, normal load, temperature, and
never zero, but varied between 0 and 5 A. bulk surfactant concentration are described in detail.

On the other hand, when the surfactant molecules adsorb
as flat bilayers, large loads trigger the hemifusion of the two
bilayers into one bilayef26], i.e., only the outer monolayer
of each adsorbed bilayer is expelled from the contact zone Figure 3 shows the typical variation of the shear stress
(cohesive ruptune Hemifusion[Fig. 2(a)] brings the two ad- o =F/A with driving velocity V at a fixed temperature and
sorbed monolayers into an adhesi¥g/drophobi¢ contact. load when the mica surfaces are coated with the trimeric
The mica surfaces are then about 30 A apart, depending csurfactant and brought together in the adhesive hemifused

A. Driving velocity dependence
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0.25 10 to just below the CMC. This reduced the surfactant den-
b Trimeric surfactant sity in the adsorbed bilayers and reducég to easily ac-
- 08CMC cessible valuegFig. 3).

The transition aV/ ., between the smooth sliding and in-
verted stick-slip regimes characterized by periodic relaxation
oscillations of large amplitude, may reveal an intermediary
complex time-dependent behavid5]. A sequence of suc-
cessive oscillatory states is then observed over a noticeable

$S2, high shear rate steady state driving velocity range below/, at the onset of the transi-
o el tion. The oscillatory states can be either periodic, but with a
complex periodic pattern, or aperiodic. Some examples of
such time-dependent friction responses are illustrated in Fig.

FIG. 4. Velocity dependence of the shear stress between twg’ with the corresponding Fourier spectra and phase portraits

adsorbed monolayers of the trimeric 12-3-12-3-12 surfactant in th .btame.d at _different d.nvmg velpcities. These three-
high velocity smooth-sliding regimé.=4.51 mN, T=20°C. dimensional phase portraits were constructed from measure-

ments of the single available varialjfeom the time series of

state(monolayer-monolayer contaciThe slidingo-V curve  the friction force,F(t)] by the time delay method, in which
presents at least four different regimes with an inverted stickF(t) is plotted as a function oF (t+At) and F(t+ 2At),
slip regime bounded by two steady smooth-sliding regimeswhereAt is fixed[28]. TheV dependence of the dynamical
The smooth friction-velocity curves at low driving velocities behavior can be summarized as follows. Starting from the
increase roughly logarithmically with/, with no indication steady state at a high shear rate, by decreagitige time-
of a static friction. The absence of a yield stress and théndependent state transits to a time-dependent state exhibit-
increase of the friction force with driving speed suggest thaing periodic oscillations of smaller amplitude than in the
the boundary lubricant is in a fluidlikeriscous and not New- inverted stick-slip regime. The transition is subcritical, i.e.,
tonian state under these conditions. In marked contrast taliscontinuous first order but with a narrow range of hyster-
conventional stick-slip behavior, no stiction spikes are ob-esis. The oscillations appear to be periodic, but the basic
served on starting the sliding from rest or after reversing thepattern consists of two oscillations of different amplitudes, as
sliding direction. A logarithmico (V) dependence was ob- illustrated in Fig. %d). These oscillations are not relaxation
served before with similar boundary lubricants, but urdtgr  oscillations, but rather quasiharmonic oscillations. In this pe-
sliding conditions[35]. However, more recent boundary lu- riodic regime, which exists over a narrow range\of the
brication studies under dry atmospheres have not found thisurfaces never stick together. A further reductiorvVoleads
functional dependendd 3,27). to an aperiodic oscillatory state, as the one shown in Fig.

In the smooth-sliding regime at low, o levels off at  5(c). The corresponding power spectra no longer show well-
some driving velocityV, (crossover velocity after which it defined peaks, but rather a broadband above the instrumental
remains roughly constant with increasivyup to the first  noise level. This aperiodicity is well illustrated by the corre-
critical velocity V¢, at which point the smooth-to-stick-slip sponding phase portrdiFig. 5(c)], showing a coarse attrac-
bifurcation occurs(Fig. 3). At higher shear rate whel  tor in contrast to the previous one where the trajectories are
>V, the inverted stick-slip regime transits towards a sec<contracted on limit cyclefFig. 5(d)], within the experimen-
ond smooth-sliding state. The value of the friction force intal accuracy. A further reduction &f leads to a new periodic
this second steady state Wt, is lower than atV.,, just state with more complex motifs, as shown in Fi)5These
before the stick-slip regime. A¥ increases abov¥,, the  periodic states are separated by the aperiodic states. Ulti-
interfacial friction increases and the mechanical system isnately, the region of complex oscillatory states gives rise to
restabilized. Over the limited range of velocities, that we carthe inverted stick-slip region at low&f, Fig. 5a).
investigate in this second smooth-sliding regime, the shear The scenario described above is sensitive to the applied
stress seems to increase linearly with the driving velocity, aoad. By increasing the compression load, the sequence
shown in Fig. 4. seems to beimplifiedand the number of different states is

Depending on the temperature or the type of surfactanteduced. No interpretation of the sequence in terms of dy-
and surface densities, only a part of the fultV curve, namic systems can be advanced due to two difficulties: the
shown in Fig. 3, would be observed over the range of experilimited signal-to-noise ratio of the device at high shear rates
mental velocities attainable. For example, for the trimericand limitations of the finite distances sheared during each
surfactant at eight times the CMC, during the first hours ofcycle. Given that the surfaces are rubbed in cycles of about
adsorption and before saturation adsorption is achieved, w20 um in amplitude, the number of oscillations per cycle is
observe the “high shear rate” transition. However, after satu+estricted and low-frequency components cannot be detected.
ration adsorption is reached, high velocity sliding proceedsvioreover, each time the sliding direction is reversed, the
almost exclusively by the stick-slip motion. This is becausesystem first goes through a transient regime before reaching
the second threshold veloci®,, is shifted to higher values the oscillatory steady state, since the driving velocity passes
than the maximum experimental driving velocity attainable.through zero during the inversion. The transient regime re-
To access the second transition at high shear rates, the cofidces the number of useful oscillations per cycle which can
centration of the trimeric surfactant was lowered by a factobe sampled for analysis.
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d) V=15.29 ym/s
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FIG. 5. Measured friction traces, normalized amplitude Fourier spectra, and phase portraits of the spring force at different driving speeds,
L=4.51 mN andT=20°C. The time delay chosen to build the phase portraitil0 3 s, (b)—(d) 0.5x10 3 s. The dotted lines in the
Fourier spectra indicates the resonance frequency of the mass-spring system used in this particular expgtirnient

B. Load dependence rithmic regime whenv<V; [Fig. 7(@)]. At these small ve-

When the surfaces are at rest£0), the change of the locities, theo-V curves can be superposed on the same mas-
contact area with load over the investigated load range i{f curve as shown in Fig.() by plotting o as a function of
very well described by the Johnson-Kendall-RobédtsR) ~ V/Vo, WhereV(L) is the intercept with the velocity axis of
theory[29], as shown in Fig. 6. Usually, only a weak adhe- the logarithmic part of the curves. At a fixed temperature, we
sion hysteresis was found along a loading-unloading cyclefind that—In(Vo) scales ag ® for the range of load studied.
Furthermore, within the resolution of our experimental setup,
we did not observe any change in the contact area when the
surfaces slide past each other. However, when separated du
ing sliding, the surfaces jumped apart at lower negative loadsc
than when they were not slidiny,= 0. Therefore, the adhe-
sion is reduced by shearing. Note that for this kind of sys-
tems, the measured adhesion energy is relatively weak.
around a few mJ/f(Fig. 6), regardless of the surfactant and
the temperaturgsee Fig. 1lb) later], provided that the bulk
surfactant concentration is close to or above the CMC.

Figure 1a) shows the load dependence of #eV curve ot
at a fixed temperature. Within the experiment accuracy, the 0 i\;‘omal bad”L () 42 56
shear stress appears to be independent of the normal Ibad ’
over the range of load&nd contact areagnvestigated, both FIG. 6. Contact area as a function of normal load, for loading
along the plateau regime preceding the stick-slip instabilityand unloading of two mica surfaces under a solution of 8 CMC of
V,;>V>V,,, and for the high velocity smooth-sliding re- trimeric surfactant, after hemifusion. The measured data is well

gime whenV>V,,. This is illustrated in Fig. 8. Note that described by the Johnson-Kendall-RobgaR) theory of contact
the load independence is no longer verified along the logamechanicgcontinuous ling[29].

2.5 10° e e - T T S e

F Trimeric Surfactant
210°F 8.0CMC

T

1.510°F

116°F

Contact area, A (um

500[- )
F 1.4 mJ/m
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oL, L s Load=3.75mN e, velocity V,. Thus, increasing the load extends the range of
[ ] - vl v et Ll Ll vy ant AT H H _ali H
o1 " o 100 1000 10" 1 theinverted stick-slip regime.
Normalized velocity, V/V,

C. Temperature dependence
FIG. 7. (a) Sliding-velocity dependence of the shear stress be- . .
tween two adsorbed monolayers of the 12-3-12-3-12 surfactant % Temperature may have important and different effects on

different normal loadsT =26 °C. Surfactant concentration 8 CMC. .e.hemlfusmn pfo‘?essi the force profiléig. 2), and .the )
(b) The curves measured are superposed after normalizing the sliftiction forces. For instance, for the 12-3-12-3-12 trimeric
ing velocity byV, (obtained from the intercept of the logarithmic surfactant, the hemifusive rupture is no longer triggered by
regime, as described in the tgxt compression at temperatures higher than 24 °C, within the
experimental window of accessible loads. However, shearing
Since the contact areascales at 23 at large load$29], the ~ at driving velocities larger than a certain threshold can in-
friction force has an almost linear load dependence along th@uce the hemifusion. Once hemifusion has occurred, the
logarithmic regime, more precisefyxL%® or FcA%* More monolayer-monolayer contact is maintained, regardless of
systematic investigations are necessary to definitively estatihe driving velocity. At temperatures larger than 28°C, the
lish the exact values of these exponents. first-order (discontinuous hemifusion transition is never
The normal load also has a noticeable effect on the firsachieved, even under large loads and fast-sliding velocities.
critical velocity V. As illustrated in Fig. 9, two regimes Under such conditions, the bilayers are simply gradually
can be identified. At very low or negative loadg,; in- compressed down to a thickness corresponding to two single
creases sharply with. In contrast, at larger load¥/;; de-  monolayers. In addition, the contact is no longer adhesive
creases weakly with, i.e., increasing the load at constdnt and the friction force is much reduced at all sliding veloci-
ties, often below the apparatus sensitivity. This behavior sug-
gests that at these elevated temperatures, the adsorbed sur-

030 [-881, plateau regime factant layer changes its physical stéeg., amorphous to
< 028 o © o o o o o o o o liquidlike).
% . Figure 1Qa) illustrates how the slidings-V curve is
o 026 modified when the temperature is changed under similar
8ol loads. An increase of the temperature leads to an increase of
5 E . the critical velocityV.; and a decrease of the shear stress
é’ o2 . o« T e e e v, An example of the dramatic change @fwith temperature is
0.20 -$82, high shear rate given in Fig. 11a) in the plateau region of the first smooth-
;o “"' e e e sliding regime(which is only weakly dependent dnandV,
Normal load, L (mN) as shown in Fig. ) Interestingly, over the same temperature

range the adhesion energy is fairly constant, as shown in Fig.
FIG. 8. Load dependence of the shear stress between two ad-l(b). These adhesion values were directly measured from
sorbed monolayers of the trimeric 12-3-12-3-12 surfactant in thdhe pull-off forces needed to separate the two surfaces from
low velocity (open symbolsV=0.052um/s) and high velocity —contact[Fig. 2(@)]. Values obtained from the best JKR fit of
(closed symbols¥=20.8um/s) smooth-sliding steady stateE.  the contact area-load curves, similar to the one in Fig. 6, are
=20 °C. Surfactant concentration 0.8 CMC. consistently lowered by almost a factor of 2.
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ormalized velocity ¢ FIG. 11. (a) Change ofo with temperature at a driving velocity

corresponding to the first steady state on the plateau redime,

FIG. 10. (a) Sliding-velocity dependence of the shear stress be-=1 8 mN. (b) Temperature dependence of the adhesion energy for
tween two adsorbed monolayers of the 12-3-12-3-12 surfactant ?ﬁellz-s-iz-s-lz surfactant

different temperatures; normal lodd=3.75 mN; surfactant con-

centration 8 CMC(b) The measured curves do not superpose after_. ) o

normalizing the sliding velocity by, (obtained from the intercept 9. 13, which compares the sliding curves measured at 0.8

of the logarithmic regime, as described in the te¥he translation and 8 CMC under similar normal loads.

of the crossover between the logarithmic and the plateau regimes is N summary, increasing the bulk surfactant concentration

due to the change of the longer characteristic time with the temhas effects similar to those when increasing the normal load

perature. or decreasing the temperature: all lead to an increase of the
shear stress, a decrease\qf, and to an extension of the

Decreasing the temperature reduced bdth the cross- range of the inverted stick-slip regime.

over velocity between the logarithmic and the plateau re-

. . . . IV. MODEL
gime, andV.,. In particular, a linear relation was observed
between I/, and T, as can be observed in Fig. 12. The shape of the measuredV curves discussed above
resembles earlier results presented by Grosh for the sliding
D. Bulk surfactant concentration dependence of elastomer block$30], and more recent results obtained

c rati wd i . d Iwith dialkyl surfactant monolayer§31,32. In each case,
oncentration studies are more time consuming and only, o e \yas- 4 finite value for the adhesion energy between the
a limited number of concentrations were investigated. Thefubbing surfaces. However, two differences between these

following trends were observed. and our system have to be remarked. First, the inverted stick-
At low surfactant concentrations, well below the CMC,

the friction force was relatively weak and smooth in the ve- _ -

locity range studiedfrom a few nm/s to a fewum/s). At E
these low concentrations, the surfaces were covered by&

patches of monolayer or by an incomplete bilayer. The more” 10*
concentrated the solution is, the larger is the friction force in &

the monolayer-monolayer contact, and the lower is the adhe-g 10' ¢
sive energy. For instance, with the CTAC surfactant, the in- > ;
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than 0.05 CMC when the adsorbed bilayers are not yet fully

developed. In this case, the smooth-sliding—to—stick-slip.5 . [ . . ., . ., .
transitions occur at large driving velociti®g,, and the am- 334 3.36 3.38 34 3.42 3.44
plitude of the relaxation oscillations in the stick-slip regime 10*/Temperature, T (K™)

is smaller. The more concentrated the solution is, the lower is

V¢, and the larger is the stick-slip amplitude. The same FIG. 12. Dependency of the critical velocity,; with the in-
trends were found with the trimeric surfactant, as shown irverse of temperature for the 12-3-12-3-12 surfactart1.8 mN.

ool

11§
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when they are depinned. The total friction force can be writ-

o
=

- b 853;2?; St e e ten asF=Ngfeas, WhereNg is the number of junctions in

§0.4 L the bonded state depending ¥randf . sis the mean elastic

o | A force of the adhesive junctions averaged over the contact

g - S area. The elastic force per bonded junction fig

§021 e = SAGVtd, whereG is the shear modulusi the thickness

_§ - L of the junction, and the elapsed time since the zero-stress
T I O TR B A On solving the above equations, the model predicts four

0.0001 0.001 0.01 01 - 1 10 limiting friction regimes, provided thaty> 7. At very low
Driving velocity, V (/) sliding velocity, V<I*/7y, the junctions are always broken
FIG. 13. Sliding-velocity dependence of the shear stress bebY thermal fluctuations and the mean lifetime of a junction is
tween two adsorbed monolayers of the 12-3-12-3-12 surfactant &l0Se to the static lifetime(t),=r7o. The friction is then
two different bulk surfactant concentration®pen symbols for 8 Pproportional to the sliding velocity, defining the “rheologi-
CMC and closed symbols for 0.8 CMGat L=45mN andT  cal” or linear V regime[16,33. The lubricant film behaves
=20°C. similar to a Newtonian fluid, and~GVry/d.

At higher driving velocity, wher&/ becomes comparable
slip behavior was not reported in the previous studies; thigvith 1*/7y, the forced rupture process competes with
may be due to a higher stiffnes§,, of their mechanical the thermal mechanism with lowered activation barriers,
setup. It is well known that a stick-slip regime exists only giving in the first approximation a logarithmi¢ dependence
over a limited range of th& -V phase spacf?]. Second, for the shear stred84], as is commonly found in a creep
the force plateau may have a very different velocity range ifégime [2,35,36. The stress is now given byo
each case: it may even be shortened to a simple peak, as witl (ks T/ yoA)In(V/Vg), with Vo= (kgTd)/(yoAGT).
be discussed below. Beyond this regime, wher&*/>V>1*/7,, the junc-

The main trends of the-V curve presented in Fig. 3 can tions are mainly elastically depinned, reaching the critical
be accounted for by a theory of adhesive friction, originallystress in an uncorrelated manner. The shear stress is then
developed for “elastomer” surfacd46,33,34, but that can almost velocity independen{33,34 and given by o
be applied to any sheared surfaces bridged together by ariy1/2G1*/d, since the number of junctions in the bonded
kind of weak adhesive junctions. Let us assume that at angtate is almost constant. Such a behavior arises only if the
instant, the adhesive ardaconsists ofN independent bonds two characteristic times and 7, are well separateds, /7
or adhesive nanodomains, hereafter called “junctions,” eact? 1.
of average aredA. During motion, the whole contact aréa Finally, at even higher velocity, a6 becomes comparable
does not slide as a single unit: individual junctions are conto or larger tha*/ 7, the number of junctions in the bonded
tinually formed and broken incoherently. Each junction isstateN, decreases, since each junction now spends relatively
assumed to stretch elastically up to its breaking or yieldnore and more time in the unbonded state. By definition,
point. In the model, a junction detaches either spontaneousiWo=N(t),/({t)p+ 7); when (t),=t,=1*/V<7, then Ny
by thermal excitation, or by the external shear force, and=Nt,/7, i.e., Ny and therefore the shear stress decrease as
reforms further down after various thermoelastic relaxatiorthe inverse of the sliding velocity83,34, o~V 1.
processes have occurred. Two characteristic times are in- If the condition 7> is not satisfied, ther-V profile
volved: 75, the mean time tbreaka junction due to thermal predicted by the model is modified to a large extent. Fpr
fluctuations undererolateral stress or local shear force, and comparable to or even smaller tharthe plateau in the-V
7, the mean time to thermallgctivate or reactivate a junc- profile narrows or disappears, leaving a peak where the loga-
tion. Upon shearing, the junctions are elastically deformedrithmic and V™! regimes merge together. The number of
resulting in a reduction of the energy barrier to transit fromjunctions in the adhesive statdy, starts to decrease when
the bonded to the free state. If the reduction is assumed to ibe adhesive junctions are still depinned both by the ther-
proportional to the elastic forck,,s, as proposed by Schal- mally activated process and by the external shear stress. Sev-
lamach[16], the characteristic lifetime of stressedunction  eral examples of such peakedV curves have been reported
becomesg exp(—yfea KgT), Whereyis a constant with the in lateral force microscope experiments with adhesive
dimension of length. A junction is also always depinned im-surfactant-coated surfacg31,32.
mediately, once the local stress reaches the yield point The elastic-adhesive model discussed above accounts for
[33,34. Let|* =Vt, be the critical deformation at the yield the logarithmic and plateau regimes of the experiments
point, witht, (V) as the time to reach this point starting from curves(Figs. 3, 7, and Ijland provides an interpretation for
rest at a given velocity. It is also assumed that in contrast the inverted stick-slip bifurcation. At the onset of tle
to the rupture time, the time of junction formatieris inde-  «1/V regime, a mechanical instability may arise when
pendent of the shear rate, but dependent on temperature. do/dV becomes negative, i.e., as soon as the nuriliesf

In this model, the dissipation comes from the elastic enjunctions in the bonded state starts to significantly decrease
ergy stored during the deformation of the junctions in theat larger velocities.
adhesive state and then irreversibly I¢gdissipated as heat Within the framework of this model, the experimental
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< °* Load=214mN 0.8
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% ;— E 0.4 ?
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FIG. 15. Representation of the elastic-viscous model for the
FIG. 14. Sliding-velocity dependence of the shear stress befriction force vs sliding velocity. The viscous contribution is more
tween two adsorbed monolayers of the 12-3-12-3-12 surfactant atnportant at faster driving velocities, while the elastic contribution
different normal loads an@=26 °C. The dotted line is the best fit dominates at slower velocities.
obtained with the adhesive friction model, as described in the text.

o-V curve obtained with the trimeric surfactant at a bulk F(V)=$(VINTerad V) +[1= ¢(V) INfus(V), @
surfactant concentration of 8 CMC affd=26 °C (Fig. 14 ' . _ ' _ _
can be remarkably fitted by the following equatidsse the ~Wwhere¢ is the fraction of junctions in the bonded statgys

Appendix: andf,;s are the mean contributions per junction in the adhe-
sive and free states, respectively. Following Chernyak and

ty KgT (evd7n t, Leonov([33], a simpler expression for E¢l) with a similar

Fe'aS:<t>b+ T ya )1 7In( 7)€xp — aty 70 qualitative behavior can be derivésee the Appendix Us-

ing this result, Eq.(2) takes then the following analytical

ty th) o expression:
D=ty exp( ——(e"~1) |+ — f d#nin(7)
7o @ ToJ1 * —1* V7,
V1o 1—(1+1*/Vry)e 0 A
p( t, F=oFop o, TAmegaV
xXexp ——mn|, 1 N

aro ) W ®
with a=7ySAGI*/dkgT. The fit was performed with four \ith
free independent parameterg, |*, G, and y8A. Knowing
the thickness of a monolayet=2 nm, the numerical values (1)
obtained ard*=4.5 A, G=2.28 MPa,y6A=32.8 nni, 7, (V)= b (4)
between 0.13 and 0.3 s, antbetween 184 and 41i4s (the (Dot

last two quantities are functions of the applied Ipa&ll the
fitted values appear to be physically reasonable. The activathe mean lifetime of a junction in the bonded state has now
tion volume y3A indicates that a junction has an area ofa much simpler expression than E@l): (t)p=7o(1
approximately ¢8A)23=10.3 nn?, i.e., composed of about —e~'"/V0). Fy/N is the mean elastic shearing force per
20 monomeric molecules. junction in the nonthermal regimes, where adhesive junc-
The elastic-adhesive model described above is insufficiertions are broken only by the external shearing mechanism,
to account for the second steady smooth-sliding regime & ,=A/dGI*.
larger driving velocities. It predicts that eventually the fric-  Figure 15 shows the elastic-viscous friction force of Eq.
tion vanishes at high shear rates. A second contribution to the8) as a function of the sliding velocity when the two static
friction force, other than the elastic contribution, must becharacteristic times are well separateg/7>1. As can be
considered in order to restabilize the mechanical system in abserved in the figure, the viscous contribution becomes sig-
kinetic state with a finite friction. This extra contribution nificant only at large sliding velocities, i.e., when the number
may arise from the free junction®y—Ny~N(1—1*/7V) of junctions in the free state increases abruptly:-(@) N
sliding past each other over an average timeroFor the  ~N(1—1*/7V) when I*/V<r<7,. At lower velocities,
surfactant monolayers considered here, we may associate thfgs number tends to zero; most of the junctions are in the
second contribution to the viscous frictioR,;;~V, if the  adhesive state and the main contribution to the dissipation
monolayers are in a liquidlike state, or to the cost of tilting comes from the elastic component.
the molecules during sliding if they are rather in a solidlike Luengoet al.[17] have shown that the equation of motion
state. The linear increase of the force at high sliding velocityof the SFA nanotribometer can be reduced to the equation of
(Fig. 4) seems to support the idea of a viscous contributionmotion of a block of massn (upper surfaces of the SFA
At this stage, we can propose a constitutive friction lawsliding on a substrate, the block being connected to an elastic
for the system considered here: spring of stiffnesxK,, (double-cantilever spring of the fric-
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tion device which is pulled at one end with velocity. This  where the functionp(x) must satisfy - ¢=7¢(X) under a
can be formalized by the following ordinary differential stationary condition, i.e.¢(X) 1= 7+ 7o[ 1— exp(—1*/k7p)]

equation(ODE) system: whenx=V. The first term on the right-hand side of E8)
. describes the behavior when the surfaces are at pest (
X=v, =0), so that the number of junctions in the adhesive state
_ (5  only depends on the two characteristic timeand 7o, ¢q
my=Kpn(Vt—=x)—F, =10l(79+7), i.€., po=1 sincery/m>1. ¢ has two limit

values O(unstablé and 1(stablg, accounting for the state of
the boundary film; 1 stands for adhesive and 0 for nonadhe-
sive. According to Eq.8), from any initial state with¢

<1, the contact will tend to adhere at a characteristic rate
proportional to 1#. A natural choice for this characteristic

wherex is the instantaneous position of the upper surface
Overdots indicate time derivatives. After combining E@®.
and (5) and some rescaling, E@5) can be written in the
dimensionless form

v time is the mean lifetime of the junctions in the free state.
E=——v, Equation(8) introduces a memory effect in the equation of
Yo motion for the center of mag$); the number of junctions in
(6)  the adhesive state is no longer a variable only of the relative

, v 1—(1+B/|v|)e B/l
v=_E§— B 1_e B

—(1— ¢)Av velocity between the two surfaceqt), but also depends on
the previous history of the system. In combining E&3$.and

(6), a new dimensionless ODE system can then be written as
with the fraction of junctions in the adhesive state given by

1—e B/Y §:V_O_V,
P e T 7y @
: v 1—(1+B/|v])e B/l
where& and v are the dimensionless position and velocity of ¥~ §-2 B 1—e B/l —(1=¢)Ar, ©
the upper surface, given by/x, and X/vy with Fj
=A/dGI* =K Xo, m=(mM/K)Y2 and vorm=x,, while . T Tod
B:|.*/V.OTO. Numerical integrgtion . of Eq.(6) accounts ¢= 745(1_ ¢)— ro(1—e B+ 7
qualitatively for the inverted stick-slip scenario, i.e., an in-
verted stick-slip regime with relaxation oscillations boundedNumerical integration of Eq(9) produces solutions with
by two steady smooth-sliding regimes. The first transition aimore complex time-dependent behaviors than the ones found
low V occurs after the friction has reached a plateau orwith Eq. (6). Oscillatory states with basic patterns including
which the strength of the friction force is almost constant. Itsuccessive oscillations of large and small amplitudes can be
is out of the scope of this paper to report detailed results olwbserved at the onset of the transition to the steady state of
these numerical simulations, which will be presented in high shear rate. Some of them can even transit into a chaotic
forthcoming paper. We would just like to mention that the state by a subharmonic cascd@6] or type-IIl intermittency
dimensionality of Eq(6) is not high enough to fully account [40] scenario. However, even if there exist strong similarities
for all the experimental observations. It has only two inde-between the dynamic states of the model and the experimen-
pendent variables¢ (the position of the block and »  tal results, up to now we have failed to find a set of param-
=d¢/dt (its instantaneous velocitySuch a dynamic system eters generating a sequence with a large number of complex
has solutions either as steady or periodic oscillatory stategscillatory states over a restricted range of driving velocity,
with no complexity in the basic motifharmonic or relax- as observed along the experimentalV curve shown in
ation oscillations [38]. As we have already mentioned, the Fig. 3.
transition between the steady smooth-sliding regime of high
shear rate and the inverted stick-slip regime reveals a se- V. DISCUSSION
guence of successive oscillatory states either as periodic with

a complex periodic pattern or even aperiodftg. 5. The The proposed adhesive friction model describes the fric-
minimal dimension to account for such a complex dynamicsijon behavior of boundary-lubricated surfaces and provides
is 3[37]. an interpretation for the physical origin of the observed in-
To increase the dimensionality of the model, a third vari-verted stick-slip. This is caused by the mechanical instability
able must be added. This has been done in different tribogccurring when the friction force decreases with increasing
logical models by introducing a state variab®7,8. Agood  driving velocity. The striking feature of this system comes
candidate for a state variableds the fraction of junctions in  from the fact that two steady smooth-sliding states surround
adhesive state, with a memory effect formalized by a supplethe stick-slip regime, with the one at low sliding velocity
mentary differential equation. The simplest way to introduceinyolving thermally activated processes. Such thermal pro-

this new variable is cesses are commonly invoked to account for the behavior of
1 many macroscopic tribological systems. However, they are

e = b(1— ) — 0, 8 usually associated with aging effecftE41]., _such as th(_a in-
¢ r¢( ¢) = ¢e(X) ® crease of the real contact area of asperities by plastic creep,
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generating an opposite effect of increasing stress when thie This seems to be in contradiction with the fact that at
sliding velocity decreases, and resulting in high static fric-small bulk concentrations, the adhesion between the
tion. In contrast, the adhesive model described above, with aurfactant-bearing surfaces is rather large, often larger by one
thermal process of rupture of adhesive junctions, predicts arder of magnitude than that when the adsorbed films are
zero static friction force followed by a linearly increasing completed. However, this change in adhesion energy is
friction with driving velocity, as was found experimentally. mainly due to the defect loop around the monolayer-
As already mentioned, the model has two characteristienonolayer contact. The defect energy scales as the radius of
times 7, and 7, and a characteristic length. The character- the loop, i.e., the radius of the monolayer-monolayer contact
istic time of thermal rupture of a junctiomy, is important . Thus, the defect loop opposes the adhesive monolayer-
only at very low shear rates where the adhesive junctions ar@onolayer contact. The more complete the bilayers are, the
broken mainly by thermal fluctuations. When the rupturelarger is the line energy due to the loop, and the easier it will
mechanism by the external force becomes dominant, thge to pull apart the two surfaces. The defect loop has a sig-
mean lifetime of the adhesive junctions is determined by theiificant contribution to the adhesion force, but not to the
characteristic length(t),=1*/V. Thus, for the nonthermal friction force, since the latter scales either r&s (plateau,
regimes (plateau, stick slip, and second steady Statee  stick-slip, and viscous regimeor r>2 (logarithmic regimg
model is completely defined by one characteristic time and @nd not ag (see Figs. 7 and 8; is the radius of the loop
characteristic length. Figure 12 shows that the first critical velocit§, scales
According to the model, the larger is the ratig/7, the  like exp(—A/kgT), which may be expected, given that the
larger is the plateau regime, and therefore larger is the stickebserved behavior is interpreted in terms of thermally driven
slip range. Experimentally, the range of the stick-slip regimeprocesses. In the framework of the simplest two-dimensional
increases at higher loads or bulk surfactant concentrations. (D) mechanical mode(5), the instability of the first steady
seems physically reasonable that an increase of the losglate may occur as soon as the friction force decreases with
causes an increase of the time ratjg 7, because the larger increasing velocity §F/dVs=0). By considering only the
is the load, the longer will be the time to thermally break anelastic contribution to the friction forcél),—at the onset of
adhesive junction, and the shorter will be the time to therthe stick-slip instability, the viscous contribution of the fric-
mally reactivate a broken one. Figuréoyillustrates the in- tion force can be neglecte@(V.;)=1 whenrq/7>1—the
crease ofr, with the load. In order to put the data on the first critical velocity can be approximated as
sameco-V master curve, the driving velocities were normal-

ized byV,, as described in Sec. Ill. According to the model, _|a—2 ve o
_|* . ; ; Vei=|—3—e TR
Vo=I1*/(a7y); a can be obtained graphically at the cross- a (770)

over between the logarithmic and the plateau regimes,
=In(V,/Vy). We found thatV, decreases with increasing By definition, 7 and 7, can be written as* expU/ksT) and
load. The existence of a master curve indicates dhas well 7 expUy/kgT), respectively, wher®& andU, are the corre-
asl* (related to the plateau valuend the activation volume sponding energy barriers to be overcome in order to activate
vSA (or the junction size, related to the slope of the loga-or deactivate an adhesive junction. For an overall adhesive
rithmic par are independent of the load. Therefore, accord-system, as the one considered héfgs>U. From the slope
ing to the model, the decrease f, is merely due to an of In(V)—T * curve, the energy barried, could be ex-
increase ofry with increasing load. tracted, provided that only, changes with temperature. This
The bulk surfactant concentration dependence illustratets not the case, since 1, and« also change. For instance,
in Fig. 13 is more difficult to account for. One of the prob- Fig. 10b) shows howa systematically changes with tem-
lems is the enlargement of the stick-slip range that occurgperature. The larger is the temperature, the smalles is
with the increase of the shear stress. At low concentrations, Alternatively, the activation energy, could be extracted
the friction is relatively weak and no stick-slip is ever ob- from the previous/, relationship, provided that the tempera-
served. Within the framework of the model, we may invoketure changes of andl* are known, since by definitioW
different causes for such a dependence. Maybe the loca!*/(a7y), thenceV,=(e“/a)(I*/7y). Unfortunately, the
shear modulus becomes increasingly stiffer as the surfactabarrier energy values obtained either with, or V; have a
coverage of the surfaces increases. At small surfactant costrong (exponential dependence om, and this quantity is
centrations, due to the low level of the friction force com- determined with poor accuracy, especially at low tempera-
pared to the stiffness of the device, the mechanical stick-slipures where the logarithmic regime is experimentally re-
instability does not occur. Another possible explanation isstricted. Moreover, the determination of the temperature
that at rest, the number of adhesive junctions changes notahange ofl* is even less accurate, sin¢& can only be
bly with the bulk surfactant concentration, while the ad-measured by fitting the whole-V curve; as mentioned be-
sorbed layers are not fully completed. Under these condifore, it involves the fitting of four parameters. Given these
tions, only a fraction of the contact area is in the adhesivdimitations, no attempt has been pursued to calculate the en-
state. It is equivalent to considering again the ratio of the twaergy barrier.
characteristic timesr,/7~1. When the adsorbed monolay-  As we have already mentioned, mica surfaces coated by a
ers are not yet completed, the mean lifetime in a free statenonolayer of surfactant sliding past each other in dry atmo-
may be longer before the two moieties of a future junctionsphere exhibit only a regular stick-slip behavior. This has
get into a right location and conformation in order to activatebeen reported several times in the dds20]. We have found
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that with the same pair of surfaces, an inverted stick-slip camy(r) of junctions in the adhesive state. The adhesive junc-
be observed when they slide in solution, while regular sticktions would then thermally break more frequently near the
slip is found when they slide in air, as demonstrated in Fig. 1edge of the contact area than at the center. Theoretical and
Even though in the dry case the surfaces are still coated by aumerical studies in this direction may be revealing; this
monolayer of surfactant molecules, its molecular density igontact-mechanics aspect of the problem is generally ne-
likely to be different from that of the hemifused monolayers dlected in nanotribological analyses.

in solution. Nevertheless, the surfaces still make an adhesive

<r:T?£tear<i:;||n dry atmosphere with junctions built with the same V1. CONCLUSION

Can the previous adhesive friction model still account for  |n this paper, we have reported the sliding behavior of
this more commonly observed behavior? Let us assume thadhesive surfactant-bearing surfaces. When the surfaces are
7o and 7 are very large, so thdt'/ 7, is outside the driving  fully immersed in an aqueous solution, the dynamic behavior
velocity range accessible by the experiment. As a result, ag richer than the one usually observed under dry conditions.
adhesive junction would never be depinned by thermal flucOn the whole, five different regimes have been identified and
tuations, but is always broken by the imposed external deaccounted for by an extension of the adhesive model of the
formation. In addition, let us assume that the characteristigriction force, initially proposed by Schallamadh6]. The
time to form a junction is large enough so that/I*=1;  new steady-state, smooth-sliding regimes occurring at low-
adhesive junctions will then be formed over a significantsliding velocities and preceding the stick-slip regimes are
time, leading to some aging effects resulting in a static fric-accounted for by a thermally activated process, locally de-
tion. The longer the contact stays at rest, the larger would bpinning the two adhering surfaces. We have examined how
the number of junctions in the adhesive stdlg, Besides, the different regimes depend on the normal load, the tem-
the slower is the driving velocity, the larger bl  perature, and the bulk surfactant concentration. Under certain
=NI*/Vr, and the larger is the friction force. This aging conditions, we have found that the oscillatory stick-slip re-
inducing a static friction generates the common stick-slipgime exhibits very complex dynamics, implying that such
scenario. Yamada and Israelachyi7] have reported such tribological systems must have at least three degrees of free-
aging effects for the friction between adhesive fluorocarborlom. To theoretically describe it, a third independent vari-
surfactant monolayers in dry atmosphere. In the new sceable must be introduced into the usual 2D mechanical model,
nario, the two thermal regimes—linear and logarithmic—doconsisting of the equation of motion of a block sliding on a
not appear; the thermal fluctuations do not have any effearack, being pulled at a constant driving velocity via a spring.
and the adhesive junctions are always mechanically brokermhe fraction of nanodomains in an adhesive state in the con-
The regular stick-slip scenario will start somewhere at theact region could be this third variable represented by a state
onset or inside the fourth regimer-V™1) with No(V) variable with a memory.
<N anddNy(V)/dV<O0. Even though these results have been obtained exclusively

Even if the elastic-viscous modéB) properly describes with surfactant-coated surfaces, they can probably be gener-
the inverted stick-slip scenario and, particularly, the five dif-alized. The model used to describe the data should be
ferent regimes emerging from the experimentaV curves  broadly relevant for other surfaces in the adhesive contact
as well as their temperature and load behavior, some quessith local dynamic junctions formed by macromolecules,
tions remain unanswered. It is not straightforward to guessuch as polymer chains or proteins. Many examples can be
what controls the nanometric elastic coherence length defindentified in biological systems.
ing the individual junctions, or why this length does not de-
pend on the sliding velocity, as assumed in the model. On the
other hand, the assumption that the junctions are independent ACKNOWLEDGMENTS
of each other seems unrealistic, at least nearest-neighbor

junction interactions could be expected. A model with Onlyment of Energy(Grant No. DE-FG03-87ER 4533and the

one characteristic time is then open to criticism. One of th(?eck Foundation. C.D. acknowledges the financial support
main defects of the model is that it does not consider the.:’\\TEVEP SA T

contact mechanicf42]. The surface geometry of the SFA
nanotribometer corresponds to two cylinders mounted on a
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crossed configuration, so that the distribution of the normal APPENDIX
pressure along the circular contact area is nonuniform: the o
pressure peaks at the center and vanishes at the rim or even 1. Derivation of Eq. (1)

becomes negative for adh_esive contp4?]. As discussed At rest, V=0, the probabilityl50 for an adhesive junction
above, we have found tha is dependent on the load. Even stay in this state during the time {Dis

though the analysis has been done within the framework of a

uniformly distributed load, this result appears credible from a . t

physical point of view. The larger the normal loads are, the Po(t)=exp< - T—>, (A1)
larger is the characteristic time. We may then conclude that 0

the real peaked distribution of the normal pressure should

also imply a radial distribution of the static mean lifetime where 7y is a function of temperature, given as
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Uo
T0= ™ ex ﬁ
B

The probability of the opposite event is thdh,(t)=1
' (A2 —Pyw).
In addition, we assume that an adhesive junction is also
with 7* being an elementary time and, the energy barrier depinned when the local stress reaches a critical value or a
to be overcome for breaking an adhesive junction. The probyield point. Letl*=Vt, be the critical deformation at the
ability that the breakoff then occurs during the same period igield point, witht,(V) as the time to reach this point starting
from rest at a given velocity. Fort>t,, the transition to
N the free state is certain to occur; therefore, the survival prob-
Po=1— Po(t)=1—ex;{ - T_)- (A3) ability of the adhesive junction becomes zero. In assuming
0 that the two breaking mechanisms are independent, the sur-

The probability density for thermal breakdown of an adhe-vival probability can be rewritten as
sive junction at time is

(t,—1), (A10)

. t,
Pu(V,t,1*)=exg — — (e*v—1
P, 1 ; w( ) F{ aro( )
'ﬂO(t):W:T_eX _T_ . (A4)
0 0 where 0(x) is the Heaviside step function, equal at 1 for
O " o
Therefore, the mean time for which an adhesive junction>0 and 0 forx<0, while a=yAGI*/dksT. The probabil
. ity density for an adhesive junction to be depinned then takes
stays bounded is . )
the following form:

_ [~ - d
<t>0b—f0 tipo(t)dt=1q. (A5) lﬂo(V:t"*):an(V:t"*)i
In a similar way, we can define the mean lifetime of a free ty
junction, zﬁdV,t,I*)zex;{ — —(e“"b—l))
aTg
<t>0f:fo ty(t)dt=r, (A6) X we“’tw 5(tb—t)). (A11)
0

where ¢(t) is the probability density for a free junction to The mean lifetime of an adhesive junction according to Eq.
adhere again. The mean numidés of junctions in an adhe- (A5) becomes
sive contact per unit of nominal contact area is given by

1 tb tb tbealtb
- (Yo T . <t>b—T—0exp< - a—TO) fo texp(at/t&ex;{ " ar )dt
(Dbt (ot Tot T’ t,
. . . . +tbeXP(——(e“—1)); (Al12)
whereN is the total number density of junctions. aTg

Let us now consider how the previous formulas are modi- o ) o
fied when the two surfaces slide past each other at a finitBY defining 7=exp(at/ty), Eq. (A12) can be written like in
relative velocityV. During sliding, the adhesive junctions Eq. (1):
are elastically stressed, resulting in a reduction of the energy i
barrier to transit from the bonded to the free state. If the <t)b=tbex;{ — _b(ea_l)) +
reduction is assumed to be proportional to the elastic force aTo
F.=J8AGVYd, as proposed by Schallama¢h6], U=U,

—yFe, wherey is a constant with the dimension of length Xexp(
and G the shear modulusjA andd the area and the thick-
ness of junctions, antdthe time elapsed since the zero-stress

state. Under shear, the lifetime of an adhesive junction id" this model, the dissipation comes from the elastic energy
then stocked during the shearing of junctions in the adhesive state

and then definitively lost when they are depinned. Following

2

tb e

2 f d#nln(n)
ToJ1

o

ty

-7

. (A13)
T

Uo— ¥Fe Chernyak and Leonoj33], the total shear stress can be writ-
(Vt)=71* exp{— (A8) ten as
kgT
~ N * = *
and the survival probability®,, for an adhesive junction UZWJO Fe(t)Py(V,t,17)dt. (A14)

formed at timet=0,

1 (dt SAGVYd It is assumed that the mean lifetime of a junction in the free
Py(t)=exp — — dtex;{ L) . (Ag) Stateisindependent &f, the sliding having no perturbation
7o Jo kgT on the junction formation mechanism. This seems reasonable
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at low sliding velocity(t);= 7, regardless of. By combin-
ing Eq. (A10) and(A14), we obtain

N KeT | exprty/ )ftbt p< b s )dt
o=——"—waexX aT exp — ——e'b’'*7e|dt,
(Dt 7 Yy pTE0 o aTg

(A15)

and using the change of variables= exp(at/t,), Eq. (A12)
can be written like in Eq(1):

B tb NkBTfeadn| tb
T Ot ya | Ty Nmexy = om).

(A16)

Let us consider the different limits.

Linear regime At very low sliding velocitiesV, t,/7g
>1. Sincea>1, we have bothe“t,/a1y>1 andt,/ar
>1. This leads to

~ t
PV(V,t,|*)%EX[< - T_),

0

(Hp=~To. (A17)

PHYSICAL REVIEW E 67, 066110(2003

t t Jead | b A22
<>b~;zjo . nIn(7n)ex Tang ) (A22)

which can be expressed in terms of exponential integral
functions

et 7
L dnIn(n)exp — E)

oel
a ex § i g

with the following expansions when d# a7y/t,<1 and
et éx>1:

=—¢

(A23)

. _e_az _e_a —a 24— 2a 30— 3@ ...
E|< g)_ex;{ g)(fe +&%e +&%e +--0),

E‘(_%)E'” £

where yg is the Euler constant. We find then that integral
(A23) can be approximated by

(A24)

1
+7E_Ey

The external shearing force does not contribute to the break-

ing of adhesive junctions, and the resulting shear stress in-

creases linearly with the sliding velocity,

oA
o~N—FGVry.

| (A18)

Nonthermal regime<On the other hand, at very large slid-

ing velocities,t,/79<1; thence,e“t,/aty<1 andt,/a
<1. It is straightforward to show that

Pu(V,4,1%)=~6(ty—1),

(Hp~1p. (A19)

~1+&(Iné—ve), (A29)

flead 7 In( n)exp( - g

and the mean lifetime of an adhesive junction by

aTy B ye—tplary

(t) ~t—betb’6”0In— (A26)
b aTy tp ’

In—0
th

In order to estimate the shear strés®3), let n=ue®, so
o

The depinning of adhesive junctions is always due to the

external applied force; the thermal fluctuations no longer par-
ticipate in the process. Wheii/V> 7, the net shear stress is

almost constant. At thiplateau regime

U*EN—GP‘.

g (A20)

At larger driving velocities,|*/V<r, the shear stress de-

creases with M,

| *

oA
N—GI*.

2Vvr  d (A21)

g~

that
feadnln ep{ fo )
— X —_——
L g ary”
,u) (A27)
0

1du tpe
= —— + —
fe"‘ L (In w a)eX[< o

Since exp{)>1 andet,/aTo>1, integral(A27) | can be
accurately approximated by

1d t,e”
I:f —M(In,u+a)exp<— > ,u)
e* M

Ty

c(tpe® arg) d,LL

[ s

e @

(A28)

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

Logarithmic regime For intermediate velocities, where
e“ty/aty>1 butt,/ary<1, the thermal fluctuation and the
external shear force mechanisms contribute together to the
breaking of adhesive junctions. The mean lifetime of an adif (t),> r, the net shear stress has the following logarithmic
hesive junction(A13) reduces to dependence:

I~3In?(aTylty). (A29)
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1 kgT By combining Eqs(A14) and (A31), the total shear stress
=5 S In(V/Vy), (A30)  can be written as
Y
with Vo= (kgTd)/(vSAGTy). N GV (b

o

:<t>b—+TT o texp —t/my)dt (A34)
2. Derivation of the elastic force in Eq.(3)
In this simpler model, it is assumed that the spontaneoug,ading to the following expression:

breaking of adhesive junctions by thermal fluctuations is in-

dependent of the external shearing force, i.e., the activation el
barrier is not reduced by the local shear stress. The forced o= (o GV7o 1_(1+tb/7’03e o

breakoff is always assumed to occur at a yield point defined (Dpt7 d 1-e 'm0 ’
by I*. The survival probabilitfA10) can be written as

(A35)

t with ¢(Y):<t>b/(<_t>b+ 7). By defining F0=NA_GI*/d,
) 0(tp—1), (A31)  WhereAis the nominal contact area, the net elastic force has

ﬁv(v,t,|*):exp(—— _
To the following form:

while the probability density for an adhesive junction to be

depinned takes the following form: V1o 1—(1+t,/75)e™ " V7o
Felas= #Fo |*

T (A36)
t\[6(ty—t) 1-e "Vm
zpo(V,t,I*)=eX _’T_ T—+5(tb_t) y
0 0
(A32) Qualitatively, the shear stress corresponding to (B&6) is
. - ~ similar in shape to the previous stre@sl6), with four re-
with t,=1*/V. The mean lifetime of an adhesive junction gimes. Since the coupling between the fluctuation breakoff

according to Eq(A5) becomes and the local shear stress is differently treated, the more no-
ticeable difference between the two models arises in the in-
(typ=17o| 1— ex;{ _ t_b) } (A33) termediate logarithmic regime. Otherwise, the linear, the pla-

To teau, and the ¥ regimes are hardly discernible.
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