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Dynamic phase transitions in confined lubricant fluids under shear
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A surface force apparatus was used to measure the transient and steady-state friction forces between mo-
lecularly smooth mica surfaces confining thin films of squalangHg, a saturated, branched hydrocarbon
liquid. The dynamic friction “phase diagram” was determined under different shearing conditions, especially
the transitions between stick-slip and smooth sliding “states” that exhibited a chaotic stick-slip regime. The
apparently very different friction traces exhibited by simple spherical, linear, and branched hydrocarbon films
under shear are shown to be due to the much longer relaxation times and characteristic length scales associated
with transitions from rest to steady-state sliding, and vice versa, in the case of branched liquids. The physical
reasons and tribological implications for the different types of transitions observed with spherical, linear, and
branched fluids are discussed.

DOI: 10.1103/PhysReVvE.63.041506 PACS nuntder62.20.Fe, 62.46:i, 64.70.Fx, 68.15te
INTRODUCTION where the measured and interfacial friction fordesndF; ,
are related by

Most oil-based lubricant fluids are branched rather than
straight chain hydrocarbons. The reason for this is believed
to be the inability of irregularly shaped branched moleculesvherem is the mass of the sliding surfadé/t—x(t)] is the
to freeze or solidify when confined between two surfacegleflection of the spring from its equilibrium position, and the
since this would raise their friction to very high valugd.  overdots denote time derivatives. In a typical tribological
However, in spite of sophisticated instrumefits-3] and  experimentor a tribological system such as an engjrane
computerg4] that allow the study of tribological problems typically measures the deflection of the friction spritegg.,
with unprecedented depth and accuracy, the factors that dé2e shaft in an engindrom which the intrinsic friction force
termine whether a liquid will perform as a good lubricant areiS obtained or detected. As can be inferred from Etjsand
still far from being understood. One reason why friction (2), the mechanical properties of the system, e.g., the spring
measurements are difficult to interpret is that one cannot eastiffnessK and inertial massn, will influence the results. In
ily dissociate the properties of the sheared fluid film from theParticular, 2 characteristic inertial time  scal@mecn
properties of the system, the machine or measuring apparat:sz“'(m/K) . associated with the resonance frequen.cy of
through which the friction forces and their effects are de-Ne mass-spring ;ygtem enters naturally into the _equa_\tlons. I
tected or “felt.” This is because to measure the friction forceth.e.Inertlal t'ermm.x n Eq (1) can be neglgcted, €., if the
between two rubbing objects, it is necessary to couple th liding ve]:clqct[tyv% IS suLflctlently Stlr?w at ?” times, theblnstsn-
shearing surfaces to a compliant element whose deformatiotrg &%%UZirggtisr}roor:\C?hee d\:avlflaeegtioneoiutggsgi)ngags € ob-
will indicate the resistance to sliding. The simplest mechani-
cgl model represe_nting the measuring process is presented in Fi(t)=F(t)=K[x(t)— Vt], 3)
Fig. 1. The compliant elemelftepresented here by a sprjng

is typically driven at constant velocity with the laboratory e the measured forde(t) is the same as the true friction
acting as the inertial frame of reference. In general, the driveforce F;(t) acting between the surfaces. Equati@his de-
velocity V is not identical to the instantaneous relative slid-ceptively simple, but the instantaneous friction fofegt)
ing velocity of the rubbing surfaceg (where the subscript  can be a complicated function of several parameters, includ-
refers to theinterfacial or intrinsic valug. In addition, the ing the temperaturd, normal loadL, driving velocity V,
measuredriction forceF, as measured from the deflection of and, most importantly, the previous history of the sliding
the friction spring, is not the same as the actual friction forcesurfaced5]. In such cases, one cannot characterize the fric-
F; acting at that instant between the surfaces. However, byion behavior in terms of a coefficient of frictiop,=F/L,
measuring the spring deflection at timydoth the position of even one that is allowed to depend on the load, sliding ve-
the sliding upper surface and the friction force=; between |ocity, and temperature. A detailed description of the previ-
the surfaces can be calculated by solving ous sliding history is also required to obtain a complete pic-

ture of the shear process, for example to be able to determine

how the system will behave under a specific change of slid-

mx=F,;(t) —K[x(t) — V1], (1)  ing conditions.
To what extent the previous sliding history is important
for describing boundary lubrication appears to depend on the
*Present address: PDVSA INTEVEP, P.O. Box 76343, nature of the lubricant usddlthough viscoelastic relaxations

Caracas 1070-A, Venezuela. of the substrate surfaces can also play a)r@@mple liquid

F(t)=K[x(t)—Vt]=F;(t)—mX, (2
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Batista[9] introduced the idea of using a “rate and state”
model to describe the frictional behavior of lubricated single
asperity contact§as used in the surface force apparatus
(SFA)] as was done before by Dietrich and by Rujdf)] to
describe the friction of rocks. Their phenomenological ap-
proach accounts for previous time and other transient effects
and has given satisfactory results for short linear chain hy-
drocarbons; but as we shall see here, the model needs to be
expanded to explain the behavior of more complex lubricant
fluids. The Thompson and Robbins molecular-dynamics
simulation[11] of two shearing surfaces that confine simple
spherical molecules between them revealed a very rich be-
havior involving a transition from stick-slip to smooth slid-
ing with increasing sliding velocity via a chaotic regirtef.
Fig. 3 in Ref.[11]). Perssori12] has proposed the use of a
thermally activated two-dimensional model of pinned islands
in the contact region, analogous to the Burridge-Knopoff
model[13], to describe the behavior of confined lubricants
under shear, with very promising results. Klafter and co-
workers[14] also proposed the use of a simple model to
describe the frictional behavior of thin films of chain mol-
ecules. Their model, which displays many qualitative simi-
larities with real films under shear, consists of rigid walls
interacting via a periodic potential with a single particle or a
chain of identical particles. Even though many of the above
models are able to reproduce some of the physics of the
eproblem, it is usually unclear how to relate the parameters in
the models with molecular properties or with the experimen-
tally measurable quantities.

FIG. 1. Schematic geometry of the friction experiments with th
surface forces apparatySFA). When the two mica surfaces are
pressed into contact under a normal Idadhe glue layers used to
attach the mica sheets to the silica lenses of radindergo elastic
deformation. A circular area of contaét confines a thin film of
thicknessD. The lower surface is driven laterally at velocify The
lateral movement induced in the upper surface, which is attached  \When a lubricant film is subjected to shear, very rich
to a displacement-sensing spring of stiffnéssletermines the mea-  dynamic behavior is often observed. In general, two very
sured friction forceF, whereF; is the real orinterfacial friction different steady-state sliding regimes are found depending on
force. The equivalent sphere on plate geometry is presented beloyse conditions. In the first, the measured friction force is

constant, with small fluctuations around an average value.
lubricants, consisting of small spherical or short linear chainThis behavior is known as “smooth sliding.” In the second,
molecules, have fast relaxation processes that allow that different experimental conditions, the measured féacel
sheared film to evolve quickly to its steady-state sliding con-spring deflectioh oscillates regularly between two extrema
ditions. In such cases, the problem is greatly simplified andhat are generally referred to as the “static” and “kinetic”
the classical two-parameter description, first proposed byriction forces when measuring at overdamped conditions.
Coulomb[6], in terms of a static forcé at zero sliding This is referred to as “stick-slip” sliding15].
velocity (i.e., the force needed to initiate slidingnd a The transition from one dynamic sliding state to the other
smaller kinetic forcer, at finite sliding velocitiedi.e., dur-  (stick-slip to smooth sliding or vice versaan be driven by
ing sliding satisfactorily accounts for observed behavior atchanges in the boundary layghe lubricant fluid or surface
low and moderate sliding velocities. layer or roughnegsthe mechanical setugphe spring or ma-

With more complex but more realistic fluids, this simple terial stiffnessK and/or the mass of the moving surfaces
description no longer applies. Long memory effects haveor the experimental conditions during slidirithe loadL,
been observed5,7] with branched hydrocarbon molecules driving velocityV, ambient temperaturg, relative humidity,
even when the degree of branching is Iéene or two side etc). Systematically studying the dynamic phase diagram,
groups per molecu)e For such fluids, the frictional force for example measuring versusV, can reveal interesting
strongly depends on the previous shear history, and a diffedetails, even at the molecular level, of confined liquid films
ent descriptive approach has to be taken. One of these is thunder shear.
use of “friction maps” or “dynamic phase diagramd8]. The self-sustained oscillating regime of stick-slip can ap-
This approach considers the dependence of the “equilibpear for different reasons, as has been described by
rium” or steady-statdriction force on different variables, Yoshizawa and Israelachvilil6], Bermanet al. [17], and
but not the dynamicstransition procegsof the force to its  Perssorj18]. Some of the possible mechanisms are related to
steady-state value, which can be very slow. Carlson anthertial effects of the whole system, where the characteristic

Smooth and stick-slip steady-state sliding
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time of the slip is thesystem’selaxation timer e (this is

ems \ £ 26{v=00085pmis P i V_=0.035um/s
known asunderdampedstick slip). At the opposite extreme, L 24 ! ;
when the fluid film exhibits long relaxation timesr, g 22 E i
> Tmecn), the stick slip is independent of the system’s inertia ¢ 20 i i
and becomes determlned_ _by the properties of _the f|Im§ 1.8 K w ! REGULAR STICK-SLIP
(known asoverdampedonditions. In this paper, we discuss g 164 LS V=0.011um/s
the stick-slip to smooth sliding transitions in different over- g 14 Fe i :<|: 5
damped systems. £ 12 5 :>'_.> i
§ 01 v=0017ums L5
EXPERIMENT § o = CHAOTIC
The experiments described in this paper were performecs 4]  SMOOTHSLIDING | = esswiochWidvonutstidii)
with an SFA3 modified for friction studies, which has been % o2 0.56 : ! V= 0.033um/s
. . s ] 56um/s 1 '
described elsewherg19,2(. Back-silvered molecularly § oo . — - .
smooth mica surfaces are glued to silica lenses, and are use 0 5 10
to confine liquid films of the lubricants under study. The Position of tower surface, Vt (um)

Cylindricglly shaped silica disks are placed ,With their axes FIG. 2. Friction trace$ (t) obtained at different sliding veloci-
pe'fpe”_d'cu'ar to ea_Ch other. If the separatlo_n bef[_vveen tht‘?esv for squalane films of thicknedd~1.5 nm. The continuous
cylindrical surfaces is much smaller than their radii of cur-pagre of the stick-slip to smooth sliding transition is evident. Other

vature,R, this configuration is equivalent to a sphere on plategyperimental conditions aré =1.5mN, K=1900N/m, andT
contact, as shown in Fig. 1. When the mica surfaces are sg-°c.

brought into contact under a controlled normal Idgdthe
glue layer under each sheet deforms elastically, and the thi
lubricant films are confined to a uniform thicknd3sver a
circular are@\. The film thickness and the size of the contact
can be measured using multiple beam interferomigy.

Qions) in the film, as was suggested before by Demirel and
Granick[22]. We also reported that squalane thin films under
shear behave very similarly to other branched hydrocarbon
liquids, such as poly-alpha olefitf®AO, a branched “star-

A bimorph slider{ 20] is used to drive the lower surface at " :
X . shaped” moleculeand Exxsyn(a multiply branched poly-
constant velocity,V. The upper surface is attached to adisperse liqui, which are good models of lube ofls].

double cantilever spring whose deflection is monitored using Concerning static force measurements, the results by
semiconductor strain gauges. In this way the lateral positioQSranick etal. [22] and computer modelind by Landman
of the upper surface, can be determined with an accuracy of et al. [37] of the branched liquid squalane, and our more

50 A during the experiment. .
- SO recent work 5] with squalane, PAO, and Exxsyn, show them
We studied thin films of 2,6,10,15,19,23 hexamethyltetra-to have no short-range oscillatory force but a smooth mono-

cosaneg(squalang provided by Exxon Lube Technology Re- : . o :
T . . ) .. tonic repulsion. This is in marked contrast to more symmetri-

searcht()jlwsmr(fCImton., N‘)O' Thell)u?rlcagtyvas f”t%r?d W('jth cally shaped liquids such as cyclohexane, octamethyl-

a membrane of pore size 0.25n before being used in order cyclotetracycloxane (OMCTS), and hexadecane, which

. . = ! Exhibit short-range oscillatory force profiles, with multiple
ceived. |_3r|or to injecting a lubricant droplet betweer_l the tWoadhesive minima. One may ask whether these differences in
clean mica surfaces, the apparatus was purged with dry n

trogen gas for 8 h. After injecting 108l of the lubricant the staticforces are related to the differences in thenamic

) hear, lubrication for f th liqui nder confine-
between the mica surfaces, a small amount of phosphorti(ﬁ ear, lubrication forces of these liquids under confine

. L ent. We may also ask whether these differences are funda-
per_ltox!de (POs) was placed inside the appara_\tus chamber t(?nental, i.e., qualitative rather than simply quantitative. These
maintain dry conditions throughout_t_he experiment. The SYSare important questions because branched hydrocarbon fluids
tem was allowed to _thermally equilibrateypically 2-3 re the major component of base lube oils. We expect that
prior to e\{)ery experiment. The temperature was controlle tudying the behavior of branched liquids such as squalane in
within 0.1 °C, and the normal loakd within 10 uN. detail will improve our understanding of the performance of
real lubes under shear. We return to address the question

Previous experimental results posed above at the end of the paper.
The shear behavior of thin films of squalane has been
studied several times in the past. Demirel and Grah&H RESULTS AND DISCUSSION

conducted experiments driving the rubbing surfaces with a
low amplitude sinusoidal excitation and observed long cor-
relation times in the friction force fluctuations and a power- A reproduction of a measured friction trace for squalane
law scaling of the probability of slip sizes, evidencing the at different driving velocities is shown in Fig. 2. As can be
complexity of the system under study. In a recent pgpgr observed in the figure, with increasing velocity, there is a
we showed that the frictional behavior of squalane films un<continuous transition from highly regular stick-slip to
der shear is also governed by long memadiigtances(as smooth sliding above some critical velocity,. Between
well astimes, indicating the presence of large domains orthese two regimes, there is a velocity range in which neither
long-range cooperativitycompared with molecular dimen- phase prevails: irregular stick-slip events of different spike

Special features of the stick-slip to smooth sliding transition
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heights, duration, and frequency are observed, sometimes 1

with long periods of relatively smooth sliding in between. . a

This behavior, which has been observed before for different § T=26°C

branched hydrocarbon systeffis23], is very different from € 01

what is observed with simpler liquids such as spherical mol- EL;

ecules or short-chained linear hydrocarbons that show a dis- >

continuous “first-order” transition from stick slip to smooth % 0.01F

sliding [23—25. For simple liquids it has also been observed §

that the stick-slip spikes are always finite and have roughly T 0001fF T=15C

the same magnitude regardless of how far the driving veloc- =S

ity V is from the critical velocityV, of the transition. This o —f\*\
0.0001 A .

does not seem to be the case with branched hydrocarbons
that display a continuous reduction of the spike height as the
phase transition is approachgs]. However, a similar con-
tinuous transition from stick-slip to smooth sliding via a cha-
otic regime was predicted for simple spherical molecules by 1
computer simulationg11], suggesting perhaps that under b
different conditions(of load or temperatujeeven simple
spherical molecules may exhibit this type of behavior.

In tribological experiments of simple liquids, it is custom-
ary to designate the velocity at which the stick-slip to smooth
sliding transition occurs as the critical velociy, [16]. Be-
cause of the continuous nature of the transition observed in
this work, a different definition fo¥; has to be found. Here
we defineV, as the velocity above which no more stick-slip
events are observedbove the noise

Changing the driving velocity is not the only way of in- 0.001 L I I L
ducing the dynamic transitions. As mentioned before, load, 500 1000 1500 ~ 2000 2500
temperature, and spring stiffness also determine the bound- Spring stiffness, K (N/m)
aries of the friction phase diagram. Figure 3 shows the de-
pendence OVC on these variables for thin films of Squa|ane_ FIG. 3. Variation of the critical VE|0Citch , with experimental
In general, it was observed th¥t, increases dramatically c_onditior!s.(a)_lnfluence of normal load. and tempergturé’ r_:lt
with increasing temperature and, much less dramaticallyfxed spring stiffnes& =1900 N/m.(b) Influence of varying spring
with decreasing load, suggesting the presence of a thermalffiffnessK at fixed T=26°C andlL. =1.5mN.
activated process in the phase transition. Increasing the stiff- . . . .
nessK of the friction force measuring spring also reduced the As the driving velocity approache¥, the s'_uck-shp .
value ofV,, as can be observed in Figli3. Some variabil- events cease to be regular, and cycles of many different sizes

ity in V. was observed between experiments under the samaend Ien_gths_ are obsgrvged. A typiqal stick-slip_pattern is pre-
conditions(within a factor of 3, indicating that other non- sented in Fig. ). Slip in this regime can typically be de-

controlled variables also affect the observed transition.scr'.bed byasmgle exponential decay functiafthough oc-
asionally two time scales are clearly obsepvedth the

Strong candidates are the elastic properties of the surfaceC aracteristic time of the decaw. varving from one cvcle to
small variations in temperatufef. Fig. 3a)], variations in Y, varying y

the contact area, and the crystallographic orientation betwee e next. The measuredis always much longer thafecn

the two surfaces. Experiments attemping to address thegTELE 1L P © T RO Re il 00 e e ith the
factors are currently in progress. Y

boundary layer. The long times measured seem to indicate
that cooperative phenomena are responsible, because no con-
ceivable single molecule relaxation time scale could account
The shapes of the stick-slip spikes also change with drivfor the long decay times observed. It is also observed that the
ing velocity, as can be observed in Fig. 4. At low sliding spring force does not always decay to the same value after
velocities V<V.), when regular stick slip is observed, two successive slip events, in contrast to what is observed in the
well-differentiated time scales can be observed in the sligegular stick-slip regime.
part of the cycle. The slip can be fitted by a double exponen- During any particular stick-slip cycléat any driving ve-
tial decay function, as presented in Figa) A similar result  locity), the relative velocity between the surfac¥s, goes
was reported by Bermaet al.[17] for thin films of hexade- from almost zerdstick) to a maximum value during the slip
cane under overdamped conditions. Rozmeaal. [14] ob-  and back to zero agaifstick). It is instructive to consider
tained similar(theoretical results for a simple model of a how the instantaneouseal) friction force between the sur-
chain molecule withN= 15 identical particles confined be- faces,F;, varies with their relative velocityy; . The results
tween two corrugated walls. for different driving velocities, calculated by solving E4),

1.5 2 25 3 35 4 45 5
Load, L(mN)

0.01

Critical velocity, V. (um/sec)

Characteristics of the stick-slip regime
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3.0 i Velooity Vo0.0055m/ses (Vay a To quantitatively determine the “degree of stochasticity”

9 y V=0.0055umisec (VeV.) [27] of the system, we calculated the largest Lyapunov ex-
Double exponential fit ponent,\, of the spring deflection data. Essentially, this ex-
pivbaier s ponent is an average value of how quickly two trajectories

with very close initial conditions diverge from each other. It
measures how fast a perturbation grows or decays exponen-
tially with time. A positive\ is usually associated with cha-
otic behavior 27].
15 | ) The results obtained using the algorithm proposed by

0 50 100 150 Wolf et al. [28] are presented in Fig. 6. They seem to con-

Time, t (sec) firm the presence of a chaotic region near the dynamic phase
transition. This result has some direct implications for the
Driving Velocity 0.022um/sec (VaV ) b functional form required for the frictional forcé&;; . First, it
must be a nonlinear function of time if chaotic behavior is to
emerge from Eq(1). Second, it is also knowf27] that a
three- or higher-dimensional space is necessary for chaotic
behavior to be possible.

A chaotic response of surfaces during sliding was also
observed in computer simulations by Thompson and Robbins
[11] with confined spherical molecules, and by Rozman

et al. [14] in their modeling of the behavior of a chain mol-

0s - " ; . . - -, ecule of identical segments between two corrugated surfaces.

Despite the relative simplicity of the system modeledllid],
Time, t (sec) some analogies between the two experiments can be estab-
FIG. 4. Shapes of individual stick-slip spike far from V. (b) lished. Their spectrum of Lyapunov exponents is somehow

close o V.. Experimental condiions arel=15mN, K 0" COMPIESTEC (IR (B8 TEPAREE B N e e was
=1900 N/m, andT=26°C. u g X I p p w

explored in the simulations. Nevertheless, they also observed

a chaotic stick-slip regime within a narrow window of slid-
are presented in Fig. 5. The instantaneous friction force isng velocities neat/, .

plotted as a function of time and the relative velocity be-
tween the mica surfacey, . In general, it can be observed Stop-start experiments
that the instantaneous friction forée is a multivalued func-
tion of V;, being larger in the accelerating part of the slip
than in the decelerating one. A similar result was reported b
Nasunoet al.[26] in a study of dry friction of sand, and by

25 |-

2.0

Friction Force, F{mN})

08 |-

Single exponential fit
of the slip decay.
1=0.34s

07

Friction Force, F(mN)

0.6

Variations in the friction following sudden changes in
sliding conditions have been extensively studied in the past;
hese are known as “stop-start” or ‘“stiction” experiments
Do [5,16,24,29. In stop-start experiments, the sliding is stopped
Rozmanet al.[14] based on a minimalistic model of & con- {5 5 certain amount of time, and then resumed at the same or
fined spring bead chain. We have reported bef6iehat an  jitterent driving velocity. Following the evolution of the
instantaneous(transient viscous response in the friction transient friction forces during an experiment provides useful
force is always observed with squalane and other branchegformation about relaxations within the sheared film. Of
lubricants when the driVing VelOCity is ChanQEd: if the Shearspecia| interest is thstiction Spike’ AF:(FS_ Fk)a mea-
rate is suddenly increasédecreasey] the friction force im-  sured on restarting. As has been reported before, very differ-
mediately increase@lecreases t is therefore not surprising ent results are observed fAf for simple and complex flu-
to find that the measured instantaneous force is higher in thigls [16,24]. Simple liquids, composed of spherical or short
accelerating part of the stick-slip cycle. linear molecules, display an abrupt and finite stiction force

The F-V phase profile changes dramatically with driving [16] once the restingor stopping time is longer than a cer-
velocity nearV.. At low driving velocities[Fig. 5@)], a  tain characteristic relaxation or latency time,. This char-
limit cycle is clearly observed where different stick-slip acteristic time also depends on the load, temperature, and the
events are represented by the same curve irfFthéspace. previous driving velocitybeforestopping, as was reported
As the driving velocity is increased closer Y@, the shape by Yoshizawa and IsraelachviliL6]. It is almost an all or
of each loop changes from one cycle to the ri@ig). 5(b)], none response, with only a small increase in the stiction
revealing the emergence of different time scales. With a furspike height observed for longer resting times ¢.).
ther increase iV, over a certain velocity range, the mea-  In contrast, the stiction spikesF of more complex fluids
sured frictional force displays chaotic behavior, and thecomposed of branched or irregularly shaped molecules grow
phase portrait suggests the presence of a strange “attractoslowly and continuously with the stopping tih&,29]. As an
[27] [Fig. 5(c)]. If the velocity is increased even more, the example of what is observed, typical results for the stiction
spring deflection fluctuates randonjlyig. 5(d)], without any  spikes as a function of stopping times for hexadecane and
indication of any regular events in time. squalane are presented in Fig. 7. For squalane films, the stic-
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tion spike shows a continuous and logarithmic growth withmonolayers[29] and thin films of perfluoropolyethdi30].

waiting time, once the latency time;., is exceeded. As Given that we cannot measure a stiction spike smaller than

observed for simpler liquids, this latency time depends orour detection limit(around 10uN), the determination of the

the experimental condition,16,29. Similar results have latency time for these systems depends on the experimental
been reported for different systems, such as fluorocarbosetup. As discussed below, these results are intimately re-
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FIG. 6. Velocity dependence of the most positive Lyapunov SQUALANE 0.08

exponent of the time evolution of the friction force. A positive
Lyapunov exponent indicates that the orbit is unstable and that the
trajectory diverges. Chaotic signals must have at least one positive
exponent. For periodic orbits, all exponents are negative. Close to a
bifurcation, the largest Lyapunov exponent tends toward zero. A
maximum of the Lyapunov exponent is observed at the critical ve-
locity, V..
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' i

lated to the smooth to stick-slip sliding transitions at differ- ! .
ent sliding velocities. 1 10 100 1000 10

Stiction force/Area, AF/A (N/m?2)

Stopping Time, tg (sec)
FURTHER ANALYSIS OF STICK-SLIP TO SMOOTH
SLIDING TRANSITIONS FIG. 7. Stiction height as a function of waiting time for different
hydrocarbon lubricants af =26 °C. (a) Hexadecandfrom Ref.
The observed characteristics of the stick-slip to smootti16])). (b) Squalangthis work).

sliding transitions of short chain linear and branched lubri-

cants appear to be correlated with, and can be explained ifime after the commencement of sliding. This process is rep-

terms of, the stop-start stiction forces, which are themselvegesented graphically in Fig(&, where the threshold friction

manifestations of the evolution of the dynamic phase state diorce F, and the measured foréeare plotted as a function of

structure of the molecules in the confined liquid films. time t. Similar diagrams have been presented before by

Rabinowicz[31], Perssori32], and Bermaret al. [33]. For

simple liquids,F; may be represented as a simple step func-

tion, with F,=F, at times shorter than the latency timg

after stopping[curve b in Fig. 8@a)] and F,=F at longer
We first consider what happens in a stop-start experimertimes|[curvec in Fig. 8a)].

when smooth sliding\{(>V,) is stopped for a timés, then If the stopping timet is short and/or the resumed driving

resumed at the same or a different velocity During the  velocity V is large, the spring force, which grows at a rate

resting period, the externally applied stress may be reducedlF/dt=KV, will reach F . (=F;) before the latency time,

to zero F=0) or allowed to remain at the kinetic vallg . 7. . If the spring stress during the resting period is zero, this

We introduce a system parameter—ttieeshold friction  will occur for

force, F.—that differs from theinterfacial friction force F;

in a subtle way:F, is the “potential” friction force that KV(7c—ts)>Fy (4)

would be required to initiate slidingt does not imply that

any sliding is actually taking plagewhile F; is the actual Or

instantaneous force experienced during sliding that appears

in the equations of motion, Eqél)—(3). When the drive is ts<7.—Fy/KV (5

reactivated, no relative movemehetweenthe surfaces is

initially observed: the surfaces remain stuck until the springand the measured friction force will rise monotonicallyRg

force F, which increases at a rat€V, equals the threshold and remain at this value as the surfaces slide, as illustrated in

friction force, F;. Actually, some creep often occurs before Fig. 8b). For longer stopping times or lower driving veloci-

sliding starts, but we will ignore creep effects at this level ofties, i.e., forts>r.—F,/KV, the measured friction force

approximation. The experimental conditions determine howwill rise monotonically toF¢ before the surfaces begin to

the spring deflection, i.e., the measured fdfcevolves with  slide. In this case, a stiction spike will be measured followed

Relationship between stop-start behavior and stick-slip sliding
of simple liquids
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Threshold  Measured
/'
A
a Ft Fspring=F b

STICTION
SPIKE

—————————————————— Fs V>V,

F,=Fk FIG. 8. Relation between stic-

tion and the stick-slip to smooth
sliding transition for simple lig-
t, = stopping time (F=Fy). uids. Panela), measured forcé&

2 = stopping time (F=0). and threshold friction forcg, as a

> { > function of timet for overdamped

Time, t 3 Time, t conditions after the film is kept at
tart rest under zero stress farsV,
[curve b and panel(b)], for V
>V, [curvec and panelc)], and

Friction Forces, Ft, F
m
K
)
1
1
]
]
1
)
|
!
-
X
-n
e
T

4 d V<V, for V<V, [curved and paneld)].
Panels(a) and(b) here also corre-
V>V spond to panel&) and(b) in Fig.
9 for squalane films forunder-
dampedconditions.
i —> f
t2 Time, 1 12 Time, t

by either smooth sliding &, [Fig. 8(c)] or stick-slip sliding  times. Yoshizawa and Israelach\ili6] reported that the la-
[Fig. 8d)], depending on whetha&r>V, or V<V,. tency timesr; for linear alkanes in stop-start experiments
If the spring stress during the resting period is not relaxedlepend on the driving velocity, with longer times observed
to zero but kept close tB,, the above equations simplify to for higher sliding velocities by a factor o£5. In our experi-
ments with the branched hydrocarbons squalane, PAO, and
ts<7. for smooth sliding on restarting (6)  Exxsyn, we found very similar trends, and also that the la-
tency time depends on the applied shear stress during the
resting period5]. We may expect that longer latency times
7. in the stop-start experiments will probably imply longer
latency timesry under sliding conditions, but that in general

Figure &c) illustrates the expected evolution of the spring To~ Te-
deflection on restarting af>V. when condition(4) is not
fulfilled: F first reaches and then decays 6, . For over- Squalane and branched hydrocarbons

damped conditions, the monotonic decay frémto F will As described before, the transition from stick-slip to
be determined by the relaxation titsgof the confined film,  smooth sliding is significantly different for branched hydro-
Trim - FOr underdamped conditions, the spring force will dis-carbon films compared to films of simple spherical or short
play transient oscillations of perioge.n around the mean chain linear molecules. Nevertheless, the experimental obser-
value before reaching the steady-state valu€ of vations can be explained, at least at a qualitative level, by
Figure 8d) illustrates the evolution of the spring deflec- constructing a diagram equivalent to the one presented in the
tion on restarting av <V, where the initial stiction is fol- preceding section. This is shown in FigaQ where the fric-
lowed by regular stick-slip sliding. During each stick-slip tional force and the spring forces are plotted as a function of
event, the film switches between the two different frictionaltime in a typical stop-start experiment, and where the film is
states. There are several reasons to expect that ther§ifoe  kept at zero stress during the resting phase. The static thresh-
a film to switch from the low friction, more “fluid,” state old friction force,F (1), is expressed by the empirical func-
when it is being sheare@de., during stick-slip slidingto the  tjon
high friction state will be longer than the latency timgfor
this transition under static conditioffise., during the resting
period in a stop-start experimenfirst, during sliding, en- Fi(t)=F+Aln
ergy is constantly being fed to the film at a rate proportional
to F,V (the rate of frictional energy dissipatiprSecond, the whereA is an adjustable constant ang is a characteristic
lubricant layer is being continuously replenished during slid-time describing the evolution of the static threshold friction
ing, with fresh molecules entering into the contact at allforce under sliding conditions. This equation gives a good

and

t>7. for a stiction spike on restarting. (7)

t
1+ —), (8)

70
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25 different functional forms, for example a logarithmic func-
tion with a latency(or finite delay time 7. added, give a
better fit to the measured data with the same number of pa-
rameters, especially at short resting tintek Fig. 7).

For analogous reasons given in the discussion of the pre-
ceding section, it is expected that in Eq. (8) will be larger
than 7., the characteristic time measured when the film is at
rest. The value of, used in Fig. ®a) was chosen to be 150
s in order to match the measured critical velocity, as de-
scribed later. This dynamic relaxation timg is about nine
times larger than the value of measured under static con-
ditions at the same temperature and load, which may be com-
25 080 pared with the value of,/7.,~5 reported by Yoshizawa and
Israelachvili for hexadecar{d 6.

At high driving velocities ¥>V,.), the measured spring
force will quickly match the frictional resistance, and the
observed time evolution will be similar to what is observed
with simple liquids: For overdamped conditions, the mea-
sured force will be a monotonic function of time, with a
steady value equal to the kinetic friction forég, [Fig. 8b)].

For underdamped conditions, the force will oscillate around
the mean value before reaching the steady-state condition,
Fi. Figure 9b) presents the measured spring forEgfor a
0 200 400 o 5 10 15 20 squalane film at a driving velocity of 5am/s and under-
Time, t (sec) Time, t (sec) damped conditions after reversing the sliding direction. As
can be seen in the figure, oscillations on the spring response

FIG. 9. Relation between stiction and the stick-slip to SmOOthhaving a frequency of 180 H:ZTr;]é-Chare present_ If the iner-
sliding phase transition for squalan@ Measured force™ (bold {j5) term in Eq.(2) is subtracted from the observed signal, the
line) and threshold friction forc&, (dotted ling as a function of .50y jated frictional force displays a monotonic evolution to

time after driving starts. The static threshold forEe, is calculated the steady state, as described ab@gashed line in Fig
by fitting Eq. (13) to the measured stiction force vs time, as de- ab)] ’ '

scribed in the text. The measured spring force is calculatel as

=KV, with K =1300 N/m andv'=0.001, 0.0018, 0.022, and 0.20 stiction spike can be initially observed before the sprin
pm/s. V.=0.0019ux/s under these conditions. A stiction spike P y pring

was observed for all but the highest driving velocith) Spring force equals the kinetic f”‘?t"?” force, "’,m(,j smgoth sliding IS
force (bold line) and friction force(dashed ling at underdamped recorded. 'I_'he pbserved fr|_ct_|on trace_ IS identical to what is
conditions, for V=>V.. V=555um/s, K=1900N/m, L pr.e.sented in Fig. @). At driving veloc!tles well beloyv the .
=1.5mN, andT=26"°C. (c) and (d) Measured forcgbold line critical velocity V., the observed spring response is again
and frictional responsé&otted ling as a function of time after the Similar to that observed with simple liquids, and the spring
initial stiction spike. The conditions are identical ta. Only the ~ force response will be as shown in Figdg After the spring
two slowest velocities are shown. When driven at faster velocitiesfestoring force equals the threshold foreg, the thin film
the deflection of the spring is constant, wih=F,=F,. changes to the low frictional state, and the elastic energy of
the spring is converted to internal energy of the film and

approximation of the observed temporal evolution of theeventually dissipated, as discussed before. Whestarts to
frictional force with resting time [cf. Fig. 7(b)]. It was first ~ grow again, the spring will not deflect fast enough to oppose
proposed by Dieterich34] to describe the static friction the friction force, and the surfaces will be stuck again. After
forces in rocks, then refined by Ruif0], and it has proven a few stick-slip cycles, the system will reach steady-state
to accurately describe the behavior of the static forces irronditions.
many systems, including rock surfacgk),34|, paper sur-
faces[35], polymer surface$36], and the fluid-lubricated . . - .
surfaces studied hefs]. The chaotic regime near the critical velocity

Arguments based on the slow increase in the contact area The distinctive behavior of branched hydrocarbon films
of elastoplastic junctions have been used to obtain the fun@appears when the driving velocity is close\fg. The evo-
tional form of Eq.(8). However, these arguments cannot belution of the stiction force with time is substantially slower
applied to the lubricant fluid systems used in the SFA experifor films of branched hydrocarbons than for simpler liquid
ments, which are typically conducted at a constant area dilms, as has been documented several times bgfoi€,23
contact and where plastic deformations of the surfaces arand presented in Fig. 7. The static threshold friction force, a
absent. Nevertheless, even in the absence of a physicakll-defined value for simple liquids, evolves slowly in time
model that describes the experimental results,(Bgis suit-  in branched hydrocarbons. As can be observed in Figs. 9
ably accurate for the discussion that follows. As an asideand 9d), there is a velocity range in which the evolution of

20

05

Friction Forces, F, F {mN)

b1

0.0

0 ¢0 250 500 750 1000 0
s

Friction Forces, Ft F (mN)

At lower driving velocities, but still higher thav., a

041506-9



CARLOS DRUMMOND AND JACOB ISRAELACHYVILI PHYSICAL REVIEW E63 041506

F. and the load of the spring may have very similar slopesspectrum of relaxation times, which is very consistent with
lying almost parallel to each other. A small perturbation,our experimental results.
fluctuation, or change in the sliding velocity or average time However, the simulation of Thompson and Robhjifh§]
of confinement will then result in a large change on the statiof confined simple, spherical molecules also showed a con-
force necessary to initiate sliding of the surfaces. Thus, it iginuous transition from stick-slip to smooth sliding via a cha-
expected that the spring response will be extremely sensitivetic regime, which suggests that under different conditions
to noise and initial conditions when driven closeMg. In (of load or temperatujeeven simple spherical molecules
practice, the sliding velocity and other system parametersay exhibit the type of behavior observed so far only with
can be controlled only within a certain range of accuracy ananore complex fluids. And Rozmaet al. [14] proposed the
any small fluctuation will suffice to significantly change the use of an extremely simple model that also seems to repro-
time necessary for the spring force and the threshold frictiomluce some of the results presented here: complexity and cha-
forces to match, and that difference in time will translate intootic behavior is predicted with a model consisting of nothing
a significant fluctuation in the size of the stick-slip evesft ~ more than a spring-bead molecule confined within a corru-
Fig. 9c)]. gated potential. Nevertheless, as mentioned before, the con-
The range of velocities in which this near-tangent crosshection between the model parameters and the experimental
ing behavior is observed corresponds with the obseMged variables is not clear at this point.
for the experimental conditions of Fig. 9, which is 0.0019 A different approach was proposed by Carlson and Batista
um/s. However, it is important to mention that the values of[9], by introducing the idea of using “rate and state” models
the frictional resistance are extremely sensitive to the arbil10] to describe the temporal evolution of sliding boundary
trarily chosenr,. This near-tangency between the spring andubricated surfaces. However, the one-dimensional state vari-
the threshold friction curveicf. Fig. 9c)] is the reason for able currently used in the “rate and state” model cannot
the great variability and chaotigather than random or sto- account for all the observed effects; at least one additional

chastic[27]) behavior of the observed response signal. state variable will be needed to produce an adequate descrip-
tion of the results. A common drawback of these phenom-

enological models is the lack of a physical meaning for the
) . i i . variables used in the equations. To achieve a satisfactory
It is clear that the important question to ask is what is thedescription of the phenomena, it will be desirable to map

origin of the difference in the time scales and time evolutionsse variables into the real molecular or material properties
of F; of thin films of linear and branched hydrocarbons underys tne systems.

confinement. This difference is the reason for the distinctive
beh_awor o_bgerved, an_d is ultimately responsible for the su- SUMMARY AND CONCLUSIONS
perior lubricity properties of branched hydrocarbons. One
possible explanation can be gleaned from molecular- The nature of the observed dynamic phase transition be-
dynamics simulations of confined films of hydrocarbons oftween stick-slip and smooth frictional sliding for branched
different complexity. Gao and co-workef87] found that hydrocarbon molecules was studied in detail in this and a
squalane does not layer when confined between two flat suprevious papef5]. The results were compared with the simi-
faces in the same way as linear hydrocarbons. They fountér transition observed in simple and short chain linear hy-
that interlayer interdigitation in squalane and other branchedrocarbon liquids. The relation between the temporal evolu-
hydrocarbon films is substantially larger than with linear hy-tion of the threshold friction force and the measured stick-
drocarbons. Because of this, long-range cooperative effecdip to smooth sliding transition was established for both
are more likely to be present and longer correlation timesimple and branched hydrocarbon lubricants. The slow evo-
and lengths can be expected. lution of thin films of branched hydrocarbons to their steady-
State of the art molecular-dynamics simulations cannostate sliding state, when compared with simpler hydrocar-
yet give all the answers to this problem. The extremely londoons, was found to be responsible for the distinctive features
time and length scales presdbi make the complete prob- of the observed dynamic phase transitions, which, for
lem almost unmanageable using MD simulations. To achievéranched liquids, include a chaotic stick-slip regime over a
a complete description of the phenomena, a different onarrow window of velocities. This slow approach to steady
complementary approach will have to be taken. An intereststate appears to be associated with the presence of large,
ing model proposed by Perss$@2], in the spirit of the metastable multimolecular domains in the system having a
Burridge-Knopoff[13] spring-block model, attempts to cap- broadband of relaxation times.
ture some of the physics that emerges from the experimental Concerning other differences between liquids of different
results. Perssofil2] included the influence of thermal pro- molecular architecture, multiply branched hydrocarbon lig-
cesses, and suggested that two-dimensional fluid and/or fraids such as squalane, poly-alpha olefilR&0), and Exxsyn
zen domains nucleate and grow or disappear in the lubricaritave been found to exhibit no short-range oscillatory force
film during sliding and stopping. By simulating these islands(with multiple adhesive minimabut a smooth monotonic
as coupled oscillators, many features observed in the expeniepulsion[5,22,37. This is in marked contrast to more sym-
ments can be reproduced. Of particular interest is the possimetrically shaped liquids such as cyclohexane, OMCTS, and
bility of aggregates of different sizes being present in thehexadecane, which exhibit short-range oscillatory force pro-
contact region, and the natural emergence of a broadbarfdes. Our results further show that molecularly thin films

Physical interpretation/description
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of these three branched liquids make very gradual or “concause experience has shown that highly branched molecules
tinuous” transitions to steady-state slidiigiking >10%s),  produce the best low-friction lubricant fluids. Our limited
whereas cyclohexane and hexadecane make abrupt tranggsults do not allow us to say whether the differences are
tions that resemble “discontinuous” first-order-like transi- fundamental,” but certainly under the limited range of con-

tions. One may ask whether the differences in #tatic
forces are related to the differences in tgnamic(shear,
lubrication forces of these liquids under confinement, and

also whether these differences are qualitative rather than

guantitative. For example, is it possible that multiply

ditions (of load, temperature, sliding velocity, and contact
area studied so far, one would expect large differences in
their performance as lubricant fluids.
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