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Dynamic phase transitions in confined lubricant fluids under shear

Carlos Drummond* and Jacob Israelachvili
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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 squalane, C30H62, 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.
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INTRODUCTION

Most oil-based lubricant fluids are branched rather th
straight chain hydrocarbons. The reason for this is belie
to be the inability of irregularly shaped branched molecu
to freeze or solidify when confined between two surfac
since this would raise their friction to very high values@1#.
However, in spite of sophisticated instruments@1–3# and
computers@4# that allow the study of tribological problem
with unprecedented depth and accuracy, the factors tha
termine whether a liquid will perform as a good lubricant a
still far from being understood. One reason why frictio
measurements are difficult to interpret is that one cannot
ily dissociate the properties of the sheared fluid film from
properties of the system, the machine or measuring appa
through which the friction forces and their effects are d
tected or ‘‘felt.’’ This is because to measure the friction for
between two rubbing objects, it is necessary to couple
shearing surfaces to a compliant element whose deforma
will indicate the resistance to sliding. The simplest mecha
cal model representing the measuring process is present
Fig. 1. The compliant element~represented here by a sprin!
is typically driven at constant velocityV with the laboratory
acting as the inertial frame of reference. In general, the dr
velocity V is not identical to the instantaneous relative sl
ing velocity of the rubbing surfacesVi ~where the subscripti
refers to theinterfacial or intrinsic value!. In addition, the
measuredfriction forceF, as measured from the deflection
the friction spring, is not the same as the actual friction fo
Fi acting at that instant between the surfaces. However
measuring the spring deflection at timet, both the position of
the sliding upper surfacex and the friction forceFi between
the surfaces can be calculated by solving

mẍ5Fi~ t !2K@x~ t !2Vt#, ~1!

*Present address: PDVSA INTEVEP, P.O. Box 7634
Caracas 1070-A, Venezuela.
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where the measured and interfacial friction forces,F andFi ,
are related by

F~ t !5K@x~ t !2Vt#5Fi~ t !2mẍ, ~2!

wherem is the mass of the sliding surface,@Vt2x(t)# is the
deflection of the spring from its equilibrium position, and th
overdots denote time derivatives. In a typical tribologic
experiment~or a tribological system such as an engine!, one
typically measures the deflection of the friction spring~e.g.,
the shaft in an engine! from which the intrinsic friction force
is obtained or detected. As can be inferred from Eqs.~1! and
~2!, the mechanical properties of the system, e.g., the sp
stiffnessK and inertial massm, will influence the results. In
particular, a characteristic inertial time scaletmech
52p(m/K)1/2 associated with the resonance frequency
the mass-spring system enters naturally into the equation
the inertial termmẍ in Eq. ~1! can be neglected, i.e., if th
sliding velocityVi is sufficiently slow at all times, the instan
taneous friction force between the surfacesFi(t) can be ob-
tained directly from the deflection of the spring as

Fi~ t !5F~ t !5K@x~ t !2Vt#, ~3!

i.e., the measured forceF(t) is the same as the true frictio
force Fi(t) acting between the surfaces. Equation~3! is de-
ceptively simple, but the instantaneous friction forceFi(t)
can be a complicated function of several parameters, inc
ing the temperatureT, normal loadL, driving velocity V,
and, most importantly, the previous history of the slidi
surfaces@5#. In such cases, one cannot characterize the f
tion behavior in terms of a coefficient of friction,m5F/L,
even one that is allowed to depend on the load, sliding
locity, and temperature. A detailed description of the pre
ous sliding history is also required to obtain a complete p
ture of the shear process, for example to be able to determ
how the system will behave under a specific change of s
ing conditions.

To what extent the previous sliding history is importa
for describing boundary lubrication appears to depend on
nature of the lubricant used~although viscoelastic relaxation
of the substrate surfaces can also play a role!. Simple liquid

,
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CARLOS DRUMMOND AND JACOB ISRAELACHVILI PHYSICAL REVIEW E63 041506
lubricants, consisting of small spherical or short linear ch
molecules, have fast relaxation processes that allow
sheared film to evolve quickly to its steady-state sliding c
ditions. In such cases, the problem is greatly simplified a
the classical two-parameter description, first proposed
Coulomb @6#, in terms of a static forceFs at zero sliding
velocity ~i.e., the force needed to initiate sliding! and a
smaller kinetic forceFk at finite sliding velocities~i.e., dur-
ing sliding! satisfactorily accounts for observed behavior
low and moderate sliding velocities.

With more complex but more realistic fluids, this simp
description no longer applies. Long memory effects ha
been observed@5,7# with branched hydrocarbon molecule
even when the degree of branching is low~one or two side
groups per molecule!. For such fluids, the frictional force
strongly depends on the previous shear history, and a di
ent descriptive approach has to be taken. One of these i
use of ‘‘friction maps’’ or ‘‘dynamic phase diagrams’’@8#.
This approach considers the dependence of the ‘‘equ
rium’’ or steady-statefriction force on different variables
but not the dynamics~transition process! of the force to its
steady-state value, which can be very slow. Carlson

FIG. 1. Schematic geometry of the friction experiments with
surface forces apparatus~SFA!. When the two mica surfaces ar
pressed into contact under a normal loadL, the glue layers used to
attach the mica sheets to the silica lenses of radiiR undergo elastic
deformation. A circular area of contactA confines a thin film of
thicknessD. The lower surface is driven laterally at velocityV. The
lateral movementx induced in the upper surface, which is attach
to a displacement-sensing spring of stiffnessK, determines the mea
sured friction forceF, whereFi is the real orinterfacial friction
force. The equivalent sphere on plate geometry is presented be
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Batista @9# introduced the idea of using a ‘‘rate and state
model to describe the frictional behavior of lubricated sing
asperity contacts@as used in the surface force appara
~SFA!# as was done before by Dietrich and by Ruina@10# to
describe the friction of rocks. Their phenomenological a
proach accounts for previous time and other transient eff
and has given satisfactory results for short linear chain
drocarbons; but as we shall see here, the model needs
expanded to explain the behavior of more complex lubric
fluids. The Thompson and Robbins molecular-dynam
simulation@11# of two shearing surfaces that confine simp
spherical molecules between them revealed a very rich
havior involving a transition from stick-slip to smooth slid
ing with increasing sliding velocity via a chaotic regime~cf.
Fig. 3 in Ref.@11#!. Persson@12# has proposed the use of
thermally activated two-dimensional model of pinned islan
in the contact region, analogous to the Burridge-Knop
model @13#, to describe the behavior of confined lubrican
under shear, with very promising results. Klafter and c
workers @14# also proposed the use of a simple model
describe the frictional behavior of thin films of chain mo
ecules. Their model, which displays many qualitative sim
larities with real films under shear, consists of rigid wa
interacting via a periodic potential with a single particle or
chain of identical particles. Even though many of the abo
models are able to reproduce some of the physics of
problem, it is usually unclear how to relate the parameter
the models with molecular properties or with the experime
tally measurable quantities.

Smooth and stick-slip steady-state sliding

When a lubricant film is subjected to shear, very ri
dynamic behavior is often observed. In general, two v
different steady-state sliding regimes are found depending
the conditions. In the first, the measured friction force
constant, with small fluctuations around an average va
This behavior is known as ‘‘smooth sliding.’’ In the secon
at different experimental conditions, the measured force~and
spring deflection! oscillates regularly between two extrem
that are generally referred to as the ‘‘static’’ and ‘‘kinetic
friction forces when measuring at overdamped conditio
This is referred to as ‘‘stick-slip’’ sliding@15#.

The transition from one dynamic sliding state to the oth
~stick-slip to smooth sliding or vice versa! can be driven by
changes in the boundary layer~the lubricant fluid or surface
layer or roughness!, the mechanical setup~the spring or ma-
terial stiffnessK and/or the mass of the moving surfacesm!,
or the experimental conditions during sliding~the loadL,
driving velocityV, ambient temperatureT, relative humidity,
etc.!. Systematically studying the dynamic phase diagra
for example measuringF versusV, can reveal interesting
details, even at the molecular level, of confined liquid film
under shear.

The self-sustained oscillating regime of stick-slip can a
pear for different reasons, as has been described
Yoshizawa and Israelachvili@16#, Bermanet al. @17#, and
Persson@18#. Some of the possible mechanisms are relate
inertial effects of the whole system, where the characteri

w.
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DYNAMIC PHASE TRANSITIONS IN CONFINED . . . PHYSICAL REVIEW E63 041506
time of the slip is thesystem’srelaxation timetmech ~this is
known asunderdampedstick slip!. At the opposite extreme
when the fluid film exhibits long relaxation times (tfilm
@tmech), the stick slip is independent of the system’s iner
and becomes determined by the properties of the
~known asoverdampedconditions!. In this paper, we discus
the stick-slip to smooth sliding transitions in different ove
damped systems.

EXPERIMENT

The experiments described in this paper were perform
with an SFA3 modified for friction studies, which has be
described elsewhere@19,20#. Back-silvered molecularly
smooth mica surfaces are glued to silica lenses, and are
to confine liquid films of the lubricants under study. Th
cylindrically shaped silica disks are placed with their ax
perpendicular to each other. If the separation between
cylindrical surfaces is much smaller than their radii of cu
vature,R, this configuration is equivalent to a sphere on pl
contact, as shown in Fig. 1. When the mica surfaces
brought into contact under a controlled normal loadL, the
glue layer under each sheet deforms elastically, and the
lubricant films are confined to a uniform thicknessD over a
circular areaA. The film thickness and the size of the conta
can be measured using multiple beam interferometry@21#.

A bimorph slider@20# is used to drive the lower surface
constant velocity,V. The upper surface is attached to
double cantilever spring whose deflection is monitored us
semiconductor strain gauges. In this way the lateral posi
of the upper surfacex, can be determined with an accuracy
50 Å during the experiment.

We studied thin films of 2,6,10,15,19,23 hexamethyltet
cosane~squalane! provided by Exxon Lube Technology Re
search division~Clinton, NJ!. The lubricant was filtered with
a membrane of pore size 0.25mm before being used in orde
to remove undesired particles; otherwise, it was used as
ceived. Prior to injecting a lubricant droplet between the t
clean mica surfaces, the apparatus was purged with dry
trogen gas for 8 h. After injecting 100ml of the lubricant
between the mica surfaces, a small amount of phosph
pentoxide (P2O5) was placed inside the apparatus chambe
maintain dry conditions throughout the experiment. The s
tem was allowed to thermally equilibrate~typically 2–3 h!
prior to every experiment. The temperature was contro
within 0.1 °C, and the normal loadL within 10 mN.

Previous experimental results

The shear behavior of thin films of squalane has b
studied several times in the past. Demirel and Granick@22#
conducted experiments driving the rubbing surfaces wit
low amplitude sinusoidal excitation and observed long c
relation times in the friction force fluctuations and a pow
law scaling of the probability of slip sizes, evidencing t
complexity of the system under study. In a recent paper@5#,
we showed that the frictional behavior of squalane films
der shear is also governed by long memorydistances~as
well as times!, indicating the presence of large domains
long-range cooperativity~compared with molecular dimen
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sions! in the film, as was suggested before by Demirel a
Granick@22#. We also reported that squalane thin films und
shear behave very similarly to other branched hydrocar
liquids, such as poly-alpha olefine~PAO, a branched ‘‘star-
shaped’’ molecule! and Exxsyn~a multiply branched poly-
disperse liquid!, which are good models of lube oils@5#.

Concerning static force measurements, the results
Granick et al. @22# and computer modeling by Landma
et al. @37# of the branched liquid squalane, and our mo
recent work@5# with squalane, PAO, and Exxsyn, show the
to have no short-range oscillatory force but a smooth mo
tonic repulsion. This is in marked contrast to more symme
cally shaped liquids such as cyclohexane, octameth
cyclotetracycloxane ~OMCTS!, and hexadecane, whic
exhibit short-range oscillatory force profiles, with multip
adhesive minima. One may ask whether these difference
thestatic forces are related to the differences in thedynamic
~shear, lubrication! forces of these liquids under confine
ment. We may also ask whether these differences are fu
mental, i.e., qualitative rather than simply quantitative. The
are important questions because branched hydrocarbon fl
are the major component of base lube oils. We expect
studying the behavior of branched liquids such as squalan
detail will improve our understanding of the performance
real lubes under shear. We return to address the ques
posed above at the end of the paper.

RESULTS AND DISCUSSION

Special features of the stick-slip to smooth sliding transition

A reproduction of a measured friction trace for squala
at different driving velocities is shown in Fig. 2. As can b
observed in the figure, with increasing velocity, there is
continuous transition from highly regular stick-slip t
smooth sliding above some critical velocityVc . Between
these two regimes, there is a velocity range in which neit
phase prevails: irregular stick-slip events of different sp

FIG. 2. Friction tracesF(t) obtained at different sliding veloci-
ties V for squalane films of thicknessD;1.5 nm. The continuous
nature of the stick-slip to smooth sliding transition is evident. Oth
experimental conditions areL51.5 mN, K51900 N/m, andT
526 °C.
6-3
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CARLOS DRUMMOND AND JACOB ISRAELACHVILI PHYSICAL REVIEW E63 041506
heights, duration, and frequency are observed, someti
with long periods of relatively smooth sliding in betwee
This behavior, which has been observed before for differ
branched hydrocarbon systems@5,23#, is very different from
what is observed with simpler liquids such as spherical m
ecules or short-chained linear hydrocarbons that show a
continuous ‘‘first-order’’ transition from stick slip to smoot
sliding @23–25#. For simple liquids it has also been observ
that the stick-slip spikes are always finite and have roug
the same magnitude regardless of how far the driving ve
ity V is from the critical velocityVc of the transition. This
does not seem to be the case with branched hydrocar
that display a continuous reduction of the spike height as
phase transition is approached@5#. However, a similar con-
tinuous transition from stick-slip to smooth sliding via a ch
otic regime was predicted for simple spherical molecules
computer simulations@11#, suggesting perhaps that und
different conditions~of load or temperature! even 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 smo
sliding transition occurs as the critical velocity,Vc @16#. Be-
cause of the continuous nature of the transition observe
this work, a different definition forVc has to be found. Here
we defineVc as the velocity above which no more stick-sl
events are observed~above the noise!.

Changing the driving velocity is not the only way of in
ducing the dynamic transitions. As mentioned before, lo
temperature, and spring stiffness also determine the bo
aries of the friction phase diagram. Figure 3 shows the
pendence ofVc on these variables for thin films of squalan
In general, it was observed thatVc increases dramatically
with increasing temperature and, much less dramatica
with decreasing load, suggesting the presence of a therm
activated process in the phase transition. Increasing the s
nessK of the friction force measuring spring also reduced
value ofVc , as can be observed in Fig. 3~b!. Some variabil-
ity in Vc was observed between experiments under the s
conditions~within a factor of 3!, indicating that other non-
controlled variables also affect the observed transiti
Strong candidates are the elastic properties of the surfa
small variations in temperature@cf. Fig. 3~a!#, variations in
the contact area, and the crystallographic orientation betw
the two surfaces. Experiments attempting to address th
factors are currently in progress.

Characteristics of the stick-slip regime

The shapes of the stick-slip spikes also change with d
ing velocity, as can be observed in Fig. 4. At low slidin
velocities (V,Vc), when regular stick slip is observed, tw
well-differentiated time scales can be observed in the
part of the cycle. The slip can be fitted by a double expon
tial decay function, as presented in Fig. 4~a!. A similar result
was reported by Bermanet al. @17# for thin films of hexade-
cane under overdamped conditions. Rozmanet al. @14# ob-
tained similar~theoretical! results for a simple model of a
chain molecule withN515 identical particles confined be
tween two corrugated walls.
04150
es

nt

l-
is-

ly
c-

ns
e

-
y

h

in

,
d-

e-
.

y,
lly
ff-
e

e

.
es,

en
se

-

p
-

As the driving velocity approachesVc , the stick-slip
events cease to be regular, and cycles of many different s
and lengths are observed. A typical stick-slip pattern is p
sented in Fig. 4~b!. Slip in this regime can typically be de
scribed by a single exponential decay function~although oc-
casionally two time scales are clearly observed! with the
characteristic time of the decay,t, varying from one cycle to
the next. The measuredt is always much longer thantmech
~which in this case is 7.6 ms!, indicating that the dynamics is
dominated by the slower relaxation times associated with
boundary layer. The longt times measured seem to indica
that cooperative phenomena are responsible, because no
ceivable single molecule relaxation time scale could acco
for the long decay times observed. It is also observed that
spring force does not always decay to the same value a
successive slip events, in contrast to what is observed in
regular stick-slip regime.

During any particular stick-slip cycle~at any driving ve-
locity!, the relative velocity between the surfaces,Vi , goes
from almost zero~stick! to a maximum value during the slip
and back to zero again~stick!. It is instructive to consider
how the instantaneous~real! friction force between the sur
faces,Fi , varies with their relative velocity,Vi . The results
for different driving velocities, calculated by solving Eq.~1!,

FIG. 3. Variation of the critical velocity,Vc , with experimental
conditions. ~a! Influence of normal loadL and temperatureT at
fixed spring stiffnessK51900 N/m.~b! Influence of varying spring
stiffnessK at fixedT526 °C andL51.5 mN.
6-4
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DYNAMIC PHASE TRANSITIONS IN CONFINED . . . PHYSICAL REVIEW E63 041506
are presented in Fig. 5. The instantaneous friction force
plotted as a function of time and the relative velocity b
tween the mica surfaces,Vi . In general, it can be observe
that the instantaneous friction forceFi is a multivalued func-
tion of Vi , being larger in the accelerating part of the s
than in the decelerating one. A similar result was reported
Nasunoet al. @26# in a study of dry friction of sand, and b
Rozmanet al. @14# based on a minimalistic model of a con
fined spring bead chain. We have reported before@5# that an
instantaneous~transient! viscous response in the frictio
force is always observed with squalane and other branc
lubricants when the driving velocity is changed: if the she
rate is suddenly increased~decreased!, the friction force im-
mediately increases~decreases!. It is therefore not surprising
to find that the measured instantaneous force is higher in
accelerating part of the stick-slip cycle.

The F-V phase profile changes dramatically with drivin
velocity nearVc . At low driving velocities @Fig. 5~a!#, a
limit cycle is clearly observed where different stick-sl
events are represented by the same curve in theF-V space.
As the driving velocity is increased closer toVc , the shape
of each loop changes from one cycle to the next@Fig. 5~b!#,
revealing the emergence of different time scales. With a
ther increase inV, over a certain velocity range, the me
sured frictional force displays chaotic behavior, and
phase portrait suggests the presence of a strange ‘‘attrac
@27# @Fig. 5~c!#. If the velocity is increased even more, th
spring deflection fluctuates randomly@Fig. 5~d!#, without any
indication of any regular events in time.

FIG. 4. Shapes of individual stick-slip spikes~a! far from Vc ~b!
close to Vc . Experimental conditions areL51.5 mN, K
51900 N/m, andT526 °C.
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To quantitatively determine the ‘‘degree of stochasticity
@27# of the system, we calculated the largest Lyapunov
ponent,l, of the spring deflection data. Essentially, this e
ponent is an average value of how quickly two trajector
with very close initial conditions diverge from each other.
measures how fast a perturbation grows or decays expo
tially with time. A positivel is usually associated with cha
otic behavior@27#.

The results obtained using the algorithm proposed
Wolf et al. @28# are presented in Fig. 6. They seem to co
firm the presence of a chaotic region near the dynamic ph
transition. This result has some direct implications for t
functional form required for the frictional force,Fi . First, it
must be a nonlinear function of time if chaotic behavior is
emerge from Eq.~1!. Second, it is also known@27# that a
three- or higher-dimensional space is necessary for cha
behavior to be possible.

A chaotic response of surfaces during sliding was a
observed in computer simulations by Thompson and Robb
@11# with confined spherical molecules, and by Rozm
et al. @14# in their modeling of the behavior of a chain mo
ecule of identical segments between two corrugated surfa
Despite the relative simplicity of the system modeled in@14#,
some analogies between the two experiments can be e
lished. Their spectrum of Lyapunov exponents is someh
more complicated than that reported in this paper, mai
because a greater extension of the space of parameters
explored in the simulations. Nevertheless, they also obse
a chaotic stick-slip regime within a narrow window of slid
ing velocities nearVc .

Stop-start experiments

Variations in the friction following sudden changes
sliding conditions have been extensively studied in the p
these are known as ‘‘stop-start’’ or ‘‘stiction’’ experimen
@5,16,24,29#. In stop-start experiments, the sliding is stopp
for a certain amount of time, and then resumed at the sam
different driving velocity. Following the evolution of the
transient friction forces during an experiment provides use
information about relaxations within the sheared film.
special interest is thestiction spike, DF5(Fs2Fk), mea-
sured on restarting. As has been reported before, very di
ent results are observed forDF for simple and complex flu-
ids @16,24#. Simple liquids, composed of spherical or sho
linear molecules, display an abrupt and finite stiction for
@16# once the resting~or stopping! time is longer than a cer
tain characteristic relaxation or latency time,tc . This char-
acteristic time also depends on the load, temperature, and
previous driving velocity~beforestopping!, as was reported
by Yoshizawa and Israelachvili@16#. It is almost an all or
none response, with only a small increase in the stict
spike height observed for longer resting times (t.tc).

In contrast, the stiction spikesDF of more complex fluids
composed of branched or irregularly shaped molecules g
slowly and continuously with the stopping time@5,29#. As an
example of what is observed, typical results for the stict
spikes as a function of stopping times for hexadecane
squalane are presented in Fig. 7. For squalane films, the
6-5
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FIG. 5. Measured friction
forces as a function of timet and
relative surface velocityVi . Ex-
perimental conditions are L
51.5 mN, K51900 N/m, andT
526 °C.
ith

o

bo

han

ntal
re-
tion spike shows a continuous and logarithmic growth w
waiting time, once the latency time,tc , is exceeded. As
observed for simpler liquids, this latency time depends
the experimental conditions@5,16,29#. Similar results have
been reported for different systems, such as fluorocar
04150
n
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monolayers@29# and thin films of perfluoropolyether@30#.
Given that we cannot measure a stiction spike smaller t
our detection limit~around 10mN!, the determination of the
latency time for these systems depends on the experime
setup. As discussed below, these results are intimately
6-6
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DYNAMIC PHASE TRANSITIONS IN CONFINED . . . PHYSICAL REVIEW E63 041506
lated to the smooth to stick-slip sliding transitions at diffe
ent sliding velocities.

FURTHER ANALYSIS OF STICK-SLIP TO SMOOTH
SLIDING TRANSITIONS

The observed characteristics of the stick-slip to smo
sliding transitions of short chain linear and branched lub
cants appear to be correlated with, and can be explaine
terms of, the stop-start stiction forces, which are themse
manifestations of the evolution of the dynamic phase stat
structure of the molecules in the confined liquid films.

Relationship between stop-start behavior and stick-slip sliding
of simple liquids

We first consider what happens in a stop-start experim
when smooth sliding (V.Vc) is stopped for a timets , then
resumed at the same or a different velocityV. During the
resting period, the externally applied stress may be redu
to zero (F50) or allowed to remain at the kinetic valueFk .
We introduce a system parameter—thethreshold friction
force, Ft—that differs from theinterfacial friction force Fi
in a subtle way:Ft is the ‘‘potential’’ friction force that
would be required to initiate sliding~it does not imply that
any sliding is actually taking place!, while Fi is the actual
instantaneous force experienced during sliding that app
in the equations of motion, Eqs.~1!–~3!. When the drive is
reactivated, no relative movementbetweenthe surfaces is
initially observed: the surfaces remain stuck until the spr
force F, which increases at a rateKV, equals the threshold
friction force, Ft . Actually, some creep often occurs befo
sliding starts, but we will ignore creep effects at this level
approximation. The experimental conditions determine h
the spring deflection, i.e., the measured forceF, evolves with

FIG. 6. Velocity dependence of the most positive Lyapun
exponent of the time evolution of the friction force. A positiv
Lyapunov exponent indicates that the orbit is unstable and tha
trajectory diverges. Chaotic signals must have at least one pos
exponent. For periodic orbits, all exponents are negative. Close
bifurcation, the largest Lyapunov exponent tends toward zero
maximum of the Lyapunov exponent is observed at the critical
locity, Vc .
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time after the commencement of sliding. This process is r
resented graphically in Fig. 8~a!, where the threshold friction
forceFt and the measured forceF are plotted as a function o
time t. Similar diagrams have been presented before
Rabinowicz@31#, Persson@32#, and Bermanet al. @33#. For
simple liquids,Ft may be represented as a simple step fu
tion, with Ft5Fk at times shorter than the latency timetc
after stopping@curve b in Fig. 8~a!# and Ft5Fs at longer
times @curvec in Fig. 8~a!#.

If the stopping timets is short and/or the resumed drivin
velocity V is large, the spring force, which grows at a ra
dF/dt5KV, will reach Fk(5Ft) before the latency time,
tc . If the spring stress during the resting period is zero, t
will occur for

KV~tc2ts!.Fk ~4!

or

ts,tc2Fk /KV ~5!

and the measured friction force will rise monotonically toFk
and remain at this value as the surfaces slide, as illustrate
Fig. 8~b!. For longer stopping times or lower driving veloc
ties, i.e., for ts.tc2Fk /KV, the measured friction force
will rise monotonically toFs before the surfaces begin t
slide. In this case, a stiction spike will be measured follow

he
ve
a

A
-

FIG. 7. Stiction height as a function of waiting time for differe
hydrocarbon lubricants atT526 °C. ~a! Hexadecane~from Ref.
@16#!. ~b! Squalane~this work!.
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FIG. 8. Relation between stic
tion and the stick-slip to smooth
sliding transition for simple liq-
uids. Panel~a!, measured forceF
and threshold friction forceFt as a
function of timet for overdamped
conditions after the film is kept a
rest under zero stress forV@Vc

@curve b and panel~b!#, for V
.Vc @curvec and panel~c!#, and
for V,Vc @curved and panel~d!#.
Panels~a! and~b! here also corre-
spond to panels~a! and~b! in Fig.
9 for squalane films forunder-
dampedconditions.
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by either smooth sliding atFk @Fig. 8~c!# or stick-slip sliding
@Fig. 8~d!#, depending on whetherV.Vc or V,Vc .

If the spring stress during the resting period is not relax
to zero but kept close toFk , the above equations simplify t

ts,tc for smooth sliding on restarting ~6!

and

ts.tc for a stiction spike on restarting. ~7!

Figure 8~c! illustrates the expected evolution of the spri
deflection on restarting atV.Vc when condition~4! is not
fulfilled: F first reachesFs and then decays toFk . For over-
damped conditions, the monotonic decay fromFs to Fk will
be determined by the relaxation time~s! of the confined film,
tfilm . For underdamped conditions, the spring force will d
play transient oscillations of periodtmech around the mean
value before reaching the steady-state value ofFk .

Figure 8~d! illustrates the evolution of the spring defle
tion on restarting atV,Vc , where the initial stiction is fol-
lowed by regular stick-slip sliding. During each stick-sl
event, the film switches between the two different friction
states. There are several reasons to expect that the timet0 for
a film to switch from the low friction, more ‘‘fluid,’’ state
when it is being sheared~i.e., during stick-slip sliding! to the
high friction state will be longer than the latency timetc for
this transition under static conditions~i.e., during the resting
period in a stop-start experiment!. First, during sliding, en-
ergy is constantly being fed to the film at a rate proportio
to FkV ~the rate of frictional energy dissipation!. Second, the
lubricant layer is being continuously replenished during s
ing, with fresh molecules entering into the contact at
04150
d
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l
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-
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times. Yoshizawa and Israelachvili@16# reported that the la-
tency timestc for linear alkanes in stop-start experimen
depend on the driving velocityV, with longer times observed
for higher sliding velocities by a factor of;5. In our experi-
ments with the branched hydrocarbons squalane, PAO,
Exxsyn, we found very similar trends, and also that the
tency time depends on the applied shear stress during
resting period@5#. We may expect that longer latency time
tc in the stop-start experiments will probably imply long
latency timest0 under sliding conditions, but that in gener
t0.tc .

Squalane and branched hydrocarbons

As described before, the transition from stick-slip
smooth sliding is significantly different for branched hydr
carbon films compared to films of simple spherical or sh
chain linear molecules. Nevertheless, the experimental ob
vations can be explained, at least at a qualitative level,
constructing a diagram equivalent to the one presented in
preceding section. This is shown in Fig. 9~a!, where the fric-
tional force and the spring forces are plotted as a function
time in a typical stop-start experiment, and where the film
kept at zero stress during the resting phase. The static thr
old friction force,Ft(t), is expressed by the empirical func
tion

Ft~ t !5Fk1A lnS 11
t

t0
D , ~8!

whereA is an adjustable constant andt0 is a characteristic
time describing the evolution of the static threshold fricti
force under sliding conditions. This equation gives a go
6-8
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approximation of the observed temporal evolution of t
frictional force with resting timet @cf. Fig. 7~b!#. It was first
proposed by Dieterich@34# to describe the static friction
forces in rocks, then refined by Ruina@10#, and it has proven
to accurately describe the behavior of the static forces
many systems, including rock surfaces@10,34#, paper sur-
faces @35#, polymer surfaces@36#, and the fluid-lubricated
surfaces studied here@5#.

Arguments based on the slow increase in the contact
of elastoplastic junctions have been used to obtain the fu
tional form of Eq.~8!. However, these arguments cannot
applied to the lubricant fluid systems used in the SFA exp
ments, which are typically conducted at a constant area
contact and where plastic deformations of the surfaces
absent. Nevertheless, even in the absence of a phy
model that describes the experimental results, Eq.~8! is suit-
ably accurate for the discussion that follows. As an as

FIG. 9. Relation between stiction and the stick-slip to smo
sliding phase transition for squalane.~a! Measured forceF ~bold
line! and threshold friction forceFt ~dotted line! as a function of
time after driving starts. The static threshold force,Ft , is calculated
by fitting Eq. ~13! to the measured stiction force vs time, as d
scribed in the text. The measured spring force is calculated aF
5KVt, with K51300 N/m andV50.001, 0.0018, 0.022, and 0.2
mm/s. Vc50.0019m/s under these conditions. A stiction spik
was observed for all but the highest driving velocity.~b! Spring
force ~bold line! and friction force~dashed line! at underdamped
conditions, for V@Vc . V555.5mm/s, K51900 N/m, L
51.5 mN, andT526 °C. ~c! and ~d! Measured force~bold line!
and frictional response~dotted line! as a function of time after the
initial stiction spike. The conditions are identical to~a!. Only the
two slowest velocities are shown. When driven at faster velocit
the deflection of the spring is constant, withF5Ft5Fk .
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different functional forms, for example a logarithmic fun
tion with a latency~or finite delay! time tc added, give a
better fit to the measured data with the same number of
rameters, especially at short resting times~cf. Fig. 7!.

For analogous reasons given in the discussion of the
ceding section, it is expected thatt0 in Eq. ~8! will be larger
thantc , the characteristic time measured when the film is
rest. The value oft0 used in Fig. 9~a! was chosen to be 150
s in order to match the measured critical velocity, as
scribed later. This dynamic relaxation timet0 is about nine
times larger than the value oftc measured under static con
ditions at the same temperature and load, which may be c
pared with the value oft0 /tc;5 reported by Yoshizawa an
Israelachvili for hexadecane@16#.

At high driving velocities (V.Vc), the measured spring
force will quickly match the frictional resistance, and th
observed time evolution will be similar to what is observ
with simple liquids: For overdamped conditions, the me
sured force will be a monotonic function of time, with
steady value equal to the kinetic friction force,Fk @Fig. 8~b!#.
For underdamped conditions, the force will oscillate arou
the mean value before reaching the steady-state condi
Fk . Figure 9~b! presents the measured spring force,F, for a
squalane film at a driving velocity of 55mm/s and under-
damped conditions after reversing the sliding direction.
can be seen in the figure, oscillations on the spring respo
having a frequency of 180 Hz5tmech

21 are present. If the iner-
tial term in Eq.~2! is subtracted from the observed signal, t
calculated frictional force displays a monotonic evolution
the steady state, as described above@dashed line in Fig.
9~b!#.

At lower driving velocities, but still higher thanVc , a
stiction spike can be initially observed before the spri
force equals the kinetic friction force, and smooth sliding
recorded. The observed friction trace is identical to wha
presented in Fig. 8~c!. At driving velocities well below the
critical velocity Vc , the observed spring response is aga
similar to that observed with simple liquids, and the spri
force response will be as shown in Fig. 8~d!. After the spring
restoring force equals the threshold forceFt , the thin film
changes to the low frictional state, and the elastic energy
the spring is converted to internal energy of the film a
eventually dissipated, as discussed before. WhenFt starts to
grow again, the spring will not deflect fast enough to oppo
the friction force, and the surfaces will be stuck again. Af
a few stick-slip cycles, the system will reach steady-st
conditions.

The chaotic regime near the critical velocity

The distinctive behavior of branched hydrocarbon film
appears when the driving velocity is close toVc . The evo-
lution of the stiction force with time is substantially slowe
for films of branched hydrocarbons than for simpler liqu
films, as has been documented several times before@5,16,23#
and presented in Fig. 7. The static threshold friction force
well-defined value for simple liquids, evolves slowly in tim
in branched hydrocarbons. As can be observed in Figs.~c!
and 9~d!, there is a velocity range in which the evolution
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Ft and the load of the spring may have very similar slop
lying almost parallel to each other. A small perturbatio
fluctuation, or change in the sliding velocity or average tim
of confinement will then result in a large change on the st
force necessary to initiate sliding of the surfaces. Thus,
expected that the spring response will be extremely sens
to noise and initial conditions when driven close toVc . In
practice, the sliding velocity and other system parame
can be controlled only within a certain range of accuracy a
any small fluctuation will suffice to significantly change th
time necessary for the spring force and the threshold fric
forces to match, and that difference in time will translate in
a significant fluctuation in the size of the stick-slip event@cf.
Fig. 9~c!#.

The range of velocities in which this near-tangent cro
ing behavior is observed corresponds with the observedVc

for the experimental conditions of Fig. 9, which is 0.00
mm/s. However, it is important to mention that the values
the frictional resistance are extremely sensitive to the a
trarily chosent0 . This near-tangency between the spring a
the threshold friction curves@cf. Fig. 9~c!# is the reason for
the great variability and chaotic~rather than random or sto
chastic@27#! behavior of the observed response signal.

Physical interpretationÕdescription

It is clear that the important question to ask is what is
origin of the difference in the time scales and time evolut
of Ft of thin films of linear and branched hydrocarbons und
confinement. This difference is the reason for the distinct
behavior observed, and is ultimately responsible for the
perior lubricity properties of branched hydrocarbons. O
possible explanation can be gleaned from molecu
dynamics simulations of confined films of hydrocarbons
different complexity. Gao and co-workers@37# found that
squalane does not layer when confined between two flat
faces in the same way as linear hydrocarbons. They fo
that interlayer interdigitation in squalane and other branc
hydrocarbon films is substantially larger than with linear h
drocarbons. Because of this, long-range cooperative eff
are more likely to be present and longer correlation tim
and lengths can be expected.

State of the art molecular-dynamics simulations can
yet give all the answers to this problem. The extremely lo
time and length scales present@5# make the complete prob
lem almost unmanageable using MD simulations. To achi
a complete description of the phenomena, a different
complementary approach will have to be taken. An intere
ing model proposed by Persson@12#, in the spirit of the
Burridge-Knopoff@13# spring-block model, attempts to cap
ture some of the physics that emerges from the experime
results. Persson@12# included the influence of thermal pro
cesses, and suggested that two-dimensional fluid and/or
zen domains nucleate and grow or disappear in the lubri
film during sliding and stopping. By simulating these islan
as coupled oscillators, many features observed in the exp
ments can be reproduced. Of particular interest is the po
bility of aggregates of different sizes being present in
contact region, and the natural emergence of a broadb
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spectrum of relaxation times, which is very consistent w
our experimental results.

However, the simulation of Thompson and Robbins@11#
of confined simple, spherical molecules also showed a c
tinuous transition from stick-slip to smooth sliding via a ch
otic regime, which suggests that under different conditio
~of load or temperature! even simple spherical molecule
may exhibit the type of behavior observed so far only w
more complex fluids. And Rozmanet al. @14# proposed the
use of an extremely simple model that also seems to re
duce some of the results presented here: complexity and
otic behavior is predicted with a model consisting of nothi
more than a spring-bead molecule confined within a cor
gated potential. Nevertheless, as mentioned before, the
nection between the model parameters and the experime
variables is not clear at this point.

A different approach was proposed by Carlson and Bat
@9#, by introducing the idea of using ‘‘rate and state’’ mode
@10# to describe the temporal evolution of sliding bounda
lubricated surfaces. However, the one-dimensional state v
able currently used in the ‘‘rate and state’’ model cann
account for all the observed effects; at least one additio
state variable will be needed to produce an adequate des
tion of the results. A common drawback of these pheno
enological models is the lack of a physical meaning for
variables used in the equations. To achieve a satisfac
description of the phenomena, it will be desirable to m
those variables into the real molecular or material proper
of the systems.

SUMMARY AND CONCLUSIONS

The nature of the observed dynamic phase transition
tween stick-slip and smooth frictional sliding for branch
hydrocarbon molecules was studied in detail in this an
previous paper@5#. The results were compared with the sim
lar transition observed in simple and short chain linear
drocarbon liquids. The relation between the temporal evo
tion of the threshold friction force and the measured sti
slip to smooth sliding transition was established for bo
simple and branched hydrocarbon lubricants. The slow e
lution of thin films of branched hydrocarbons to their stead
state sliding state, when compared with simpler hydroc
bons, was found to be responsible for the distinctive featu
of the observed dynamic phase transitions, which,
branched liquids, include a chaotic stick-slip regime ove
narrow window of velocities. This slow approach to stea
state appears to be associated with the presence of la
metastable multimolecular domains in the system havin
broadband of relaxation times.

Concerning other differences between liquids of differe
molecular architecture, multiply branched hydrocarbon l
uids such as squalane, poly-alpha olefine~PAO!, and Exxsyn
have been found to exhibit no short-range oscillatory fo
~with multiple adhesive minima! but a smooth monotonic
repulsion@5,22,37#. This is in marked contrast to more sym
metrically shaped liquids such as cyclohexane, OMCTS,
hexadecane, which exhibit short-range oscillatory force p
files. Our results further show that molecularly thin film
6-10
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of these three branched liquids make very gradual or ‘‘c
tinuous’’ transitions to steady-state sliding~taking .104 s!,
whereas cyclohexane and hexadecane make abrupt tr
tions that resemble ‘‘discontinuous’’ first-order-like trans
tions. One may ask whether the differences in thestatic
forces are related to the differences in thedynamic~shear,
lubrication! forces of these liquids under confinement, a
also whether these differences are qualitative rather t
quantitative. For example, is it possible that multip
branched and other highly irregularly shaped liquids sim
have longer relaxation times and larger characteristic len
scales, or that the properties can be made to coincide u
different conditions of load, sliding velocity, or temperatur
These questions have important practical implications
g
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cause experience has shown that highly branched molec
produce the best low-friction lubricant fluids. Our limite
results do not allow us to say whether the differences
‘‘fundamental,’’ but certainly under the limited range of con
ditions ~of load, temperature, sliding velocity, and conta
area! studied so far, one would expect large differences
their performance as lubricant fluids.
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