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Dynamics of squeeze-out: Theory and experiments
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We consider the dynamics of squeeze-out of a molecularly thin confined two-dimen&aal
liquidlike layer. The squeeze-out is described by a generalized 2D Navier—Stokes equation which is
solved exactly for the limiting case where the squeeze-out nucleates at the center of the contact area,
and where the(perpendicular three-dimensional pressure profile is Hertzian. We also present
numerical results for the case where the nucleation is off-center. The theoretical results are in good
agreement with recent experimental data by two of us for octamethylcyclotetrasiloxane. In light of
our theoretical model calculations, we also discuss the spatially resolved diffusion experiments of
Mukhopadhyay et al. [Phys. Rev. Lett.89, 136103 (2002]. Here, we obtain a puzzling
disagreement between theory and experiment which requires more investigatid@03American
Institute of Physics.[DOI: 10.1063/1.1574790

I. INTRODUCTION tably water***°remain liquidlike up to the last layer that can

Sliding friction is one of the oldest problems in physics, °€ rfémoved upon squeezing. o _
and undoubtedly has a huge practical importdncen re- The phenomenology of layering transitions in 2D-solid-
cent years, the ability to produce durable low-friction sur-like boundary lubrication has been studied in Refs. 16 and
faces and lubricants has become an important factor in thé7- We have shown in a series of computer simulatfotist
miniaturization of mo\/ing Components in techno|ogica||y ad-the Iayering transitions are sometimes initiated in solidlike
vanced devices. For such applications, the interest is focusedyers by a disordering transition, after which the lubricant
on the stability under pressure of thin lubricant films, sincebehaves in a liquidlike manner for the rest of the squeeze
the complete squeeze-out of the lubricant from an interfacg@rocess. Since the typical lateral extension in surface force
may give rise to cold-welded junctions, resulting in high fric- apparatus(SFA) experiments is of the order 10—-1Q@m
tion and catastrophically large wear. (much greater than atomic dimensipni is reasonable to

When two elastic solids with curved but atomically expect thatduring the layering transitionthe squeeze-out
smooth surfaces are brought into contact in a fluid, a smalkan often be described in the framework of 2D continuum
circular (or eliptic) Hertzian contact area is formed, where flyid mechanics.
the surfaces are parallel and separated by an integer number sych layering transitions were recently observed for the
of monolayers of trapped lubricant fluid. Outside this contackirst time by Mugele and Salmeron for a chain alcohol,
area the solid walls are curved, and separated by a lubricagt |1, OH (Refs. 19, 20, by imaging the lateral variation of
film with a thickness which increases continuously with they, o gap between the solid surfaces as a function of time. In

distance from the periphery of thg contact area. . those experiments they were able to studyrtkel — 0 tran-
It has been shown both experimentally and theoretically,

that wh imple fluid ispherical molecul dl sition. More recently, in a refined experimental setup, two of
arwhen simpie fil §quaS|sp erical molecules and fin€ar 21, a6 aple to image several layering transitions—(n
hydrocarbonsare confined between atomically flat surfaces _ o . .

) : . : . .—1, n=5,4,3,2) of the silicone oil octamethylcyclotetrasi-
at microscopic separations, the behavior of the lubricant I?oxane(OMCTS spherical molecule, diameter10 A) in
mainly determined by its interaction with the solids that in- » SP '

duce layering in the perpendicular directibit! The thinning ~ 9"¢& detail. _
of the lubrication film occurs stepwise, by expulsion of indi- The basic theory of 2D squeeze-out dynamics was de-

vidual layers. These layering transitions appear to be therScriPed in Ref. 12. Initially the system is trapped in a meta-
mally activated>!3 Under strong confinement conditions stable state at the initial film thickness. Squeeze-out starts by

some lubricant fluids become solidlike!! Other fluids, no- @ thermally activated nucleation process in which a density
fluctuation forms a small hole, of critical radil&~ 10 A.

) o _ Once formed, a 2D pressure differentp develops between
@Electronic mail: silviu@post.tau.ac.il
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Py cal reason for the difference in the line energy between the
l l 1 l 1 1 l l l new! and oldet®?° experiments is related to the difference
in the thickness of the mica filmsee the discussion below
in Sec. V). Under these circumstances, we show that the
evolution of the boundary line separating the squeezed and
nonsqueezed areas is quasicircular both in experiments and
T T T I I I T T T in simulations. These observations led us to derive new exact
0 solution for a model of 2D circular squeeze-out; we calculate
) ) the radius as a function of time for the case of a Hertzian
FIG. 1. Because of the curvature of the solid walls at the boundary line, the . . .
perpendicular pressuf®, will give rise to a parallel force component acting contact pressure, with the nUCIe,atlon of squeeze-out in the
on the 2D-lubrication film. center of the contact area and circular growth.
Finally, we analyze analytically and via simulations the
effect of normal stress variations. In a very recent paper

contact area, thus driving out the rest of the 2D fluid. TheMukhopadhyayet al’® hgve .use.d fluorescence _correlqtion
origin of Ap is the elastic relaxation of the confining solids spectroscopy to st'udy diffusion in molecularly thin confmed
at the boundary line as is illustrated in Fig. 1. layers of OMCTS in a surface force apparat8fA) experi-

In principle, the same reasoning of the 2D squeeze-ou@qent' Spatially resolved measurements showed that transla-
model forn=1’—>0 transition applies tm=2 or n=3 (or tional diffusion slows exponentially as the probe position is
larger n) lubricant films. Molecular dynamics computer moved from the edges of the contact, in the radial direction,
simulations(e.g., Ref. 18 1.‘or weakly adsorbed filmgohys- toward the center. Assuming a Hertzian contact, the decrease
isorbed mole.cu.llessh.ow thatduring squeeze-out there are in diffusivity is naturally associated with the increase in the
no shear deformations of the film in tizedirection perpen- normal pressure. Based on the_Einstein_ rele_ltipn, one may be
dicular to the interface, and slip occurs at the solid—filmte?p;ed T[O agsutrrr:e that the m|ctrgscop|c Shdt')n? f”Ct@”n’
interfaces. Under these conditions we can treat the film as 2§ "'¢h €Nters in he squeeze-ou ynanﬂsge elow, wi
during squeeze-out, and use tlmodified 2D Navier— ave a similar pressure dependence as(mrse of the
Stokes equation as if the film is liquidlike in the-y plane diffusivity, suggesting that friction reflects a disproportionate
as assumed in our numerical simulatidmgich agree well contribution from those more sluggish molecules that reside
with the experimental dataNote that Navier—Stokes hydro- ?heatrt:]he center (t)'f a Icor(ljtact:t Zone. Howevetrawe show. below
dynamics are, in principle, invalid for a strict 2@nfinitely atthis assumption feads to a squeeze-out dynamics in com-
extendedl fluid. We consider this, however, to be of purely plete disagreementvith the experiments of reported in Sec.

academic interest. The corrections to quantities such as tH One tentative explanation for this puzzling result is that

viscosity depend logarithmically on the size of the physical;f N naturei.glf.iihe Itu?n%at;on film changestdturlniq sqglellfze:[otlt,
system and are small even for macroscopic sysiénessitu- drom a solidiike state de oretsl'(lq(u?ez?—oud oa 'qllg ke state
ation is similar to that of 2D elastic solidg=urthermore, it uring squeeze-ouind most likely also during sliding

has been shovff that the frictional coupling to the third This paper is organized as follows: Section |l presents
dimension(which is included in our treatmentill regulate experimental results. The hydrodynamic squeeze-out theory
the theory, is briefly described in Sec. Il and applied to the case of

It has been shown experimentally and theoreti-HertZian contact pressure distribution. We also discuss the
cally202324hat instabilities in the boundary line between details of the numerical method and simulation. In Sec. IV

the squeezed and nonsqueezed areas leads to a lower bod _prester:t;l.j[m?rlczg,\rﬂecs_urlés ;amdscom\[/)are v(;/!th the ?hew ex-
on the typical roughness wavelengkh of the interfacial perimental data for - [N Sec. V- We dISCuss e ex-

line. Another interesting experimental observation wereperlments .Of Mukhopadhyagt al, and present anglytlcaI.
and numerical results for squeeze-out when the sliding fric-

trapped fluid pockets left behind long after the bulk of the™ ™ _— . .
on n depends exponentially on the perpendicular pressure

squeeze is done. The typical size of these fluid pockets was” " 7 ~ . .
sﬂgwnztolbe of ordek yp! 'z uap W which is assumed to be of the Hertzian forrsection VI
-

The theoretical and simulation work of the present papepresent the summary and conclusions.
were stimulated by our recent measurements, which will be
presented in more detail elsewhétauith a greatly refined
experimental setup, two of us were able to imagerthen || EXPERIMENTAL RESULTS
—1 (n=5,4,3,2) layering transitions for OMCTS confined
between two flat mica surfaces. The spatial resolution was We observed the squeeze-out of thin films of OMCTS in
good enough to extract detailed information of the squeezean SFA geometry upon pressing two confining mica surfaces
out dynamics. Here, we compare these experimental datagether with continuously increasing load. The experiment
with our hydrodynamic squeeze-out theory. We note that thiss similar to previous drainage experimeftowever, the
is the first rigorous test of this theory. New computer simu-optical setup of the instrument was modified, such that we
lations results are presented for the case where the line enbtained two-dimensional images of the liquid laj&fhe
ergy at the squeeze-out boundary is much higher than in thieansmitted intensity is converted to thickness using well-
earlier studies. This leads to a smooth boundary line as olestablished techniques for the optical properties of
served in the new experimental presented below. The physmultilayers?’
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N vovu= 1V+V2_ 2
v V= mnapy V— 17V, 2

where p is the 2D pressurey the 2D-kinematic viscosity,
andmn, is the mass density. The last term (@) describes
the “drag force” from the solid walls acting on the fluid.

The contact area between the two solids surfaces is taken
to have circular shape with radil& Assume first that the
initial nucleation occurs at the center of the contact. If we
neglect the instability effec then by symmetry the interfa-
cial line between the squeezed and nonsqueezed area has a
circular shape of radiug(t). Let p;(r) be the 2D pressure at
the (innern moving boundary line ang, the spreading pres-
FIG. 2. Experimental snapshots of the contact area duringhth@— 2 sure at the(outen boundary of the contadatr= R)' From

layering transitiontime between subsequent images: 0.1 second. Scale baF.he equations above, one can show ‘that
25 pum). The initial gray level corresponds to a film thicknessrof 3 _
monolayers, and the brighter final one me=2. Black arrows points to dA(t) A1) _ 47T(p1 pO)
ter fin : n = =, )
segments of the boundary line with negative curvature formed close to the dt Ag mn,»n
edge of the contact zone. The white arrow indicates the direction of time.
where the squeezed-out arkét) = 7rr? and the total contact

area isAo=mR?. In Refs. 12 and 24, we have shown that
p1=po+ P(r)a, whereP(r) is the normal stress acting in
Like in Ref. 22, we found that the average film thicknessine contact areawve assume circular symmeinanda is the
h first decreases continuously, as expected for a bulk liquidy;igth of the layer, typically of order 1 nm. If we assume
Below a thickness of~5nm, howeverh decreases in a constant normal streg®,, thenp,=p,+ Poa is position in-
series of discrete steps, each correspondingie=(0.95  gependent, arfd
+0.1) nm, i.e., the diameter of one OMCTS molecule. If the
contact area is sufficiently large, we can follow the evolution ﬂ( [&} _ 1) _t 4
of h as a function of time and of position within the contact Ao Ag o
area. Figure 2 shows a series of consecutive snapshot ima
taken during the transition from=3 to n=2. It shows that

Where ris the time for complete squeeze-out

the (brightep n=2 island first appears close to the center of mn,7Ag

the contact area and then spreads across the whole contact 7~ 4 p 5 ®)
- . S 0

area within about 3 seconds. While the boundary line is ap- _ _

proximately circular initially, it deforms slightly as it ap- IntroducingA=A/Aq andt=t/7, Eq. (4) transforms to

proaches the edge of the contact afeacond row. At this ~ ~ ~ ~ -
time, some sections of the boundary line assume a negative AD(InA()-1)=—-t. ©®

curvature(see the black arrows Under most normal circumstances, a Hertzian contact
From Fig. 2, we determined also the effective radiuspressure distribution is a much better approximation, leading

r(t)=[A(t)/7]"? of the (n—1) island. For the sake of com- to squeeze dynamics in good agreement to experiméfts.

parison to our analytical model of the layering transitisee  The Hertzian pressure is

below), it is useful to normalizer(t) by the radiusR S

=(A,/m)Y? of the contact area and plot it versus the time P(r)= EP (1_ _) @

normalized by the squeeze-out timg, [cf. Egs.(5), (9) in 2 ° R?)

Sec. Il below, where we also discuss the procedure of cal

Combining Egs(3) and(7), we get(in reduced unit
culating if|. The result is plotted as open symbols in Fig. 5. g Eas(3) @ get( .

dA . 3 -
—InA=——-V1-A, (8)
dt 2

) ] Equation(8) is easy to integrate, yielding
We focus on the evolution of the boundary line separat-

ing then andn—1 regions during the layering transition . 4 F - 1+V1-A
t=—| V1-A(InA-2)+In| ———
3

Ill. THEORY

—n—1 for 2D-liquidlike films, when the nucleation of the +2=In4|. (9
layering transition occurs either in the center or off-center. 1-Vi-A
Since the lubrication film is assumed to be in a 2D-liquid-
like state, the basic equations of motion for the lubrication
film are the continuity equation and thégeneralizey
Navier—Stokes equation for the 2D-velocity fiel(k,t) (we

assume an incompressible 2D flufcf?

On the other hand, if the squeeze starts off-center the
symmetry properties assumed above are no longer valid, and
one has to turn to numerical calculations. In that case we
have showf*?* that the equations of motion can be trans-
formed to a simpler form. Thus, using dimensional argu-
V-v=0, 1 ments, Eq(2) can be simplified to
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This approximation assumes that the flow field is able to - ,'" ,"'
rearrange itself much faster than the interfacial line motion. <o0.5 J i
. < e s
From (10) it follows that e o
v=V¢, (11 Nl B P
where
_ 1
¢=—p/mn,7. (12 (d) /
The continuity equatioiil) then gives Tos ///
V2¢: 0, (13) //,.”,
which is a convenient starting point for numerical treatment. 0
Equation(13) differs from Eq.(6) or (9) such that the ex- 0 02040608 1 0 02040608 1

tit

t't

plicit time dependence is absent. It ijaasistaticapproxi-
mation, assuming that the flow field rearranges on a mucRIG. 3. Analytical solutions to the centrosymmetric squeeze problem, for
faster time scale than the motion of the interface line SepaHertzian normal stresgontinuous ling and constant stress profildash-
rating the squeezed and nonsqueezed areas. Our numeri@afted ling. (8 Reduced area andb) reduced radii {= VA) of the
approach to this moving-boundary problem has been diss_quee;ed circle vs_reduced tinfe). and(d) show the same &s) and(b)_ but

. . L now with the Hertzian curves scaled such that the total squeeze time would
cussed in Refs. 23 and 24. It is a kinetic Monte CAMT)  pe the same as in the constant stress ¢see the text
scheme where at each step the flow field is recalculated and
used for growing the squeezed area. In particular, applying
this numerical scheme to centrosymmetriclike conditions(6)]. We show the variation ofa) the squeezed area afin)
yields (with a reasonable choice of physical and numericathe squeeze radii versus time. It is clearly seen that the Hert-
conditiong results in very good agreement with E¢6) or  zian profile predicts faster squeeze-@u roughly 20%, but
(9). In Refs. 23 and 24 we have also discussed the case @ualitatively both solutions are similar. In FiggcBand 3d)
position-dependent friction to account for pinning of fluid we have scaled the time so that the squeeze-out time would
patches, along with a numerical scheme for simulating thide unity in all cases; in this case it is hard to distinguish from
continuum mechanics problem. the qualitative line shapes between the two cases.

Another important feature of the theoretical treatmentis ~ We have also performed computer simulations of the
the generic nature of our predictions. Given the underlyingsqueeze-out process, using the methods discussed above and
assumption that the expelled fluid is in a 2D liquidlike state,in Ref. 24. In the present experimenttsg. 2, see also Ref.
any squeeze process can be scaled to dimensionless area 24 the squeeze process started close to the center, and the
time variables A=A/A,, T=t/7) for which the dynamics is interfacial line was smooth on the length scale of the contact
universal. Different squeeze processes, such as various radiusR. Thus, no fluid was trapped in the contact, and the
—n—1 transitions or even different lubricants, are associfPropagation was nearly centrosymmetric. This is in contrast
ated with different values of physical parameté¢ssch as 0 previous systems studied in Ref. 19, where the Iing tension
density microscopic frictiory7), therefore different scaling Was low enough to produce a rough boundary line, and
factors. 7 is a function of the microscopic fluid parameters trapped fluid islands. The value of line tension, however, is
and of the experimental setup, is only a function of the related to the effegtlve eIasﬂqty of the mica substrafahe .
experimental setup. Scaling experimeritalsimulationgre-  latter was exceptionally low in Ref. 19, because the mica
sults to reduced units is simple and automatic if we assum#ickness was<500 nm then, whereas it is 2am in the
that at short enough times the squeeze process evolves RfeéSent experiments. For our simulations, we chose a com-
centrosymmetric fashion, following E¢). A, is assumed to bination of parameters for the line tension and the smooth-
be known experimentally, and thus we evaluate the right€ning dynamic¥ such as to reproduce the smooth boundary
hand side of Eq(9). For short times it is a linear function lines shown in Fig. 2. _ _
with slope 1#. This procedure proved to be very accurate. In our computer simulations two cases were considered,

In what follows, however, we study only universal as- ©N€ in which the squeeze-out started in th_e center of the
pects of the squeeze process, and compare our calculations@@ntact area, and another which started slightly off-center

the experimental results discussed in Sec. Il for thed  (r=0.1R). Figure 4 shows snapshots of the two systems.
transition. Note that the roughness of the boundary line is of the right

length scale, and thdas expectedthe boundary line of the

off-center case propagates faster toward the nearest edge of

the contact area, while the centered case evolves in a quasi-
We start with analyzing the two analytical solutions of Symmetrical fashion.

the idealized centrosymmetric squeeze. Figure 3 shows the As stated above, we have used in the simulations a ki-

analytical solutions to the centrosymmetric case both for d&e€tic Monte CarldMC) scheme, where the MC time scale is

Hertzian squeezing pressureontinuous line, given by Eq. linearly related to the physical time scafe: aty,c (note that

(9)] and for a constant pressufdash-dotted line, given by the MC time scale itself is nonlinearly related to the number

IV. RESULTS AND DISCUSSION
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FIG. 5. Effective squeeze radii from experiments simulations and analytical
calculations. All calculations used Hertz stress profile.

effects were observed in previous publicatiorf§where dif-

Time ferent time scales in the squeeze-out process were reported.
In particular, we have shown there that the squeeze rate de-
creases as the boundary line becomes more complex. Figure
5 shows that the relation between the effective radiasd
the squeeze time is rather insensitive both to where the
squeeze-out nucleates and to the detailed form of the
squeezed-out area. This is a very important result since in
practical applications the squeeze-out will never start exactly
in the center of the contact area, and the squeezed-out region
will never be perfectly circular.

The agreement between simulations results and the ex-
perimental data during most of the squeeze process, as
shown in Fig. 5, is quite remarkable. Similarly remarkable is

FIG. 4. Simulation snapshots of squeeze dynamics. Iritimal) squeezed the qualitative agreement at long times, when compared to

circular zone is assumed located in the center of the cofiedtfigureg and  the qualitative deviation of the analytical result that is based

slightly off-center ¢=0.1%R, right figureg. The black area indicates on the circular symmetry assumption. This emphasizes the
squegzegl zones _and white Fhe quin ones. The overall shape of the contaghbviation from circular symmetry at long times, and in par-

area is circular. Time arrow is also indicated. .

ticular the slowdown of the squeeze-out rate as compared to
that predicted from the circular symmetry model, as the main

) ) ] ~source of disagreement between theory and experiment. The
of MC steps in the simulation; see Ref. 24 for more details oyact amount of slowdown in not so easy to predict, as it

In order to properl;i scale the results we plot the Ieft-hanqike|y depends on the line energy which we do not know

side of Eq.(9) (with A data from the simulationsersustyc  accurately, and also because it will depend on statisticgl,

to find the scaling factoe. therma) fluctuations in the system. It may possibly even
Figure 5 shows the time evolution of the effective radiusvary from one experimental run to anothhis has not been

of the squeezed area. We show both simulations results angsted experimentally yet

the analytical resulffrom Fig. 3d)]. The effectiveradius is Finally, let us compare the theory with the experiments.

defined byF=AY2 The agreement between the analytical From Fig. 2, we saw that circular symmetry approximately

formula and the simulations is excellent; the results differprevailed up to the seventh or the eighth image. Since the

only toward the end of the squeeze-out process<{®.8  analytical solution is based on circular symmtery we can

<1), where the circular symmetry is completely lost. More expect it to hold only up to this time. The calculation of the

remarkable is the agreement between the off-center simulaxperimental squeeze-time parametgg, [cf. Eq. (5)] is the

tions and the analytical solution, which is centrosymmetricresult of a linear fit to Eq(9), as discussed in Sec. lll. As

It is easy to qualitatively understand why the squeeze time ishown in Fig. 5, the agreement between the experimental

prolonged when the symmetry is broken: the flow lines nodata and the theory is quite good, and we conclude that the

longer point only in the radial direction but a more complexOMCTS film most likely is in a 2Dliquidlike state at least

flow pattern occurs in the 2D fluid such that the net flow outduring squeeze-out. This assumption is further supported by

of the boundaries of the contact region is slower. Similarecent computer simulations of Persseral 18

R _JCIES
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V. POSITION-DEPENDENT RADIAL FRICTION

In a very recent paper Mukhopadhyayal?® have used
fluorescence correlation spectroscopy to study diffusion in
molecularly thin confined layers of OMCTS. Spatially re-
solved measurements showed that translational diffusion
slows exponentially with increasing perpendicular pressure
from the edges of a Hertzian contact toward the center, sug-
gesting that friction reflects a disproportionate contribution
from those more sluggish molecules that reside near the cen:
ter of a contact zone. Based on the Einstein relation, one may
be tempted to assume that the sliding frictian, which en-
ters in the squeeze-out dynamics, will have a similar pressure
dependence as th@everse of the diffusivity. Note that the
validity of Einstein relation under our conditions cannot be
taken for granted, although it is consistent with our assump-
tion that the lubricant is in dquidlike state during squeeze-
out. In any case, we show below that this assumption leads tgG- 6 Position-dependent radial friction for various values of the exponen-
a squeeze-out dynamics in complelisagreementvith the 18! parameten.
experiments shown in Fig. 2. One tentative explanation for
this puzzling result is that the nature of the lubrication film )
changes at the onset of squeeze-out, from a solidlike Sta{gtegratlng from
before squeeze-out to a liquidlike state during squeeze-out R 7(r)

pl—p0=mnoB(t)jr drT-
1

[=)
£
=

N

° 0.6 0.8 1
r/'R

0.2 0.4

r=r4(t) tor=R gives

(and most likely also during sliding (20
In this section we analyze analytically and numerically
the implications ofassuminga position-dependent friction.
Mukhopadhyay observed that the diffusivity in a three-
monolayer-thick OMCTS film depended exponentially on
the perpendicular pressui@,~exg —aP(r)], wherea is an
empirical exponent an@(r) is the normal stress which we
will take to be of the Hertzian form. In accordance with the
Einstein relation, we will assume;~1/D so that 7(r)

Using Eq.(18) with r=r,(t) andv(r,,t)=rF,, we get
B(t)=rify,
and

(21)

. (R, m(r)
pl_pozmnorlrlJ'r drT’ (22
1

~exd aP(r)]. Thus, if o denote the average friction
1o exd aP(r)]
(2/R?) [ &r exd aP(r)]dr"

Putting in the Hertzian pressure proffleg. (7)] and turning
to the reduced length units, we obtain

7(r)= (14

7(TF)=noK exg A V1-T2], (15)
\2/2
K= 1—ge 19

with N =(3/2)aPy. In Fig. 6 we show the frictiom(r) for a
few different\. From the diffusion experiments reported on
in Ref. 25 we deduca =8.6. Let us now study the implica-
tions of using (15 for the simplified centrosymmetric
squeeze. In the quasistatic approximation, we have

ap _
o =~ Mnon, (17)
where
B(t
v(r,t)=£, (18

r

whereB(t) is some auxiliary unknown function of time only.
Thus

p

or

B(t)

mnoﬁ(r)T. (19

or

7(r")
r// =

frld _r fRd
r' - r” t. 23
0 pi(r’)—po Jr @3

In the present case this gives, with-r'/R andy=r"/R
R 1 xexgh(1-y»)Y? 3t
j dxf dy- =
0 X

y (1Y eKr
In the limit A —0 we getK—1 and Eq.(24) reduces to

jrle x logx 3t
o Ka™ " 8

(24)

(25

SinceA=(r/R)?, this equation is equivalent to E¢).

In Fig. 7 we show the dependence of the squeeze radius
on time for different values of the parameter From the
diffusion experiments in Ref. 25 we deduse=8.6. Note
that when\ increases, the squeeze-out is slower at the early
stages where the frictiop> 7, up toT7,~0.7, where it be-
comes significantly faster. However, the complete squeeze-
out time is rather insensitive to the valueXgfand even for
very large\ it is only ~15% smaller than foh=0. The
reduction in the squeeze-out time saturates as we inciease

We have also performed computer simulations with the
position-dependent friction given by E@l5), for various
values of thex parameter, ranging from zer(osition-
independent frictionto 8.6, which is similar to the experi-
mental value deduced from the diffusivity dafa.The
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FIG. 7. Squeeze radius vs time, for different values\oAnalytical calcu-
lations based on Eq24).

results are summarized in Fig. 8. Figure 8 shows that fOFIG. 9. A snapshot picture of the squeeze pattern we obtained when we

short times(up tot~0.7) the evolution of the squeezed areaStoPred the simulatiorn\(=8.6).
is very similar to the ideal analytical case discussed above

(Tg' 7|) I(—;_owever,f for I(t)k?ger t';net‘?’ the fSImqultlon reSLf[It_S slightly different conditions that trapped fluid pockets are
strongly diverge irom (he prediclion ol CentroSymmetnic o,,00,64 out on a much longer time scale than the initial

squeeze, and the squeeze-out time becomes many ordersb Ik of the fluid
magnitude longexwhich we could not follow than what It is clear that, if one assumes that the sliding friction is

follows by assuming centrosymmetric squeeze. This effect i?elated to the diffusivity via the Einstein relation, the

due to the breaking of the circular symmetry, and to the ) . : ith .
formation of (temporary trapped fluid islandgsee Fig. 9 for squeeze-out dynamics predicted with a position-dependent

e In Ref 24 h readv sh q friction is in completedisagreementvith the diffusivity ex-
an examplg In Ref. we have already shown under periments of Mukhopadhyast al. Our analytical results and

computer simulations shows that onlywery weak rdepen-
dence ofy is possible in order to avoid disagreement with
the measurements of the layer expulsion dynartiag. 2).

We tentatively attribute this observation to a phase transfor-
mation of the lubrication film from a solidlike state before
squeeze-out to a liquidlike state during squeeze-out. In any
case the observed discrepancy seems to be very fundamental,
and requires further investigation.

Finally, we note that the pressure indexobserved by
Mukhopadhyay is much larger than what has been observed
from the pressure dependence of bulk liquids. For bulk lig-
uids the viscosity usually depends exponentially on the pres-
sure, ~e*? with a~10"8 Pa ’. In contrast, the pressure
index of the diffusivity observed by Mukhopadhyay is of the
order a~10 % Pa L. If the pressure index of the confined
film would have been as small as observed for bulk liquids,
no dependence of the diffusivity on the Hertzian pressure
would be expected in the measurements reported on in Ref.
25.

VI. SUMMARY

/R

The continuum mechanics theory of squeeze-out has
been solved analytically for a Hertzian normal stress and
centrosymmetric squeeze-out. For the off-center nucleation
of squeeze-out, we have presented numerical results based
on the kinetic Monte Carlo method. The theoretical results
have been compared with recent measurements that will be

0 02 04 06 08 1 12 14 16 described in more details elsewhétalVe find good agree-
i ment between theory and experiment which suggests that the
FIG. 8. Simulations with position-dependent friction. assumption of a 2D liquidlike lubrication films is a good
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