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Simple liquids confined to molecularly thin layers. Il. Shear and frictional
behavior of solidified films

Eugenia Kumacheva® and Jacob Klein®
Weizmann Institute of Science, Rehovot 76100, Israel

(Received 2 September 1997; accepted 14 January) 1998

Using a surface force balance with high sensitivity in measuring shear forces we investigated the
mechanical properties of thin layers of cyclohexane and octamethylcyclotetrasikEHETS) in

the gap between two smooth solid surfaces at discrete thickness@s- 3 molecular layers. At
these layer thicknesses the films have undergone solidification due to their confingment
preceding paperand are capable of sustaining a finite yield stress upon being sheared. The sliding
of the confining surfaces at mean veloaityacross the films is characterized by a shear or frictional
force F¢ which varies with a characteristic stick-slip pattern. We investigate comprehensively the
dependence of; on n, vy, and on the applied normal forcés across the films. We find that
transitions in film thickness froom—(n—1), with a consequent increase kb, may occur
spontaneously during sliding with no changekn corresponding to a multivalued friction force
between the surfaces for a given load. The critical yield stédss sliding at a given film thickness

n increases monotonically with applied normal presgRigs S= S+ CP whereS; is a constant of

order 13 Pa(depending om) andC is roughly constant and of order 1. A simple model for friction
across such films which can account semiquantitatively for this behavior is introduced, based on a
shear-melting mechanism using the Lindemann criterion. We find that the characteristic stick-slip
behavior persists over the range of film thicknesses and the dlige range of mean shear
velocities studied, and that over most of this range the mean shear forces are indepemdent of
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I. INTRODUCTION Bailey and Courtney-Pratf, and Tabor and Bowd&r®’
studied frictional forces between well-defined thin solid
Liquids confined to molecularly thin films behave very fims. More recently, several studies have investigated the
differently to their counterparts in the bulk. Examples areghear pehavior of films confined to molecularly thin films,
ubiquitous: liquid lubricants solidify on being compressed tousing both surface force balance approacdfe®and theo-

ultrathin layers: gases trapped in nanometer-sized pores MaYetical and computer simulation methdds3! Experimen-

order into crystalline arrayS;:and simple liquids confined tally, films of simple liquids with quasispherical molecules,

faced? Eff h directly related h hani lcét% well as of liquids consisting of short linear chains, were
suriace. ects t at. are wepty relate .to the mechanicals, ng to behave in a solidlike manner when the films were
properties of S.UCh thin films mcludeg%apnlary Wet.t'ﬁgr’" between 1 and 3 molecular layers in thickness. This solidlike
%‘i’t'ogoﬁ’ ;gﬂ)eslgl‘ ﬁl?nﬁfaa,{e%"ﬁﬁgr@ Wzgfi;hgor:;i‘r’]rgg'“b' behavior manifested itself in the ability of the confined liquid
Y 9 ' Y to sustain a finite shear stress before yielding, and in stick-

lipid bilayers. Such thin films are also implicated in the ri- . . . . : .
idity and flow behavior of granular materidigeramics® slip behavior characteristic of ductile solids. Computer simu-
g ' lation studies have also shed much light on the nature of the

and advanced composit€swhere deformation occurs via <. . . . T .
P W tick-slip mechanism in sheared solidlike fil47s”

shear of thin interfacial layers at grain or phase boundaries® A fund tal e th in which
At the same time, the interplay between the dynamics, ther-h, Kl ur?da;rrens ques |on|.c<j:|(')|£10erns he manner |P Wd'c
modynamics, molecular structure of the fluids, and the comthick liquid films become solidlike once they are confined to

mensurability and interactions of liquids in films of molecu- & féw monolayers, In earlier wotkand especially in the
lar thickness with their confining surfaces presents @receding papefl),” we examined how a number of simple
continuing scientific challengé:*3 organic I|qu|ds[octamethylcyclotetra_monar(@l_\/ICTS), cy-
Historically, an important direction in studying the me- clohexane, and toluehechange their dynamic/mechanical
chanical properties of thin, confined solid films commencedPropPerties on being confined to progressively thinner films
with the microscopic investigations of friction between solid by smooth solid surfaces. From a structural point of view, as
surfaces separated by lubricants. The Cambridge school #@S long been knowh?* these liquids undergo layering

particular, starting several decades ago with the work opParallel to the confining surfaces, revealed, for example, by

normal surface force measurements, as shown in Fig. 1 for
dpresent address: Department of Chemistry, University of Toronto, TorontoOMCTS and CXCIO.hexar]ef As to their dynamlc_b(_ahawor, we
ON MS5S 3H6, Canada. found that the liquids within the gap remain fluidlike from a

B Author to whom correspondence should be addressed. macroscopic gap thickne$s-1000 A) down to surface sepa-
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In Sec. Il we briefly describe the experimental approach.
n=3 4 s 6 / The main output of the experiments is the lateral stress re-
quired to shear the films, and this is investigated in Sec. llI
as a function of the film thickness, the external applied pres-
; . sure on the films, and the rate at which the confining surfaces
/ are made to slide past each other. We examine especially the
} 9§3§ OA. DA question of critical shear stresses required to induce flow of
i),/ ofs o ¥ the films, and the issue of stick-slip sliding. In Sec. IV we
discuss our results, and in particular introduce a model for
friction between surfaces separated by thin solid films, using
OMCTS a shear melting picture based on a Lindemann-type criterion.

-10 A
20 30 40 50 60 70 Il. EXPERIMENT

. , The surface force balance used has been described in
h=4 & 6 7 detail in the preceding papéh.3* Basically, the liquids stud-

° ied are confined between atomically smooth mica surfaces in
Cyclohexane a crossed-cylinder configuratiofmean radius of curvature
R). The separatio® between the surfaces is measufeal
5/ a ) +1 to 2 A) using optical interferencgvia fringes of equal
o\ o chromatic ordefECO fringes]. The top surface is mounted
on a sectored piezoelectric tuBZT) which can provide

(e}
/a°
/ Q\T OA‘égw/ both normal(approaching and recedipngnd lateralsliding)

0 F: W A -V motion of the surfaces relative to each other, by suitable
‘%/ B variation of the potentials applied to its sectdtNormal
o
A

F(DY R [mN/m]

’ forcesF or shear forced-g across the confined films are
B measured by monitoring the bending of two sets of orthogo-

nal springs on which the surfaces are mouritate set each
for each ofF andF,). At any instant the experiment mea-
sures the values df, Fg, and the relative sliding velocity
vs, as well as the film thickned3. The data are often con-
veniently shown as the variation with time of the lateral mo-
FIG. 1. (A) Force )-distance D) profile between curved mica surfaces tion, applied to the top surface via the PZT, together with the
(plotted asF(D)/R where R is mean radius of curvatureén a crossed  corresponding force transmitted across the film to the lower
cylinder configuration in OMCTS(Solid triangles: data from Ref. B(B)  grface. Several examples are shown in the next section.
F(D)/R profiles in cyclohexane(Solid triangles: data from Ref. 3. Cyclohexane (Fluka analytical grade and OMCTS
Adapted from paper (Ref. 39. !

(Fluka, purum grade, 99% purevere stored for 2 days

abowe 4 A molecular sieves and then distilled over pure, dry,
rationsD equivalent to a fewn say, monolayers of the lig- filtered nitrogen. The structure and molecular characteristics
uid. On decreasing the gap further by a single moleculaof these liquids are given in Table I. In several of the experi-
dimension, to a thickness=n. monolayers, the confined ments the liquids were twice distilled over nitrogen. For
films undergo an abrugfirst-order-like transition to a sol- OMCTS the middle fraction boiling at 175 °Ehe literature
idlike phase. This solidity expresses itself primarily in the boiling temperaturewas collected, and injected into the bath
ability of the films to sustain a finite shear stress with noof the force balancéFig. 1) under dry filtered nitrogen. The
measureable relaxation over macroscopic times. Films ofside of the force balance was kept dry withCe. We
thicknessn=n, monolayers of these liquids are all solidlike. found that for cyclohexane this distillation procedure did not
In the present study the mechanical properties of these sotesult in noticeable changes relative to using cyclohexane
idlike phases of the confined liquids are investigated in dedirectly from a freshly opened bottle, and in a number of the
tail. We use a surface force balan@-B) with a uniquely  experiments this latter procedure was used. For the case of
sensitive shear force measuring capability to probe the she@MCTS, however, we found that careful double distillation,
behavior of the films over a wide range of conditions. Previ-handling, and drying were essential for removing impurities
ous investigations probed films of thickness 1-3 mono- and for observing the shear behavior of the films described in
layers under substantial applied compressive I16&d¢The  this paper.
much higher sensitivity of the SFB in this work enables usto  All organic liquids used to clean the apparatus were ana-
examine the nature of the films, even in the absence of anlytical grade. Water used was purifi€dLGA-Q water puri-
applied pressure, from the point at which they just solidify asfication system Sym(diphenyl carbazidewas used to glue
a result of confinemerin=n.=6 or 7 for OMCTS and cy- the mica sheets to the cylindrical glass lenses for both the
clohexang and at progressively higher confinements, cyclohexane and OMCTS experiments.
=6-3. Results are shown from six different experiments with

25 30 3 40
DIA]
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TABLE I. Structure and properties of liquids used.

Approximate Melting
Liquid Structure and formula diameter(A) temp.(°C)
Octamethylcyclo (Si0)4(CHg)g 8.5-9 17
tetrasiloxane
(OMCTY
CH3
CH
O\\ 7 >
| Si—o
3°Si—0 \ ,CH;
- \ /O~Sl\
C[_I .
3 USi < 3
CH; CHj
Cyclohexane Hio 5.5 6
CHy— Hy — N
~
CH, Hr~cu,

data often taken from several different contact points befrictional force opposing relative sliding of the two surfaces.

tween the mica surfaces in each experiment. As long as the shear force applied across the filia bend-
ing of the shear springgs lower than this value, the two
Ill. RESULTS surfaces slide togethdthe “stick” part of the stick-slip

cycle). During the “stick” the shear force across the film
increases as the top surface moves laterally, progressively

Prior to measuring shear forces, normal force-distancéending the shear springs. A critical shear stress across the
profiles were measured as discussed in detail in part I. Théiim is reached at the point when the shear force exceeds the
resulting structural oscillations are reproduced in Figadd static frictional force(e.g., pointsC or C’ in the lower trace
plotted in the normalized fornk(D)/R versusD). Normal  of Fig. 2). At this point the film yields and the surfaces slide
force profiles were also routinely measured as controls fotthe slip part of the stick-slip cycle During sliding stored
purity throughout the experiments. Decay or suppression oftress is released, and at the end of the slip the film solidifies
the oscillatory forces were generally correlated with the pres-
ence of impurities, indicating that an experiment had to be
terminated.

A. Structural oscillations

B. Solid—solid transitions

Following the confinement-induced liquid-to-solid tran-
sition at gap thicknesses af =6 molecular layers, the con-
fined phases of both OMCTS and cyclohexane displayed sol-
idlike features also for all thinner films studied. In all cases
the confined layer thicknesses were integral multiples of the
molecular dimensiongTable | and Fig. }1, of thicknessn
=6-3 molecular monolayers. We found that when films of
thickness 3=n<6 layers were sheared for a time under fi-
nite loads, they often thinned spontaneously rie-() lay-
ers, with a corresponding marked change in their stick-slip
behavior. Such behavior is shown in Fig. 2, where a film of
cyclohexane of thickness 32 A (n=6) is sheared under a _ _ _ _
moderate normal stress, exhibiting clear stick-slip behavior G- 2: Top trace is the applied motion to the top mica surface, and the

. . ower trace is the shear force between the surfaces when separated by a film

Before deSC”bmg such spontaneous thlnnlng, We rémargs n molecular layers of cyclohexane under a I¢&adR=0.44 mN/m. At the
on some of the general features displayed by the lower tragsint shown a transition between them occurs; this is manifested in the
in Fig. 2, which shows how the shear force across the conamplitude of the stick to slip chand€-D relative toC’-D’) and is noted
fined films varies as the top mica surface is moved laterallyf!s° " the shift of the ECO fringes which shows the film thickness to

. . change as indicated. The inset shows the transftmacale as a penetration
(top back-and-forth trage The maximum shear force Which ¢ross the force barrier separating the two confined phases in the cyclohex-
the film is capable of sustaining before yielding is the staticane force-distance profifadapted from Fig. (B)].

Friction force

TRANSITION
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again (e.g., at pointsD or D'), whereupon the stick-slip 10 sec. '
cycle repeats itself as long as the upper surface is still mov [200nm
ing laterally.

In the lower trace of Fig. 2, at the point indicated, a p.azs3 D=39:28,n=7 A
transition in the stick-slip characteristics is observed, which n=6 [3uN
becomes fully developed within some 3-5 s. At the same
time a corresponding shift in the ECO fringes reveals a de- T
crease in the film thickness fro=33+2 A to D=27

2sec 200nm
+2 A, i.e., the effect is the result of an=6—n=5 transi- m /\//\\I/
tion. The inset to Fig. 2, drawn to scale, shows the shear _M_WMW/_%M

induced approach of the surfaces across the normal forc [0
barrier separating the two layers. We note especially that (0 (2) (3) @
while the critical shear stress for sliding increases signifi- B

cantly over the transitioNC—C’ in Fig. 2), the shear
FIG. 3. (A) Top trace is the applied motion to the top mica surface, and the

stresses at the resolidification point®,D’) remain un- , ;
L lower trace is the shear force between the surfaces when separated by a film
Changed and close to zero. The qua“tat've reason fonthe of n molecular layers of cyclohexane under a decreasing load. To the left of

—(n—1) transitions is presumably the facility with which the pointT marked by the arrom=6 (D=33+2 A) and the normal load is
the confined film, while in its liquidlike state during slipping F/R=0.17 mN/m. AtT the load is reduced t&/R=—0.03 mN/m while

in the stick-slip Cycle is able to squeeze out a Iayer of mo|_the surfaces are still moving. The surfaces then separde=t89+2 A, as
ecules under the app,lied pressure indicated by the ECO fringes, while the shear force decays with time as

shown. No jump-out is observed as would be the case in the absence of the
applied shear motiofFig. 1(A)]. (B) The top traces are the applied motion

to the top mica surface, and the lower traces show the shear force between
them when separated by a film of cyclohexane. Traces 1-3 are for a film of
thicknessn=5 molecular layers p=27+2A) at progressively lower

. . loads: (1) F/R=0.6x0.1 mN/m; (2) F/R=0.33+0.1 mN/m; (3) F/R

C. Shear at decreasing load: Suppression of =0.22+0.1 mN/m. In trace 4 the normal load has been reduced to 0.05
structural forces +0.1 mN/m during the back-and-forth shear motion, and the surfaces sub-

. sequently move out smoothly ©=60A. No jump-out is observed, as
In general’ structural forces measured with the Surfacﬂoted for separation for an=5 film in the absence of normal applied

force balance manifest themselves by repulsion “maxima’motion[Fig. 1(B)].

on approach of the surfaces, and jump-outs from the minima

as the surfaces are made to recede. Such oscillating normal

force profiles, in particular the minima (D), as shown in ~ D- Critical shear stress as function of applied load

Figs. XA) and ¥B) for OMCTS and for cyclohexane, are Shear stresses between the sliding surfaces across both
always measured in the absence of applied shear motiogyclohexane and OMCTS films were comprehensively mea-
However, when the surfaces are made to slide past eagyred as a function of the film thickness and the applied
other as they recede, we find that the characteristic ijp-Olﬁormaj |0ad, from traces such as shown ear(lﬁgs_ 2 and
behavior may be suppressed. This is shown in Fig. 3 foB) and schematically in the inset to Fig. 4. As shown in this
films of initial thickness corresponding =6 andn=5  inset, the shear forcE, during the stick-slip motion in one
monolayers of cyclohexane. The surfaces are made to URirection varies between the solidification pofys ,, and
dergo a back-and-forth shear motifupper traces in Figs. the yield pointFs,,. We may define likewise two limiting
3(A) and 3B)], by applying potentials to opposing outer shear stress valuesSysp)=(Fgsp)/-#) and Sy,
sectors of the sectored PZT, while at the same time the pres= (Fs(y) /. /Z), where. 7 is the flat area of contact between
sure between them is progressively reduced, by changing the
potential of the inner surface of the PZT. We observe that,
while the mean shear stresses between the surfaces decrease x10
monotonically to zero as the pressure decreases, no accom-
panying “jump-out” is observed wheR becomes negative, 4
as is the case with unsheared films; rather, the surfaces move
out smoothly to beyond the range of any detectable interac-
tion. This suppression of the structural forces may be the
result of the shear-induced “liquification” of the confined
films during shearing, which enables smooth separation of
the surfaces as they move apart. It is always observed when
surfaces confining films of thickness=5 or 6 are decom- 4 2 0z 4 & & xtf
pressed to negative loads. In contrast, in observations on P NM?)
OMCTS films of thickness1=3 (D=27+2 A), stick-slip
behavior was sometimes maintained even under an apprE_'—G-_4- Variation with pressur@® pf the yield shear stresS;,, and the

. . . . kinetic shear stressSys,), defined as Sy, =Fgy)/.Z and Sysp)
Clable_negatlve Ioad;ee late)" Th|§ behgwor r_nay be upder-. =Fgsp)/-#, where the shear forces; are determined from the stick-slip
stood in terms of the model for stick-slip motion described iNyaces as shown in the inset, aRe-F(D)/. #, where. # is the contact area
the next section. between the surfaces. Data shown for an OMCTS film of thickness.
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5 B x 10° : . : A
x10 Cyclohexane, n=5 .
OMCTS o ® Sc(y)
15¢ 0S¢(s.p.)
&
£
2
—1.01
[&]
o)
051
1 L4 on=3
A en=4 : : : 4
Mﬁ/ an=5 0 1 2 3 x 10
P [N/m?
0 2 4 6 8 x 10* FIG. 7. Same as Fig. 4, for a cyclohexane film of thicknesss molecular

layers.
P [N/m?]

FIG. 5. Variation with pressure of the yield shear stres},) for OMCTS
films of thicknessn=3, 4, and 5 molecular layers as shown.

distance profile for OMCT$see Fig. 1A)]. Similar consid-
erations apply to the other data appearing in Figs. 4-9. In
Fig. 4 we see that botB ,)and S, increase monotoni-
the surfaces®®’ Figures 4—6 and 7—9 show the variation of cally with increasing pressure, and have finite values when
S, with normal pressur® = (F/.#) for OMCTS and cyclo- extrapolated to zero normal loads. This is consistent with the
hexane, respectively, highlighting in particular the differ- adhesive nature of the contact. Indeed, for ihe3 film,
ences betwee8, s ,)andS,,, and the differences between with its particularly large adhesive minimum, Fig(AD,
films of different thicknesses in the range=3—-6. We note  stick-slip behavior was noted even for negative applied pres-
thatP is not directly proportional to the normal lo&dalone, sures.P<0, as seen by the left-most point in Fig. 4. Quali-
since . Z also varies with the normal loa§. The shear tatively, the reason for this is that even B0 there is a
stresses measured are not a sensitive function of the slidimget attraction between the surfac¢dse to the large attractive
velocity v (see below Figs. 10-14the data in Figs. 4-9 well for n=3); this ensures that during the slip cycle the
were taken at relatively low velocities, in the range  surfaces do not recede. This is related to the origin of the
=20-500 nm/s. refreezing behavior at the end of the slip cycle, and is con-
Figure 4 shows the variation &, with P for films of  sidered in more detail in the Discussitnd of Sec. IVB 1
thicknessn=3 monolayers of OMCTS. The film thickness An important issue related to the refreezing has to do with
(in A) varies very slightly as a function d? (barely within  the timetg;, over which the slip takes pladghe time over
the resolution of the measurementg is in the rangeD  which the shear stress relaxes, for example, between points
=(27 to 29+2 A, and depends on the precise position onC andD in Fig. 2). Detailed examination of typical stick-slip
the repulsive maximum correspondingrte- 3 on the force-  cycles for different conditions suggests, is of the order of

10 2 s.
Figure 5 compares the variation &y, with P for
1 L1 — OMCTS films withn=3, 4, and 5. We note that in all cases
OMCTS
1 B
& " x 102 :
§ ot I ' Cyclohexane .
= = m n=5 -
Q:' m 1561 o n=6
%) 1 i ] 4
. 1.0¢
3 mn=3 Z
A j&)
A a An=5 s
A A ]
2 ] 0.5}
S o) o
0 2 4 6 x10%
P [N/m?] 0 1 2 3 x 10*
FIG. 6. Variation with pressur® of the shear stress at the solidification P [N/m2]

point S¢(s 5y for OMCTS films of thicknessi=3 and 5 molecular layers as
shown. FIG. 8. Same as Fig. 5, for cyclohexane films witlh5 and 6.
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X 10° . . ' C F/R=6.1mN/m OMCTS,n=3  £/R-2 6mN/m
Cyclohexane [500nm [500nm ]500nm

0.8 m N=5
& a N=6 L]
£
Z 06 [ 100N [ 100un
a I|5‘LLN
3
S 04

05sec
gsec  O9sec
0.2
Vs=575nm/sec  Vg=2000nm/sec Vg=3500nm/sec
. , . A B
0 1 2 3 x 10*

FIG. 10. Shear forces between mica surfaces across a film of thickness

=3 molecular layers(A) Upper and lower traces are for the applied shear

motion of the upper mica surface and the corresponding shear forces be-

tween the surfaces at two different applied shear velocitieas shown.

Normal load F/R=6.1 mN/m. Traces taken from th€Yt recorder.(B)

Same as(A) but at a different shear velocity, and normal lo&dR

S, increases withP, and that at the higher (thicker filmg =2.6 mN/m; data recorded on the storage oscilloscope.

the yield shear stress is appreciably lower for a giReT his

implies at once that for a given load, the yield shear stress is

multivalued, depending on the numbeof monolayers con- Here too stick-slip behavior is observed. We note especially

stituting the confined film. Figure 6 compar8gs,,) for n  that over the entire range of accessible sliding velocities we

=3 andn=5 OMCTS films. observed clear stick-slip oscillations during the sliding mo-
Figures 7—9 show the correspondifig vs P data for  tion with well-differentiated values df g,y andFgp).

cyclohexane fom=5 and 6. Figure 7 contrasts the yield Figures 11 and 12 and 13 and 14 summarize the varia-

stressesSy, and Sysp) at different pressures fon=5;  tion of Fy) andFg ) with vs for OMCTS and cyclohex-

Figs. 8 and 9, respectively, comparg,,(P) and ane, respectively. In Figs. 11 and 12 we plot these for OM-

Ses.p(P) for different film thicknesses. We note thgfs,, CTS films withn=5 and 3 monolayers, respectively. Within

varies more weakly with pressure thg,, ; indeed the data each film the normal pressure is constamithin the scatter

for n=6 (Fig. 9 show little significant increase ds,, OVver the entirevs range. Fom=5 (Fig. 11) there is some

with P (see the discussion at the end of Section IV Bhe  convergence of th&,, andFs ) points asvg increases,

data in Figs. 4—9 show for the first time clearly the increasdout they remain clearly differentiated up to the highest ve-

in the critical shear stress with applied pressure in thin filmdocities examined. Fan=3 (Fig. 12, at much higher normal

of such simple liquids. Together with the normal force pro-load F, the convergence shows a similar trend but is even

files F(D) (Fig. 1), these data specify preciselwithin the  weaker. Figures 13 and 14 show the corresponding behavior

experimental scattgthe yield and resolidification behavior for cyclohexane films withn=5, at two different normal

as a function of the number of layers in each film and thdoads. Again, there is a qualitative similarity to the OMCTS

normal stress within the film. In Sec. IV A we analyze the

shear melting behavior and show that a simple model based

P [N/m?]

FIG. 9. Same as Fig. 6, for cyclohexane films witlk5 and 6.

on the Lindemann criterion can account well for our results. x105__ T ——— ]

_ _ . . o0l I*Fs(y) OMCTS
E. Stick-slip as a function of shear velocity - O—Fs(s.p.) n=5 ]

The stick-slip behavior was examined as a function of 150 - N
the mean sliding velocity for different film thicknesses and = A g = 1
normal loads for films of both OMCTS and cyclohexane. o r 1
Figure 10 shows typical traces taken at different velocities, % 1.0 N m a
for a particular casdOMCTS films, D=27+2 A, n=3). F 9 5 © o o 1
Figure 1QA) shows traces taken for a film under a given - o .
normal pressureR=7x10* N/m? at two different veloci- 0.5 O B
ties, vs=575 and 2000 nm/s. Clear stick-slip behavior is r .
seen at both velocities, but the magnitude of the shear forces L L ]

0 1000 2000 3000

at the yield point Ey,)) are essentially unchanged. The

magnitude of the forces at the point of solidificatidfy(s ) Vg [nm/sec]

are also similar, though somewhat smaller at the higher VeIEIG 11. Variation of yield and kinetic shear forceg,, and F re
. . P . e (y) s(s.p.y =7

lOCIFy' Flgure 1QB) shows trace$taken fr_om the recordmg spectively (defined as in the insetwith applied shear velocity s for an

oscilloscopg for a three-layer OMCTS film at much lower omcTs fim of thicknessn=5 molecular layers. Normal load/R

normal compression, and higher velocity€ 3500 nm/s).  =0.8 mN/m.
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X10-4 T 11 I T T | T [ ' L | X1O-5: LS | T 1T | T T T | LIS | T |:
I m—Fg(y) OMCTS ] 5F Cyclohexane, n=5
I 0—Fs(s.p.) n=3 1 'm P=4.3x 104 N/m2 ]
Sy . W "Fsy) | |
> (. (] B g = [ “u o-F ]
s — Z af . sep)| 4
2L o o © | Cor . L
20 . ok ]
rO 7 r Q) o) O 00O o © ]
| | 1 :_O _:
] -

0 1000 2000 3000 4000 e FQRS

0 500 1000 1500 2000

Vg [nm/sec] Vg [nm/sec]
S

FIG. 12. Same as Fig. 11 but for an OMCTS film, thickness3 and

normal loadF/R=6.14 mN/m. FIG. 14. Same as Fig. 11 but for a cyclohexane film of thicknes$

molecular layers and at normal pressurex41®* N/m?.

behavior, save that the initial decreasefqfy) with v is o
considerably sharper in the cyclohexane case, before leveling®—3 monolayers. We focus on several qualitatively new
off at the highest velocities. The trends at both pressures a,fgatures of the solidlike phase revealed at this higher resolu-
the same, though the magnitudes of the shear stresses are !'88-

expected from Fig. 8, lower at the lower press(Fig. 13. Once the confined films have undergone solidification at
n=n. they respond to shear in a characteristic stick-slip

fashion, as observed earlier for a number of ligfffs:
However, the yield stresses for our thicker films=(3—-6)
can be orders of magnitude weaker than have been investi-
The main new findings of this study derive from the gated earlier for thinner, more highly compressed fitfit€°
increased resolution and sensitivity of the present surfac@s 5 first control, therefore, it is important to make contact
force balance in measuring shear forces. This is some thregjth these earlier studies. Gest al?° have explored the
orders of magnitude greater than comparable earliehear behavior of a number of liquidsicluding OMCTS
studie$®~?*where monotonic shear was applied to thin con-gnq cyclohexanecompressed to film thicknesses=1-3
fined films (h=1-3) at high compression. This increasedmolecular layers. This regime overlaps with ours for the case
sensitivity was already noted in the preceding papét I, of n=3, and we may explicitly compare the magnitudes of
where it enabled the probing of the liquid-to-solid transitionthe critical shear stresses obtained in the two studies for this
as the confinement increased from+1—n.. Here the \3jue ofn. From that stud$? we have for OMCTSn=3,
range of confined films studied was extended from the poing ¢ritical shear stresS,,)=1X 10° N/m? at a normal pres-
of solidificationn=n. down, that is, to thickness values  gyre P=(2+1)x 10° N/m23® Extrapolating from our data
in Fig. 5 for OMCTS,n=3, to this value ofP, we find Sy,
in the range (1 to 2X10°N/m? the uncertainty arising
from the scatter in the data. Thus for the conditions where
the experimental parameters overlap, B¢, values from
the earlier study by Geet al?® [(2+1)x10° N/m?] and
from this one[(1 to 2x10° N/m?] agree with each other
1ol F 7 within the scatte??

) u s(y) Several theoretical and simulation studies have also ad-
L O_FS(S-P-) - dressed the question of confined liquids under
- - shear’4~27294243\though the details of the models do not
05 | — always closely match the experimental conditions, these

) studies have cast revealing light on the process by which
L o § breakdown of the films may occur on shear. An important
r 1 aspect of the films which cannot be revealed directly by the
shear experiments concerns the molecular structure, both
while the film is capable of sustaining a shear stress and also
when it has broken dowfduring the slip part of the cycle
While the molecules are known to be layered parallel to the
confining surfaces, little is known experimentally about their
in-plane ordering. As pointed out clearly in our preceding

IV. DISCUSSION

X1 0-5 T T T l T T T | T T T I
r Cyclohexane, n=>5
+ P=1.4 x 104 N/m2

Fs [N]
]

: Lo | I o |
0 200 400
Vg [nm/sec]

FIG. 13. Same as Fig. 11 but for a cyclohexane film of thicknes®H
molecular layers and at normal pressurexi1d® N/m?,
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paper(1),3* layering in itself does not necessarily imply that f = PA+fan
the films are solidlike. A useful measure of in-plane ordering
is the Debye—Waller factoifDWF), defined in terms of the
two-dimensional structure factor within a layer, whose value
is unity in a perfect crystal at zero temperature, and drops to
0.6 at the melting point. Molecular dynamics simulations by
Thompsonet al. of the shear of simple liquids have indeed
indicated  stick-slip behavid?, in agreement with
experiments:?°?2These simulations indicate solidlike struc-
ture (DWF>0.6) while in the “stick” phase, with liquidlike
structure (DWF<0.6) in the “slip” phase, i.e., a shear- A B
induced melting of the confined films. One additional feature _ . . -

. . . FIG. 15. lllustrating schematically the shear-melting model for friction de-
SqueSted by these _S'mUIatlon StU&%Wh'Ch we return to scribed in the text(A) In the absence of a shear force the normal fofces
later, concerns the dilatancy effect, long known for shear ofiny molecule 1 are balanced by the reaction on it due to fdtceserted on
granular material4* During the liquidlike slip part of the it by each of the two molecules 2 and 3 belowiiit a 2-D representation
stick-slip cycle (e.g., C—D in Fig. 2 the surfaces move (B)_At the (_:ritical yi_eld point under a _shear fordg, (per moleculg the
slightly apart, only to return to their original separation when?®"te reaction r(t)g“ldi'i;tz t;é?;ﬁ:c;on fofcgdue to 3, and molecule 1
they refreeze at the solidification point.

A. Variation of shear stress with pressure and with

film thickness (Sec. IllC and 1lI D) weakly with pressure, resulting in a small effective friction
Figure 4—9 show the variation of the shear str8ssor coefficientC. At the same_time, van der Waals attraction

sliding as a function of the applied normal press@rdor between the boundary lubricant monolayers leads to the ad-

both OMCTS(Figs. 4—6 and cyclohexanéFigs. 7—9. The hesive interaction at zero applied load, and is responsible for

yield stressS,, corresponding to the point at which the the value ofS,. _ o
film reaches the top of the “stick” cycle, increases with A relation similar to Eq(1) also describes the frictional

normal pressure over the range studied for all layer thickforce between a moving surface sliding above a stationary

nesses. Within the scatter, the data may be described by A€ across a8film oh monolayers of linear alkan@sand a
linear relation of the form simple modet® extending the classical Coulomb approach

(designated the cobblestone mgdbehs been used to de-
Se(y)=Scot+ CP. 1) scribe this friction.
For the confinedsolidified) simple liquids described in
Here Sy(n) is the (extrapolatedl value of the critical shear this study our data, as well as theoretical studiéSindicat-
stress at zero applied pressure, which depends on the thickiyg melting of the liquid at the yield point, suggest that in-
nessn of the confined film, andC is a constant. A form sight into their shear behavior requires a different approach.
similar to this was first proposé@*~*"to describe boundary Initiation of sliding, we believe, is associated with melting of
friction of two solid hydrocarbon surfacéfatty acid mono- the confined solidlike film across the entire gap, and the criti-
layers sliding past each other, where for high loa@sich  cal stress required to inititiate sliding is then the shear stress
that CP>S,,) C is the effective friction coefficient. It is of required for such melting. We may attempt a simple model
interest to contrast the case of boundary lubrication with thaof this as follows. We assume our film is of thickness
of shear of simple liquids solidified by confinement to thin hard-sphere molecules solidified by confinement to a close-
films, as in the present study. packed structure and that a Lindemann-like criterion applies
For OMCTS, for which there is more extensive datafor its melting. This postulates that when the molecules of a
(Fig. 5), we see that whil&,,(n) varies systematically with crystal fluctuate from their mean position by a certain frac-
the thickness (molecular layersof the confined film, the tion of the equilibrium lattice spacing, then breakdown of the
slope C is approximately constanffor n=3,4,9, with a  entire lattice follows and melting occurs. Usually this is un-
value in the rang&€~1+0.4. This is much larger than the derstood to be due to the effect of increasing temperature,
valueC~0.03 to 0.04 for the boundary friction between sur-but here we assume it is induced by sH&aFhe model is
faces coated with classic boundary lubricants such as fattylustrated in Fig. 15, and we will use it to evaluate the criti-
acid monolayers! The value of the critical shear stress at cal, or yield shear forcé ) between two surfaces just as
zero applied pressure is also different for the two caseghe top one is about to start sliding relative to the bottom
Seo~10° N/m? for the fatty acid monolayers, buS,, one® This yield shear force correspondskg, at the top
~10° N/m? for the OMCTS films(depending on the number of the stick regime as defined in the inset to Fig. 4.
of confined monolayers). The differences must originate in Consider first the situation in the absence of any shear
the molecular mechanisms involved in the sliding process. Iffiorce, Fig. 1%A). The normal forcé on a given moleculél
the case of the boundary lubricants, sliding between themsay) is given by the sum of the applied lod&A and the net
occurs exclusively at the interface between the two layersadhesive force per moleculfgy{n). P is the pressure ap-
when the interfacial contac{glue to van der Waals forces plied to the top surface, andl is the cross-sectional area of
are sheareff the shear strength of this interface varies onlythe spherical moleculé= o2 whereo is its radiug, while
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TABLE IlI. Critical shear stresses and their pressure variation, comparison of experiment with the shear-melting

model.
Seo? (Fpl.2)tan6
Liquid n c? tan ¢ (10° N/ (10° N/m?)

OMCTS 3 1.4-0.4 ~0.7 1.8:0.4 0.8-0.3

4 1.4+0.4 ~0.7 0.7:0.2 0.6-0.2

5 0.8+0.2 ~0.7 0.5:0.15 0.5:0.15
Cyclohexane 5 3*1 tan ey 0.5+0.2 (0.6£0.2)tanfcy

6 1.5+0.5 tanfcy 0.2+0.07 (0.5:0.2)tanfcy

#Based on fit of Eq(6), S;(y)=S;,+ CP, to data of Figs. 4-9.

bBased on Eq(5). Taking a “2-D” close-packing modelg=30° (see Fig. 15 More realistic close-packing of
spheres giveg~36°. The value of ta for OMCTS is based on the latter. For cyclohex@ed.y may differ
(see texk

Fp(n) is evaluated from Figs.(A) and 1B), while.# is evaluated from the JKR modéRef. 36.

faa(N) is due to the attractive well associated with the struc-demann criterion. The confined film is then liquidlike: it can
tural forces for am-layer film (Fig. 1). i.e., no longer sustain the shear stress and the surfaces(#iele

slip part of the cyclg the shear stress relaxf® the value
f="fa{n)+PA. 2) equivalent taS;sp, in our experimentsand the film solidifies
In the absence of shear, this normal force is balanced by thagain. We may therefore take the critical value of the shear
reaction due to the lower moleculé? and 3 on which the force in Eq.(4), the point at which the molecules start to

molecule rest§Fig. 15A)], so that slide, as that at which the solid will distort catastrophically
f=2f' cos g zinfd m/eIt. _The critical yield stress is then given By,
=Ty A, lLe.,

(for convenience we deal with a 2-D situation as in Fig. 15:
in a close-packed model a given molecule rests on 3 rather Sey) = (faa{n)/A)tan 6+ P tan 6. ®

than 2 other molecules, and so on, but this makes little dif-Thjs has the form of the experimental relationship of Eg.
ference to the treatmentWe now apply a progressively in- apove, with targ corresponding to the “friction coefficient”
creasing shear stressto the top surface. The film can ini- ¢ For the close-packed configuration of Fig. (i6 2-D)
tially sustain such a stress without shearfimgour model the  y—30°, 50 that tar~0.6. (For a 3-D close-packed configu-
molecular layer in contact with each surface is pinned laterration, ¢ is higher; see below and caption to Tablg The

ally at the surface, and cannot slide smoothly pasaitd S0 term (f,,(n)/A)tan @ corresponds t&,4(n) in Eq. (1), the

S is transmitted across each molecular layer to the lowegajye of the critical shear stress at zero applied pressure.
surface: This is the “stick” region of the stick-slip cycle. f_,(n) is directly related to the depth of the attractive well

The horizontal(sheay force on our molecule of interest 1 is of thenth structural oscillation of the normal forcésee Fig.
then given byf;=SA As f, increases, the reaction between 1), as

1 and 2 decreases, while that between 1 and 3 increases until

the point just before molecule 1 is about to slide up molecule  fag{n)/A=(adhesive attraction/molecule
3, Fig. 18B). At this point fg=fg,, the yield shear force
per molecule, the reaction force between 1 andf3 jswhile
the reaction between 1 and 2 is zero. If we assume the = (adhesive force between surfages
spherical molecules may slide tangentially smoothly past
each other, the entire horizontal fortg,) acting on 1 is then
balanced by the reaction due to 3. That is, =F,/. 4 (6)

(area per molecu)e
(contact area between surfages

fsy=Tt'y sin 6. @ 5o that(f ,gf(n)/A)tan 6 may be estimated from the pulloff
The vertical component of the force between molecules force F, corresponding to the attractive well at the relevant
and 3 must balancg that is,f=f, cosé. Substituting from  value ofn (Fig. 1). The area 7= ma’ is evaluated from the
Egs.(2) and(3) gives JKR modef® at zero applied pressure.

In Table Il we compare the experimental valuesSg§

fsi) = (PA+ fagn))tan 6. “) andC with the predictions of this model for several values of
The left-hand sid€LHS) of (4) is the applied lateral force n, for both OMCTS and cyclohexane. We first examine the
per molecule at the point where sliding motion is about tocase of OMCTS, where the assumption of spherical mol-
start, while the right-hand sidgRHS) is the balancing reac- ecules is likely to be better than for cyclohexane. Our pre-
tion. As soon as molecule 1 starts to slide up moleculé 3, diction tan#=0.73 for the *“friction coefficient” (if a
decreases and the forces are no longer in balance: once slispherical-close-packd®CB structure is assumed for the so-
ing is initiated the force resisting it decreases, and distortiotidified molecule$ is in rough agreement with the range of
of the lattice occurs rapidly until melting occurs by the Lin- experimental slope€ for OMCTS (2nd column of Table )L
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The predicted values d&;, show the right trends and are the surfaces, frond to D + 6D say, just as the film melts. A
also quantitatively close to the measured valigesnpare the 5% dilatation would correspond D of orde 1 A or less
last 2 columns in Table Jl The agreement with the data for for D around 5 nm. Such a changebnwould be difficult to
cyclohexane is more qualitative: the predicted magnitudes ofbserve from the motion of the ECO fringes.
C andS,, are of the right order, and the latter reproduce the  Immediately following the melt transition the two sur-
observed trend of the data. Cyclohexane has a more oblafaeces begin to slide relative to each other driven by the shear
structure than OMCTS, and the andle 6 (Fig. 15 con-  forceFg, and at the same time to approach each other under
necting the midpoints of the molecules could be larger tharthe normal forceF. After a timets, the surfaces have ap-
for an SCP structure. In our model this would result in aproachedby 6D) D again, the density becomes once again
larger value(tan 6) predicted for the constar@@ (relative to ~ commensurate with a solidlike behavior under confinement,
an SCP structuje as indeed observed, but in view of the and the film resolidifies. By solving explicitly the equations
simplicity of the model and the complexity of the actual of motion of the two surfaces in the sliding and in the ap-
detailed shape and packing of the molecules it would not b@roach direction it is readily showhthat over the timeg;,
appropriate to pursue this further. the surfaces casliderelative to each other by an amouit

An important aspect of this model relates to the questiorof some nm to some tens of nm, while thagproachonly
of frictional energy dissipation as the top surface is made t®y an angstrom or sdThe reason for this is the large hy-
slide (at a mean sliding velocity) across the lower surface drodynamic resistance to approach of the surfaces when they
(against a mean friction forde,). During the stick part of a are very close together, relative to the much weaker viscous
stick-slip cycle, external work is done on the systetnetch- ~ forces opposing sliding This is precisely in line with our
ing of the shear spring on which the upper surface isobservations. The extent of slidingx prior to solidification
mounted, but there is no frictional dissipation since there is then determines the relation between the yield and the kinetic
no relative motion between the surfaces. Once the confineghear forcesfFqsp=Fy)—KiAX, whereK, is the shear
film liquifies atS= Sy the surfaces undergo mutual sliding SPring constant. According to this picture the resolidification
as the top surface accelerates. Some dissipation then occugsdetermined by the point where the dilatation of the con-
due to viscous shearing of the liquid, while at the same timdined liquid has been eliminated, rather than by the point
the top surface and its mount accelerates and gains kineti¢here the shear stress has dropped to some particular value.
energy. One may shoWthat in the conditions of our study This at once explains the apparently paradoxical “over-
the viscous dissipation is small compared with the kineticShoot” of Fyp) to negative values occasionally observed
energy imparted to the moving top surface during the slip. Af€-9., LHS of lower trace in Fig.)uring a stick-slip cycle.
the end of the slip motion the film refreezes, and the uppef "€ dependence df; on the normal forceshown in
surface stops abruptifthe shear force at that point has re- Figs. 11 and 1Pcan be discussed in terms of this picture, as
laxed to the valué s;). The kinetic energy associated with iS done in more detail elsewheteWe remark finally that a
the rapid “slip” motion of the upper surface relative to the detailed analysis of the sliding of the surfaces during the
lower one is then, at the instant of resolidification and stopStick-slip cycle indicates that the effective viscosity of the
ping, converted into other forms of energy. Solving the asShear-melted liquids during the slip regime is at most of
sociated equations of motion shows explidtyhat the rate  order 3 (for OMCTS, n=3).
vF of frictional work done in sliding the upper surface can
be accounted for if this kinetic energy is dissipated, as deB- Multivalued friction and solid-solid transitions
cribed above, as heat in the form of phonons generated in tHeec- 11B)
upper and lower surfaces. It is of interest that, as shown in  An interesting corollary of the above model is the pos-
Figs. 13-15, the stick-slip behavior persists over the entirgibility of multivalued friction over certain ranges of the nor-
range of velocities studied, suggesting that this dissipatiomal load due to different values &,,(n). As long as the
mechanism indeed holds throughout the conditions of ouapplied normal load is below the value corresponding to the
study. “hump” of the nth structural oscillatior(see Fig. 1, there

The last point concerns the magnitude of the shear forcare (W\+1) equilibrium surface separations, where the nor-
Fssp) at the solidification pointinset to Fig. 4. This is the  mal force is balanced by intersurface repulsion, at the (
point at which the slip regime ends and the confined film,+ 1) discrete film thicknesses corresponding to films of
having been liquified by shear at the yield point, becomeshickness 6-n molecular layers. As the pressure increases,
solidlike again. We suggest the following mechanism. It hagumps occur from the peak of theth oscillation to the
long been known that shear of an ordered array of particleén— 1)th oscillation(it is also possible, as indicated in Fig. 2
can lead to a dilatational effett,and we believe this occurs for the n=6—n=5 transition, and discussed below, for a
also when the confined film undergoes shear-induced meltingrocess to occur whereby the equilibrium surface separation
[when the shear force reaches the yield péigt,]. Com-  (n) changes even at constant pressure below the peak of the
puter simulations show precisely such a dilatation for thinstructural force oscillation As seen clearly from data shown
films sheared between two plat@sThe dilatation may also for OMCTS in Fig. 5(and for cyclohexane in Fig.)8there
be viewed as resulting from the density difference betweemre different discrete values of the yield str&g, required
the solid and the liquidtypically around 5% or less for a to slide the surfaces, corresponding to the differentlues
range of materia)s This dilatation or density reduction in of the confined film thicknesses. These correspond to differ-
the film must manifest itself in the increased separation oent effective friction coefficient{defined as the ratio of
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shear-force required for sliding to the applied Ipa#ls the  for an “effective viscosity” 7.4 of the sheared films, one
normal pressur@ increases, and progressively exceeds theould extract the variation of this “effective viscosity” with
repulsive humps of films with higher values, the number of  the shear ratéwith the caveat that for films that are solidlike
possible values of the effective friction coefficient decreaseshe Newtonian definition we use foj. is not really appro-
(from 3 to 2 to 1, in Fig. % as expected. priate). Clearly, since the shear stress is independent of the
Passage between two values of the friction is broughthear ratey.y* over this range for the confined film$,
about by a solid-solid transition, as shown in Fig. 2 for con-for both OMCTS and for cyclohexarieee, e.g., Figs. 13 and
fined cyclohexane. In contrast to the liquid-to-solid transition4).
induced by progressive confinement alddiscussed in®f),
such solid-solid transitions are associated with shear of the
confined films: the surfaces slide back and forth with respecdP- Variation of stick-slip behavior with sliding
to each other under a givefow) load (see inset to Fig.)2  Velocity (Sec. Il E)
showing a characteristic stick-slip behavior with a certain  The final issue for discussion concerns the variation of
magnitude of the critical yield stress. At the point marked, anstick-slip behavior with shear velocity in the solidlike re-
abrupt transition occurs in the properties of the confinedyime. Stick-slip classically arises when static friction is
solid: The yield shear stress increases, and at the same tirgeeater than kinetic frictiohIn recent years years it has been
the spacing between the surfaces, as revealed by the EC&tensively discussé?2:242529.30.3248 the context of the
fringes, decreases from that corresponding 466 layers of  shear of ultrathin confined films of simple liquidsuch as
cyclohexane(33+2 A) to n=5 (272 A), as a layer of OMCTS), where it has been viewed as related to a melting/
molecules is expelled. No additional normal pressure is asfreezing transition, and of more complex moleculesg.,
sociated with the transition, which may be viewed as pentinear or branched alkanesThe possible existence of a criti-
etration between the two adjacent humps as shown in thga| shear velocity . at which the stick-slip behavior disap-
inset to Fig. 2. Such transitions during sliding between pears is intriguing, and has been described in a number of
=2 andn=1 (for confined OMCTS filmshave been noted stydies?®?* A simple expression for the critical velocity was
in earlier studies?>” though often only when the applied proposed by Robbins and ThompsBnarising from their
pressure was increased during the course of the slidingomputer simulations of the sliding of a plate of mads

i~ 53 . . . . .
motion.”™ _ _ _ across a thin film of simple liquid of molecules of size
The time scales associated with the:6—n=5 transi-  Their expression for the critical velocity was

tion shown in Fig. 2 are of order 1ot2 s or so for the
stick-slip patternfor n=5) to be fully developed. This con- b= CONS Fsy o @
trasts with the earlier observati@of some 3 min required ¢ M

fco_:_;ull ddevelopment of the1=.2—>n:1 transslgon ffor gg where the value of the constant is in the range 0.0520.5.
under strong compression, or some s forrt Figures 10-15 show the effect of varying the shear ve-

—n=2 transition in cyclohexan¥. The difference in time locity both on the yield shear fordey,, and on the kinetic

scales is probably due to the sluggish dynamics associz;th?sql.'ear forceF s, for both OMCTS and cyclohexane at dif-

V;']'thhthﬁl more Conflnz(iliqggﬂsé_?\slgrger “massaglgg” of ferent film thicknesses and loads. Disappearance of stick-slip
t € highly compressen= ) im appears to be re- pohavior would correspond to convergence of these two
quired to attain the configuration associated with fully devel-forces i.e., 10F 31y — Fosp=AFs—0. We see at once from

3 11y s(y, s(sp)— S .

oped stick-slip motioff"** than is the case for the=>5 cy- Figs. 14 and 15 that stick-slip behavior persists over the en-
C'Ohex‘?‘”e film “r.‘der low compressive load. Th? rapld‘[ire range of shear velocities studied. While there is some
relaxation "’?t the highen valges IS con3|s.,ter.1t alsq with the reduction(up to ca. 40%in AFg with initial increase irv,
very short time(<0.5 9 re'quwed for. thﬁ liquid-solid transi- particularly for cyclohexane, its value levels out and remains
tion (whenn=7—n=6) discussed in : finite up to the highest velocities studigdWe may estimate
the values of the critical velocities by which the stick-slip
behavior should have disappeared in our system, as given by
In paper | it was shown that the mean yield stress acroskq. (7). For our system, taking data for OMCTS from Fig.
OMCTS films just following the liquid-to-solid transition, 12, for example, we haveAF,=5x10"° N, K=K;
n=6, was essentially independent of the sliding velooily =300 N/m, Fg,=3X 104N, s=9A=9x101m,
over a 40-fold variation ing. The weak dependence of the M =20 g=0.02 kg. This gives from Ed7), which is thought
shear stresS, on the shear velocity is seen also for thinnerto fit better the behavior of simple liquids such as OMCTS
films. It is particularly marked in Fig. 1tblack squaresfor  and cyclohexang thatv =370 nm/s, taking a value of 0.1
OMCTS films with n=3 (D=26+2 A) which shows the for the constant in Eq(12). As seen in Fig. 12, stick-slip
variation of the force~ required to slide the surfaces with behavior clearly persists to very much higher shear velocities
shear velocity. The mean shear force, and hence the sheafto nearly 4000 nmjs and indeed shows little sign of disap-
stressS., is nearly independent of the shear velocity over thepearing. For the OMCTSn=5) data in Fig. 11, Eq(7)
entire range ofv, (corresponding to shear ratgsin the  would predictv,~70 nm/s, but stick-slip behavior persists
range 75—-1500%), i.e., S.x¥°. Such behavior is charac- over the entire range of sliding velocities, to nearly 3000
teristic of the shear of a ductile sotftrather than of a liquid. nm/s. For cyclohexane to@Figs. 13 and 14the stick-slip
If nonetheless a Newtonian relati®= 7.y Were assumed behavior persists to very much higher velocities than are pre-

C. Variation of shear stress with shear rate  (Sec. lll E)
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dicted for its disappearance by E@). That is, our data do essentially independent of shear velocity over the range of

not support the prediction of E¢7) (indeed within the range our parameters. We also found that stick-slip behavior per-

of our parameters we observe no “critical velocity” at which sisted over the entire range of shear velocities studied, up to

the stick-slip behavior disappeardVe note, however, that values much higher than the velocities at which stick-slip

Eqg. (7) was proposed on the basis of computer simulatiorwas predicted and reported to disappear on the basis of ear-

studies at very different time scal®sand applying its pre- lier work. This may be due to the higher sensitivity of the

dictions to the present experimental conditions involves expresent surface force balance in measuring shear forces.

trapolation by several orders of magnitude and may not be
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