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Friction dynamics for curved solid surfaces with long-range elasticity
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In this work | introduce a model that takes into account the effetdrng range elasticityand apply

it to study the boundary lubrication faurved solid surfacedn particular, | investigate the sliding
dynamics when the block and the substrate are separated by a molecular thin lubrication film. The
role of elasticity and the origin of stick—slip motion is discussed. 2@0 American Institute of
Physics[S0021-960800)70537-X

I. INTRODUCTION II. MODEL

The model used in the present computer simulations was
described in detail in Ref. 6, and here we only give a short
years, the ability to produce durable low-friction surfaces>tmmary. We are concerned with the properties of a lubri-

cant film squeezed between the curved surfaces of two elas-

ar?dl Iubr.|capt fluids hgs become an wpportant fagtor n th%ic solids. In experiments, a system of this type is obtained
miniaturization of moving components in technologically ad-by gluing two elastic slabgof thicknessW, and W,) to
1 2

vanced devices. . . “rigid” surface profiles of arbitrary shape. If the radius of
Recently, a large number of computer simulatfotend ¢ vatures of the rigid surfaces are large comparatf t@nd
analytical studies of simple model systénmave been pre- \y, ' the elastic slabs will deform, reproducing with their free
sented, with the aim to gain insight into the atomistic origingyrfaces theénearly arbitrary shape of the underlying rigid
of sliding friction. All the computer simulations we are profiles.
aware of have used flat surfaces, represented by(#20 To account for the elastic response of the slabs, without
A) solid layers, which could not account for long-range elas-dealing with the large number of atoms required to simulate
tic effects(see, e.g., Ref.)2 However, all experiments re- a mesoscopic elastic solid, in our model we treat at the ato-
lated to boundary lubrication and sliding friction measuredmistic level only the last few atomic layers of the solids at
the properties of curved surfaces of mesoscopic or macrdhe interface. The force constants connecting these atoms to
scopic dimensions, for which the elastic response to externdhe underlying solid, however, are not the bare parameters,
forces is an essential ingredient determining their propertiesietermined by the model interatomic potential. Instead, as
For example, in the surface forces appardtuery thin mica despribed in Ref. 6, tho;e fqrpe cqnstants are treated. as ef-
sheets are glued onto two cylindrical glass rods. By bringinJeCt'Ve parameters that |m.pI|C|tIy felntroduce the elastic re-
the cylinders(rotated by 90° relative to each othén con- ~ >PONS€ of the slabs of arbitrary widdl, andW,.
tact, a common interface is formed, whose shape and size %rnges?r:]OpTesslgligfebg ttt(i)c:g l\?/)i/tﬁrlgzttizz Efg:nnaﬂac:gi
determined by the elastic deformation of the two solids.

Curved surfaces are, of course, also involved in almost evereral dimensiorl., = N,a andL,=N,a. In the following, pe-
' ’ Modic boundary conditions are assumed in xyeplane.

real life sliding system, since even nominally flat surfaces Between the block and substrate we assume a layer

have defects and asperities, and the contact between g, onolayer or more of lubrication atoms, which interact
macroscopic bodies will always occur in a number of dis-yith each other via Lennard-Jones pair potentials:
crete areastypically of micrometer size For very smooth

ol [ro\®

r r/ |

surfaces, the asperities will mainly deform elastically, i.e.,
rhe parameterse(,ro) have been chosen to describe Xe.

negligible plastic deformation will occur.
We also assume that the lubrication atoms interact with the

In an earlier work we have introduced a model that take
into account the effect of thiwng-range elasticityand we

atoms of the solid surfaces via Lennard-Jones pair potentials
but with different parameterse(,r,).

have applied it to boundary lubrication afurved solid

surfaces In particular, we focused on thegueezinglynam-

ics of molecular thin lubrication filmg.We considered the In our simulations we shall assume that the block is
nature of then—n—1 layering transition(wheren is the  moying, while the bottom surface of the substrate is fixed in
number of layers of lubrication atoms between the solid surspace. To the block is connected an external spfapging
faces, that occurs with increasing applied presshite.this  constank,) and the “free” end of the spring moves with the
work we apply the same model to investigate 8lgling  velocity v, parallel to the substratsee Fig. 1 The mass of
dynamics when the block and the substrate are separated khe sliding block is denoted hbiyl. Before sliding, the system

a molecular thin lubrication film. is “prepared” by starting with well separated solid surfaces

Sliding friction is one of the oldest problems in physics
and has, undoubtedly, a huge practical importdricerecent
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FIG. 1. Schematic picture of the sliding system used in the present paper. 2
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(no atomic contagtcovered by the lubrication atontsorre- < i3
sponding to typically four monolayers of Xe atomslext, | e
the upper surface of the block is moved witkil@v) constant 0 0.4 0.8 1.2 1.6
velocity towards the substrate until the average presByre r/a

N L./(.LXLV) (WhgreL Is the load or ”Orma' f_or(jetak_esj SOME bi6. 2. The potential energyop) and the height above the surfat®ttom)
definite predemded value. As described in detail in Ref. 6as a function of the lateral position of the Xe atom between on-top—hollow—
this will result in a flattened out region with a well-defined on-top (see the inset
number of Xe-monolayers between the surfaces. In the
present case a single Xe-monolayer occurs in the high pres-
sure contact regiofsee below surfaces, the effective barrier for diffusion will strongly in-
In the simulations presented below, we assumed that therease. The substrate lattice constant3.2A is much
elastic properties of the solids correspdag@proximatelyto ~ smaller than the equilibrium Xe—Xe separatiomhich is
steel. That is, we us&=10" N/m? (elastic modulus »  close tor,=4 A). As a result, the Xe-monolayer adsorbed
=0.3 (Poisson ratify and p=5096 kg/n? (mass density  on the substrate forms an incommensurate hexagonal struc-
The block is 100 A thick and has a cosine corrugation alondure.
the x direction, while the substrate is flat and consists of just
one monolayer of atoms. The parameters for the interactio
among the lubricant atomse{=20 meV,r,=4 A and the i siMULATION RESULTS
atomic mass 100correspond to xenon. Let us first note the following: The maximum static
In the computations | have assumed the mass of thehear stress observed in the computer simulations presented
block M=10>m (wherem is the Xe-atomic magsandr, below is of ordero~10° Pa. Since the shear modul@
=1.1r,=1.37%, wherea is the common lattice constant of ~4x10'°Pa, it follows that the maximum displacemant
the block and the substrate. We also assueje 3¢q (u=~oWI/G in the present cagef the contact area, relative
=60meV, N,=200, Ny=30. The number of Xe atoms in to the center of mass of the block, will be of the order of a
the basic unitN= 14000 correspond to roughly four mono- few tenths of an A, i.e., about a factor of 10 smaller than the
layers of Xe atoms. However, after the surfaces are squeezdattice constant. Thus, the motion of the bottom surface of
together with the(average pressureP,=10°Pa, only a the block will closely follow that of the center of mass of the
single monolayer remains in the flattened out contact aredlock. However, in most practical cases the displacement
Thus, most of the Xe-fluid is trapped in the vacancies bewill be much larger than the lattice constant, and in these
tween the surfaces. All results presented in this paper are farases it is possible for the contact area to perform large-
the temperaturd@ =200 K. amplitude(compared to the lattice constarstick—slip mo-
Figure 2 shows the potential ener@y eV) (top) and the  tion even if the center of mass of the block moves steadily
equilibrium height(in units of the substrate lattice constant forward with a nearly constant velocity. For example, if the
a) (bottom for a Xe atom displaced over the substrate fromradius of the contact ard@=10u m, then even for an elas-
an on-top site, over the hollow site, to another on-top sitdically stiff material such as steel, the displacem@eate Sec.
(see the inset The Xe atoms bind strongest in the hollow 1V) u~(o/E)R~1000A, i.e., much larger than the lattice
sites and weakest in the on-top sites. The binding energy inonstanta~1 A.
the hollow site isEg=0.46 eV, and the overall corrugation Figure 3 shows the kinetic frictional stress as a function
in the binding potential energy surface equals 13%. The flucef the sliding velocity. Although the spring force is nearly
tuation in the height of the Xe atom between the hollow andconstant, the shear stress acting on the lower surface of the
on-top site is 0.08. We note, however, that when an adsor-block exhibits periodic oscillationgperiod T), correspond-
bate layer is confined at high pressure between two solithg to a spatial wavelengtbT=a, wherea is the lattice
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40 tion will be even smaller, in particular in the multicontact
case, where the phase of the stress fluctuations in the differ-
ent junctions will be nearly uncorrelated. It is interesting to

8o note that, forv >60 m/s, the(averagg velocity of the lubri-
cation film in thecontactarea equal®/2, wherev is the
20l center of mass velocity of the block. Thus, the adsorbate

layer (in the contact argaslides with the velocity /2 relative
to both the substrate and the block. However, whermle-
10 creases below 60 m/s tHaverage velocity of the lubrica-
tion film gradually increases towards and forv <30 m/s,
. . the velocity of the lubrication film equals the velocity of the
0 100 200 block. If the block and substrate were identical, this would
v (m/s) be a manifestation of &dynamically broken symmetry, but
in the present case it simply reflects the fact that the block is
FIG. 3. Kinetic shear stress as a function of the sliding velocity. 100 A thick, while the substrate consists of just one layer of
atoms. This allows the block to deform more easily than the
substrate, resulting in a stronger pinning of the lubrication
atoms to the bottom surface of the block. In spite of this
change in the sliding dynamics in the velocity interval 20
aWéK v <60 m/s, there is a negligible variation in the mag-
nitude of the frictional shear stregsee Fig. 3. Forv<20
/s, the shear stress drops, but | have not been able to un-
d(?erstand the origin of this effect. When the spring velocity is
reduced below 9 m/s, the steady sliding motion becomes
unstable, and the block performs stick—slip motion. This

stress (MPa)

constant of the solids. This is illustrated in Fig. 4 which
shows(a) the velocity of the bottom surface of the block and
(b) the shear stress when the spring velocify9 m/s.(In
the simulations the steady state has not yet been reached,
the velocity exhibits some “long-time” oscillations.The
stress shown in Fig. 3 has been obtained from simulations
the type illustrated in Fig. @) by averaging over the time
periodT. Within each period the lubrication film goes from a
pinned solid state to an incommensurate sliding state

Fig. 10, i.e.,the bottom surface of the block performs stick critical velocity depends in general on the spring. constant
slip oscillations, even if the center of mass moves (nearlyl(s: @nd on the maskt of the block. When the velocity of
he block increases, the amplitude of the stick—slip oscilla-

steadily That is, because of the big mass of the block and th

high frequency of the stress fluctuations, the effect of thdions in the shear stress decreases. At high enough velocity,
stress fluctuations on the velocity of the block is very small Pecause of the inertia of the lubrication atoms, the adsorbate

dayer will not be able to fluctuate between the hexagonal
structure and the commensurate domain wall structure, in
which case the hexagonal structure should prevail for all
18 time. This type of behavior has been observed in other com-
@ 1 puter simulations. However, | have not been able to study
this limit in the present case since, at very high velocities
12 \ i (v>240 m/g, the lubrication film is(rapidly) squeezed out
‘ from the contact area.

Figure 5 illustrates the influence of acceleratiand re-
6 T tardation on the shear stress. In this case the spring velocity
is so high ¢ s~67 m/9 that the steady sliding state is stable,
but the system has not reached the steady s$théeblock
0 performs damped oscillations, where the center of mass ve-
60 ®) locity of the block converges towards,~67 m/s with in-
1 creasing timg Time is measured in natural units
[(mr%/eo)l’z] and the stress and the center of mass velocity
30 ] of the block have been averaged over a short-time interval
At=4. Note that thdrictional shear stress is maximal when
the acceleration of the block is maximélertical dashed
0 MEREE 1‘ ’ | WL line), andminimal when the retardation of the block is maxi-
mal This result may at first seem surprising, since for the
velocities exhibited by the blocksee Fig. 3 20 m/s<
100 200 v <100 m/s, the steady state frictional shear stress is nearly
constant(see Fig. 3. However, the explanation for the ob-
served behavior is simple. During acceleration, the Xe fluid
FIG. 4. The(aver_agézvelocity of the bottom surface of the blo¢® and th_e ~in the cavity region between the two surfagese Fig. 1is
shear stress acting on the lower surface of the block from the Iubncauorbragged by the sliding block and will exhibit the same accel-
atoms (b), as a function of time. The simulations are for a case where ) L . .
(smooth kinetic sliding is stable and the system approaches constant stre@fation as the block. Thus, the lubrication fluid will exert a
and sliding velocity for increasing time. Fot=9 m/s andks=3 N/m. force of inertia on the block, which gives rise to the maxi-

In macroscopic systems the effect on the center of mass m

velocity (m/s)

stress (MPa)

-30
0

time
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FIG. 5. The sliding velocity of the blocka) and the shear stress acting on
the lower surface of the block from the lubrication atofinsas a function of

time. The simulations are for a case whé&mooth kinetic sliding is stable 80+t
and the system approaches constant stress and sliding velocity for increasin¢g:
time. Note that the shear stress is maximum when the acceleration of the g
block is maximal, while the shear stress is minimal when the retardation of .

the block is maximal. Fov =66.7 m/s ancks=3 N/m. '§ 401
g
mum in the friction force during the acceleration of the 0 " . o
block. Similarly, during retardation there will be an inertia
force on the block from the Xe-fluid, acting in tlopposite 80 @ " " " " " =

direction to the shear stress in the contact area, and the force
on the block from the lubrication layer will therefore take its
smallest value when the retardation is maximal.

Figure 6 shows the sliding dynamics when the spring
velocity (vs=8.89 m/g is so small that the block exhibits
stick—slip dynamics. Figure(é shows the spring force as a
function of time(in natural units. Note that the spring force 0
becomes negative towards the end of both slip events. This
implies that(because of the inertia of the blogkhe external
spring is compressed before the motion of the block stops.

. . -40 . . . . . . . .
Note, however, that there is a fundamental difference be- 0 600 1200 1800
tween the two slip events displayed in Fig. 6. In the first slip
event the motion of the block does not stop when the center
of mass velocity vanishes for the first time, which occursFIG. 6. Stick—slip dynamics. The figure shova the spring force divided
close 1o the minimum of the Spring force, but rather thefy e L2170 1 e sl bk e e eancen 1) 0,
block continues to slide for a while in the opposite direction.on the lower surface of the block from the lubrication atoms. In the calcu-
This effect is more clearly displayed in Fig(® which lationsv,=8.89 m/s ancks=3 N/m. Time averaged ovekt=4.
shows the position of the block as a function of time. Note
that the distance the block has slid decreases close to the end
of the first slip event. On the other hand, at the second slipf mass velocity vanishes for the first time is in drastic con-
event the motion of the block stops when the center of massast to the often assumed classical friction law, where the
velocity vanishes for the first time. | have performed manyfriction force Fo=*F, for v #0 and —Fs<Fy<F4 for v
simulations of stick—slip dynamics and found that these two=0. Clearly, there is some characteristic relaxation time
types of slip events occur with roughly equal probability. such that if the block spends too short a titeemparing to
The fact that the block does not stop sliding when the center) in the regionv~0, the lubrication film has no time to

40}

stress (MPa)

time
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FIG. 7. Mechanical vibration of an elastic block with the bottom surface
pinned to the substrate.
500 525 550

time
relax into the pinned configuration. Figurécp shows the
veIocity of the center of mass of the block. Note that. inFIG- 9. lllustration of the transition from stiekslip in Fig. 6, on an ex-
accordance with the discussion above, the velocity is negaf’—anded fime scale and without time averaging.
tive close to the end of the first slip event. The damped
oscillations in the center of mass velocitgnd the shear

stres$ immediately after the bottom surface of the block sticks (at the end of both slip eventare due to mechanical

vibrations of the blocksee Fig. 7 and have recently been
observed in surface forces apparatus measurerhétggire

6(d) shows the shear stress acting on the lower surface of the
block from the lubrication layer. In this figure, we have again
averaged the stress over the time interka 4.

Figure 8 shows the stick—slip dynamics on an expanded
time scale in the vicinity of the onset of the first slip event.
We focus first on Fig. & which shows the shear stress
(averaged oveAt=4). Although the slip velocities are such
that one would(from Fig. 3 expect the shear stress to be
nearly constant during slip, it decreases monotonically with
increasing time. This result is simple to explain: according to
Fig. 8b) the block first accelerates and then retards. The
acceleration is maximal very close to the start of slip, after
which the acceleration decreases continuously with increas-
ing time. This is followed by a time interval where the block
retards, and the retardation is maximal close to the time point
where the block reverses €0) its motion. We have shown
above(see Fig. 5 that, because of the inertia of the trapped
fluid, during nonsteady slip the frictional stress is maximal
when the acceleration is maximal and minimal when the re-
tardation is maximal. This explains the monotonic decrease
in the kinetic frictional stress during slip in Fig(@. The
oscillations in the shear stress for 675, which start when
the bottom surface of the block stickatt=675) is due to
mechanical vibrations of the blo¢kee Fig. 7. Note also the
large fluctuations in the shear stress during reverseQ)
slip. This reflects the stick—slip motion of the bottom surface
of the block which, as mentioned above, occurs even during
steady sliding. Such oscillations also occur during the for-
ward slip ®>0) time period, but in this case the sliding
velocity, and hence the frequen@y time) of the stress os-
cillations, is so high that the fluctuations nearly disappeared
after the time averaging.

Figure 9 shows the onset of slip on an even more ex-
panded time scale and without time averaging. Note the
strong oscillations in the shear stress during slip, and the
FIG. 8. From Fig. 6 illustrating the transition from stickslip—stick on an ~ decrease in the time periddof the oscillations as the speed
expanded time-scale. Time averaged oder 4. of the block increases. In each oscillation the bottom surface

distance (A)

velocity (m/s)

stress (MPa)

500 600 700 800
time
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X S I\ .. , high pressure part of the contact area, the adsorbate layer forms a commen-
8) (“2 ..:.0. surate structure which allows the solid surfaces to come closeétzpye-
& %cqqggo(%ggooocgg%@% sulting in elastic relaxation which is the driving force for the phase trans-
X 3“0%0800 0080 %88% formation. Close to the periphery of the contact area the pressure is low and
(,ﬂaoo % OO 08 %O the adsorbate takes a high-density hexagonal structure which maximizes the
Q0 ; ®) o%oo O Xe—Xe binding energy.
0 600206 00 6 e ST
(b) t=1800 (slip) tial (hexagonal structujephase and allows the system to
90000000 9090000000000 0900000 release elastic energy, which is the driving force for the
55%) Q (@) q . . . .
09900080%0 80%080%&%% e &%DQ% phase transformation. It is also interesting to note that at the
, %?oooooo 808&8)(880 &0 oo??%?)% ' end of squeezingbefore sliding, a hexagonal layer is
00330 2 (%%o%d)g) %S O%o 2 %83'@3 ' formed everywhere, and only after sliding a finitghord
istance, the domain-wall structure is formed in the hi
o 0OCOERBOG0 dist the d Il struct formed in the high
Q0 5
D

XCIONOIXOY® o§g 000 only after some “massage” time periddr sliding distance
%g% 2000 Ogj%oooég %380 R (%5 %’o does the adsorbate layer reach its final steady-state structure,
@ 0000 00000090 0000000 o .
o§oo (%) S %o O%% OOo where the adsorbate concentration in the high-pressure re-
20955 %) Oooqgo%oeoooo SO oSS gion is lower than that of the original hexagonal structure;
oS, 30600 O%) oo o%oqggbog% :
ndds i

%00%03308% é)ﬁ()) 2 (g)oo% 0%8000(2;0 similar effects& has been observed in surface forces apparatus
Ooo(%)oooégc)?o A L S P TR e measurements. .

A detailed study of snapshot pictures of the adsorbate
FIG. 10. Snapshot pictures of the central region of the lubrication(fmat layer during the transition from stick to slip shows that slip
stick and(b) during slip. starts at the periphery of the contact area and propagates
rapidly (with a speed of order the sound velogitpwards
the center of the contact area. This is the picture one would
expect based on continuum elasticity theory. Consider, for
example, an elastic sphere squeezed against a rigid substrate.
Shis gives rise to a pressure distribution of the form

et %
© 00
%8%%’ 0&0580;00 5 Obﬁogjg?g%g% %%% pressure regioicompare Figs. 21 and 23 in Ref). 6Thus
S i
0

of the block displaces a single lattice spaciagso that
vT=a.

Figure 10 shows snapshot pictures of the adsorbate lay
during (a) stick and(b) slip. Note that during slip the lubri-
cation film forms a nearly perfect incommensurétexago- P~[1-(r/R)?]*,
nal) structure. During stick, the lubrication film in the central whereR is the radius of the contact area. If, in addition, a
(high-pressureregion of the system exhibits a pinned do- (gngential force is applied to the elastic sphere, while no slip
main wall structure, where small rectangular areas of comg.curs at the interface, then the tangential stresswill act

mensuratec(2x 2) structure are separated by high-density ¢ the interface wherépproximately’
domain walls. In the periphery of the contact afkat still in ' 1o
the area where a single Xe-layer ocguthe adsorbates form ox~[1=(r/R)“]™ "< 1

a hexagonal structure. The origin of this effect is as follows:Thys in the continuum approximation, an arbitrary weak
By forming the more oper(2x2) structure rather than the external tangential force gives rise to an infinite shear stress
high density hexagonal structure, it is possible for the surgt the periphery of the contact area. Of course, in an atom-
faces of the elastic solid to relax slightly towards each otheristic model the stress remains finite, but it is expected to be
If the surfaces approach each other by the distacésee  |argest for ~R and the slip should start at the periphery. For
Fig. 11 then this will give rise to a gain of elastic energy r~R, (1) reduces too,,~(R—r)~Y2 which is the same

(per unit areaby PAz, whereP(x,y) is the local pressure in - jnyerse-square-root singularity as exhibited by the stress field
the contact area. At the periphery of the contact @and in the vicinity of a crack tip, and, in fact, the onset of slip in
thus also the elastic relaxation energy, will vanish, and thgpe present case can be considered as a crack propagating

(which maximizes the Xe—Xe binding enejgglose to the

boundary of the contact zone. | note that a similar effect ha

been observédiuring the squeeze-out of the lubrication film V. DISCUSSION

(say fromn=2 ton=1 Xe monolayers where a transient The perhaps most important problem in boundary lubri-
structure, which opens the way for the layering transition, iscation is to understand the nature and origin of the transition
first formed. This structure has a lower density than the inifrom slip to stick. Since sliding friction involves buried in-
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terfaces, practically nothing is known from direct experimen-faster than the increase in the pinning force which results
tal observation about the the processes which occur in thEom the growth of the solid island, then the solid island will
lubrication layer. In several earlier publicatioh¥'* we  shear melt, and no transition to the stick state can occur.
have studied the slip—stick transition theoretically, and in At the transition from steady sliding to stick, the kinetic
this section we will apply the theory to the computer simu-energy of the sliding blockv?/2 must be converted into
lation presented in Sec. Ill. elastic energy in the lubrication film and in the walls of the
The following discussion is based on experiméhtal block and the substrate. For the system studied in Sec. Il
and theoreticdl™® arguments which suggest that the transi-one finds that about half of the energy is stored in the walls
tion from slip to stick involves nucleation of solid structures and half in the lubrication film. The critical velocity,,
in the boundary lubrication film. In the model studied abovecalculated under the assumption that the block will stop
an incommensurate hexagonal structure prevails during slijoving when the kinetic energy of the block has decreased
while a solid domain wall structure is formed at stick. In g the point that it can be stored as elastic energy in the
some earlier simulations, either an incommensurate structuigstem without generating so high shear stress at the inter-
or a fluidiike structure prevailed during sffpin the latter  face that the solid lubrication layer fluidiz&%!Lis of order
case the transition from slip to stick involved the nucleationvcz 17 m/s, which is relatively close to the observed critical
of the solid structure. This scenario is likely to prevail whenyg|ocity ~9 m/s. Thus, the present mechanism is likely to be
the lateral corrugation of the adsorbate—substrate interactiope origin of the transition from slip to stick for the model
potential is “large,” and should also be more favorable for sygied in Sec. Ill. We have not performed any systematic
“complex” lubrication molecules, €.g., long change fydro- spqy of the dependence of the critical velocity on the mass
carbons(calculations to check this are under wand for  of the plock for the model studied in Sec. Ill, except to
(rea) surfaces with defects, e.g., steps, which would tend tQ,ice thatv, increases when the madé is reduced, in
break up any solidlike structures in tiigiding) lubrication accordance with theor’;?.*“
film. At very low sliding velocity the whole |ubrication film For more realistic situations, where the radius of the con-
Is likely to consist of solid domains which fluidize and re- 1 are4 is much larger than in the model study presented in
freeze in a stochastic mannieee Ref. 18 In this latter case  go. | the elastic energy stored in the solid walls will be

there will be a highly nonuniform stress distribution at themuch more important than the elastic energy stored in the

mte_rfacg, |.e.,_ associated with each_ so_hd domain in the IlJbrITubrication film at stop. To see this, let us note that the elastic
cation film will be a stress domain in the block and the

3 . ; energy stored in the lubrication film is proportional to the
substraté: However, n aI.I these cases jther.e will be SOME ontact area~ R?, while the elastic energy stored in the
characteristic relaxation time (or a distribution of relax-

. . 3 . .
ation timeg associated with the strengthening of thejunct|0nWaIIS 'S propqmonal o the voIqmeR (smcg the elastic
o . o . . deformation field extends a typical distanBento the sol-
at stick: in the first two cases, this is associated with the . o
) L . .ids). Thus the ratio of the volume and surface contributions
nucleation and growth of the solid pinned structures, while in

the latter caser characterizes the speed with which the in—m:zga;e Nalzrza.\t:;git}l/glC?I()gpﬂc\?\;{rz?:hl?s\/ggg:ﬁ i%%gl:ir;a;f
homogeneous stress distribution at the interface relaxes t PP A

wards the stress free stafe ?érger than in the model study presented in Sec. Ill. Thus, in

In the following discussion we will assume that the _most cases of practical importandke elastic energy stored

spring constank is very weak, in which case the transition ml th? walls will be a(ljfgctcr)]r Olf éQOO .tlmef.sl gr:.ea;er that the
from steady sliding to stick—slip motion will occur at a criti- elastic energy stored in the lubrication lIkghis fact was
cal sliding velocityv., which is independent oks and overlooked in the work by Robbins and ThompShnwhen

which equals the lowegsteady-statesliding velocityv,, of this fact is taken into acc_ount, the critical velqcixy calcu- _
the block on a tilted substrateee Refs. 10 and 11 lated under the assumption that the block will stop moving

Consider a block sliding on a lubricated substrate. Let ugVhen the kinetic energy of the block has decreased to the
consider the formation of a solid domaiisland which pins point that it can be stored up as elastic energy in the block, is

. - 8
the two solid walls together. We have shown elsewhere thatPout 1000 times larger than observed by Yoshizatval.
even if the solid island would be formed instantaneouslyfor hexadecane between mica surfat8.Thus, the mecha-

there should be no problems related to the inertia of th&ism considered above cannot be the origin of the transition
sliding block. That is, because of the finite elasticity of thefrom slip to stick for most real sliding systems.

solids, it is possible for small surface regions at the interface L€t us now present another mechanism for the transition
between the block and the substrate to be pinned abruptfom slip to stick which may be more relevant to practical
without generating huge shear stresses as a result of the sli@Pplications. First, as pointed out above, the transition from
ing motion of the block. Thus, the initial increase in the shearslip to stick is likely to involve nucleation of solid structures
stress at a solid islan@adiusr) is associated with the elastic in the lubrication film. Let us assume that at time 0 a
stopping waves generated in the confining solid walls, busmall circular solid region of radiusand area\A= 7r? has

the resulting increase in the shear stress is entirely negligibléeen formed due to a fluctuation. The solid island pins the
For timest>r/c~10 ! s [wherec is the sound velocity, two solid walls together. For times>0 the shear stress in-
andt the time after théabrup) formation of a solid structure creases monotonically with time. As described in Refs. 1, 10
with radiusr], the shear stress increases monotonically withand 11, if this increase in the shear force is faster than the
time. If the increase in the shear force with increasing time isncrease in the pinning force which results from the growth

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5484 J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 B. N. J. Persson

of the solid island, then the solid island will shear melt, andelastic solids such as rubbeiVe will also study the influ-

no transition to the stick state will occur. ence of different types of surface corrugation on the squeeze-
out and sliding dynamics.

V. SUMMARY AND CONCLUSION
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