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The properties of Xe, CHand GgHz,4 lubricant confined between two approaching solids are
investigated by a model that accounts for the curvature and elastic properties of the solid surfaces.
We consider both smooth surfaces, and surfaces with short-scale roughness. In most cases we
observe well defined molecular layers develop in the lubricant film when the width of the film is of
the order of a few atomic diameters, but in some cases atomic scale roughness inhibit the formation
of these layers, and the lubricant exhibit liquid-like properties. An external squeezing-pressure
induces discontinuous, thermally activated changes in the numbglubricant layers. We observe

that the layering transition tends to nucleate in disordered or imperfect regions in the lubrication
film. We also present and discuss results of sliding dynamics for Xe agds;f£lubrication

films. © 2002 American Institute of Physic§DOI: 10.1063/1.1491888

I. INTRODUCTION common interface is formed, whose shape and size is deter-
mined by the elastic deformation of the two solids. Curved
A ' surfaces are, of course, also involved in almost every real life
and has undoubtedly huge practical importahde.recent - : .

sliding system, since even nominally flat surfaces have de-

years, the ability to produce durable low-friction surfaces "
. ! ; . fects and asperities, and the contact between two macro-
and lubricant fluids has become an important factor in the

o . . : i ies will alw. rin a number of discr r
miniaturization of moving components mtechnologlcallyad—SCOpCbOdes always occur in a number of discrete areas

vanced devices. For those applications, the interest is fo(_typically of micrometer size For very smooth surfaces, the

cused on the stability under pressure of thin Iubricant films2SPerities will mainly deform elastically, i.e., negligible plas-
tic deformation will occur.

since the complete squeeze out of the lubricant from an in® .
terface may give rise to cold-welded junctions, resulting in Ve note that in surface forces apparat88A), and also

high friction and catastrophically large wear. in atomic force microscopyAFM) studies the sliding veloc-
Recently, a large number of computer simulations andty is usually much lowexof order 0.01-10Qum/s) than in
analytical studies of simple models have been presentedost practical applications. In such applications, however, it
with the aim to gain insight into the atomistic origin of slid- is of fundamental importance to understand how fluids re-
ing friction. Most computer simulations have used flat sur-spond to severe and sudden changes of the environment.
faces(with one important exception, Ref),2epresented by Thus, it often happens that fluids sustain the ultrafast and
thin (5—20 A) solid layers, which could not account for long transient alteration of pressure, deformation rate or film
range elastic effectésee, e.g., Ref.)3However, all experi- thickness. We do not yet have good ways of thinking about
ments related to boundary lubrication and sliding frictionhow fluids respond to a severe change of environment that
measured the properties of curved surfaces of mesoscopic atight last for a tiny fraction of a second. Some aspects of
macroscopic dimensions, for which the elastic response tehis short-time response of liquids and confined fluids can be
external forces is an essential feature. For example, in thgrobed using computer simulations. A good understanding of
Surface Forces Apparat(is® very thin mica sheets are glued such computer “experiments,” done for model systems char-
onto two cylindrical glass rods. By bringing the cylinders gcterized by differentrealisti parameters, may lead to a
(rotated by 90° degrees relative to each otfiercontact, & petter understanding of the dynamics of thin confined liquid
films and of boundary lubrication.
¥Electronic mail: b.persson@fz-juelich.de In this work we consider such a model system that takes

Sliding friction is one of the oldest problems in physics

0021-9606/2002/117(8)/3897/18/$19.00 3897 © 2002 American Institute of Physics

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



3898 J. Chem. Phys., Vol. 117, No. 8, 22 August 2002 Persson et al.

into account the effect dbng range elasticityn the confin-  separated by unpinned or weakly pinn@acommensurade
ing solids, and we apply it to study boundary lubrication for lubrication layers, fast and complete layering transitions usu-
curved solid surfacesln particular, we investigate the ally occur. Commensurate or strongly pinned incommensu-
squeezing of molecular thin Xe, GHmethang¢ and G¢Hs,  rate layers lead to sluggish and incomplete transitions, pos-
(hexadecaneubrication films, focusing on the nature of the sibly leaving islands trapped in the contact region. In fact,
n—n—1 layering transitiongwheren is the number of lay- for commensurate layers we observe that it is nearly impos-
ers of lubrication atoms between the solid surfactst oc-  sible to squeeze-out the last few layers simply by increasing
cur with increasing applied pressure. We also study the inthe perpendicular pressure. However, the squeeze-out rate is
fluence of short-wavelength surface roughness on thenhanced by lateral sliding, since, in this case, the lubricant
squeezing dynamics. In two earlier publications one of udilm can turn into a disordered or fluid-like state, facilitating
has used the same model and presented results of squeezthg ejection of an entire layer.
and sliding with Xe as the boundary lubricdrtlt is impor- In this study we consider the late stages of the approach
tant to note that the qualitative picture that emerges fronof two solid surfaces, wetted by Xe, GHor CigHz, lubri-
these simulations is valid for almost every solid interface,cants, and forming a curved interface. Our simulation repro-
even if no lubricant has been intentionally added, since mogiuces the step-like evolution of the parameters characterizing
real surfaces are covered by organic contaminants whicthe interface, corresponding to the discontinuous change in
have an effect very similar to that of added lubricants. the numbem of lubricant layers in the region of shortest

In the case of two curved elastic surfaces, the lubricangeparation. We discuss in detail the nature of the nucleation
in the region of closest approach is in contact with the lowof the squeeze-out of the last two layers of lubrication mol-
pressure “reservoirs” that correspond to the regions withecules.
larger separation. With increasing pressure the width of the
lubricant film in the regions of closest approach is reduced
by discontinuous steps, corresponding to the reduction in thé- MODEL
number of two dimensiona2D) lubricant layers at the in- Our model was described in Ref. 7, and we review it
terface. The elimination of each layer starts with the nucleyiefly here. We are concerned with the properties of a lubri-
ation of a 2D void, which progressively grows by ejecting cant film squeezed between the curved surfaces of two elas-
atoms into the low pressure regiofi:***We have shown ¢ solids. In experiments, a system of this type is obtained
earlier that the void formation is a thermally activated pro-py gluing two elastic slabsof thicknessW; and W.) to
cess, which, for 2D liquid-like layers, can be described byrigid” surface profiles of arbitrary shape. If the radius of
concepts borrowed from classical nucleation théory. curvatures of the rigid surfaces are large comparatf{@nd

In many practical situations the nucleation of the layer-w,  the elastic slabs will deform, reproducing with their free
ing transition may occur at some “weak” point between the surfaces thénearly arbitrary shape of the underlying rigid
surfaces where imperfections, e.g., foreign adsorbdites  profiles.
water or some organic contaminatjprmay locally reduce In what follows we denote the lower solid asbstrate
the spreading pressure. The latter can even become negativghich is taken to be fixed in space. The upper solid, denoted
i.e., nonwetting. This has been observed in some experimentgsblock will be moving. To account for the elastic response
where the layering transitions start repeatedly at the samef the slabs, without dealing with the large number of atoms
point in the contact are&. Similarly, in our computer simu-  required to simulate a mesoscopic elastic solid we treat ex-
lations for GgHz, and Xe presented below we observe that ifplicitly, at the atomistic level, only the last atomic layer of
the tip of the block-asperity is centered over a disorderedhe solids at the interface. These atoms are connected to a
region in the lubrication film, the squeeze out nucleates at &gid curved surfacéor profile) of mass M. The force con-
lower pressure than when it is centered over a well orderedtants connecting these atoms to the rigid profile, however,
region. This situation is obviously similar to that for three- are not the bare parameters, determined by the model inter-
dimensional systems, where the formation of a new phasetomic potential. Instead, those force constants are treated as
e.g., solidification of an undercooled liquid, usually starts ateffective parameters that implicitly re-introduce the elastic
“impurities” or at other anomalous points, such as dust par-response of the slabs of arbitrary widtth, andW,.
ticles, ions, surfaces, etc. The model is illustrated in Fig. {see also Ref.)7 The

The assumption of a 2D liquid-like state for the lubricantatoms in the bottom layer of the blo¢&pen circles form a
layer is often not justified in practice, as indicated by a nonsimple square lattice with lattice constamt and lateral di-
vanishing static friction force measured at most interfacesmensiond.,=N,a andL,=N,a. In the following, periodic
Instead, the lubrication film is partly or entirely in a solid- boundary conditions are assumed in ®eplane. The atoms
like state, which can be either commensurate or incommerinteract with each other via “stiff” springsthick lines and
surate with the solid walls, and sometimes it is in a glassyexecute bending and stretching motion characterized by a
state. Earlier simulations using Xe as a lubricant have showbending force constarkys and a stretching force constant
that even for solid-like lubrication films, the thinning of the k,, respectively. Moreover, each atom is connected to the
interface occurs in steps, and the layering transition starts bypper rigid surface profile by “soft” elastic springs, of bend-
the nucleation of a small “hole”(stress aided activated ing force constank;g and stretching force constakf. The
process’ However, the squeeze-out kinetics depends on theumerical value of all these force constakgs kog, k; and
precise state of the lubricant layers. For flat solid surface&,g are determined in such a way as to mimic the elastic
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. FIG. 2. Snapshot pictures of the two system geometries studied in the

FIG. 1. Schem_atlc picture of the central region of the squeezing model Inpresent paper. The bottom surface of the block atoms and the top layer of the
the present article.

substrate atoms and the lubrication atoms or molecules are indi¢ajed.
Cosine corrugated blockn the x-direction with lateral size 640 Alin the

. x-direction and 96 A(in they-direction lubricated by Xe atomgb) Gauss-
response of the entire slab. If we apply a shear sidssthe  jan asperity-block with lateral size 20054200 A lubricated by GHsy.

slab, the resulting straim is given by c=2Ge, whereG

=E/2(1+v) is the shear modulug is the elastic modulus

and v the Poisson ratio. If we write the shear strain as

=A/2a then o=kogA/a’?=GA/a and we getkyz=Ga. . . . _

Similarly, we obtain thak,=Ea. Next, let us consider an _The ela§tlc propertle§ of the solids are determlqed by the

elastic slab of thicknes#/. If we apply a shear stress we Poisson ratiov, the elastic Young modulug [which is re-

get the relative displacement so that the strain ise lated to the shear modulu§=E/2(1+v)]. From these

=x/2W. Thus o=Gx/W which must equalk,gx/a®? and quantities and the thickne¥s, we determine the spring con-

hencek,;g=Ga?W. In a similar way one can obtaik,  Stantskg, Kog, ki andk;g defined above. In all the simula-

=Ea?/W. tions described below we have used the same elastic moduli
The substrate is treated in a similar way as the block, buand Poisson ratio for the block and substrate, which were

we use slightly different lattice constants in order to avoidE=1Xx10"" Pa and »=0.3 for “steel,” and E=7.72

having (low orde) commensurate structures formed at thex 10'° Pa andv=0.42 for the “gold.” However, we have

interface. The space between the block and the substrate igsed different choices oV for the block and substrate. The

occupied by a layemonolayer or moreof the lubrication  substrate is only one monolayer thigk~a, while the block

fluid. was assigned a widthV=100 A. These choices of thick-
The MD-calculations have been performed by keepinghesses imply that the block used in our simulations will de-

the temperature of the solid wall fixed at their outer bound'form e|astica||y much more then the substrate.

aries(see Ref. J. This is a realistic treatment, and it implies For the Xe simulations we have used a system of lateral

that heat flow from the lubricant to the confining walls. dimensionsL, =640 A, L,=96 A. The block had a mass
Below we study the pressure both at the center of th§; — 106 atomic units, and the hard profile was taken to be

contact area, and the average pressure. The pressure actiine corrugated in the direction, with corrugation ampli-

on a wall atom is defined as the total normal force acting o 4o 0.L, and wavelength_ . The substrate was flat with

the wall atom from the lubricant atoms and from the otherNX:200 andN, =30 atoms in thex andy directions, with

. 2 .
\;vilcl)’mdpeovr:c;i? (?fytrtget;raelan;)r-lr-nh; ai;a%it;:] rgsjr?rtehésst:ﬁ dIattice constana=3.2 A. The corresponding parameters for
block from the lubricant and the substrate, divided by thethe block wereN, =180 andN, =27 anda=3.56 A. Figure

2(a) shows a simulation snapshot that demonstrates the co-
total areal XL . sine corrugation
In the following subsections we provide details of the g )

models used for the block, the substrate and the lubricants iH dlnlthf_ sumulatl(t)_ns with C ar;c_j que"‘ t?de s_t:::dtr\]/valllst |
the different simulations carried in the present work. ad elastic properties corresponding to goid wi e latera

dimensionsL =L, =200 A. For the substrate we uséd,
A. Block and substrate =N,=79 atoms in thex andy directions, forming a square

The block and substrate are characterized by the numbégttice with lattice constana=2.53 A. The corresponding
of of atomsN, andN,, in thex andy directions, respectively, Parameters for the block aly=Ny=73,a=2.74 A. In the
and the lattice constard (square lattice is assumedrhe  Simulations the rigid surface had a malgk=10° atomic
choice ofa should be consistent with the mass dengityf ~ Units, and Gaussian corrugation of height and width equal to
the solids, which were either steel or gold. However, to avoidt0 A [see Fig. 20)]. We also used two types of substrate
commensurability between the block and the substrate susorrugations—atomically flat surfaces and “nano-
faces, we have taken their lattice constants slightly differentorrugated” surfaces. In the later case the rigid substrate pro-
from each other. file had a sine corrugation of the form
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[2mx\ 2wy
h(x,y)=hg sin ~ sin ~ | (1) Ol =T —— T -CHy
s
with roughness amplitude,=3 A andh,=1.5 A for simu- <
lations with CH, and GgHs, lubricants, respectively, and the g
wavelengtih =0.1L, . Thus we studied the effect of a single ‘;'; -0.3 | block
wavelength nano-roughness on the confined lubricant struc- £ cubstalo Xe
ture and dynamics. 3 ——-L__ o
\\\—l//
0.5

B. Lubricants

Two models for atomic lubricants and one model for
chain lubricant were employed. Lennard-Jones potentials
were used for the atomic lubricants to model the interactions
between lubricant atoms:

G

height above surface / a

U(r):460 r r

and the same potential with modified parameters, r,)
were used for the interaction with the block and substrate

atoms. . .
. . . . FIG. 3. (a) The potential energy andb) the height above the surface of the
For the Xe—Xe 'nteracnonfO_ 2_0 meV andro=4 A, minima, as a function of the lateral position of the Xe or [Jtom between
and for the Xe—wall atom interactioa; =60 meV andr the on-top to hollow to on-top sitisee the inset ofa)]. Results are shown

=4.4 A. The latter choice reflects the stronger interactiorfor Xe and CH on the block and on the substrate surfaces. The heighg in
is normalized by the lattice constant of the block and the substrate, respec-
between Xe and a me.tal surface. . tively. Solid and dashed lines refer to the interaction with the block and
_The second atomlc_model was gHmethane in the  gypsirate, respectively.

united atom representation. We usegd=12.75 meV and
=3.73 Al for the interaction between the GHnolecules,
ande;=18.60 meV and;=3.28 A for the CH—block and  C. Binding energies and squeeze velocities
the CH,—substrate interactiof?.

In order to be able to examine similarities and differ-

Characteristic features of the molecule—surface interac-

tions are displayed graphically in Fig. 3. Hards the dis-

E:}ggitge\t/\\//\geﬁgvin;?s{i 3;%2';?53:50?22;235 comglex Il’f'eince along a line connecting the on-top sites through a hol-
! apids low position (in units of the substrate or block lattice

as a.prototype chain molec'ule. We u.sed cha}lns 0f 16 beads aonstanl Figure 3a) shows the variation of the potential
a united atom representation. The interaction between eac

bead and the block/substrate atoms were taken the same f%r%elrgyéf(lfnodr ::r:gs(i))b;?r?aﬁgfrtig(t:; gﬂ?iﬁﬂf%ﬁ%&ﬁg rcr:f the
for CH,. For the interactions within the ;gHs;, we have b iay y

used the OPLS modéRefs. 14 and 16 The parameters for solid atoms, as the adsorbate is displaced along the ground

: . : . ) tat tential ener rface. Th lid an h rv
the interaction between the bead units on different lubricanf. .. PO, o: GNETgy suriace. 1he so da .d dashed curves

s refer to the substrate and the block, respectively. They differ
molecules were ¢;=5.12 meV for interior beads,eg

—7.590 MeV for end beads ang—3.905 A in all cases. from each other because of the different lattice constants

The usual combining rule was applied for bead—bead inter(-:hosen for the substrate and the block. The binding is, as

) . . . expected, strongest in the hollow sites and weakest in the
actione;; = \e;€;.*" Atomic mass 14for interior CH, bead$ P 9

on-top sites. Table | summarizes the binding interaction pa-
and 15(for the Ck, end groupswere used. For the bead- rameters for Xe and CH For CgH3, we have used the same

block and the bead-substrate interactions we tool§v . . ; .
- . - h [— . Wi
€,=18.60 meV andr,=3.28 A5 Within a CygHs, chain all-CH, ; bead interaction as the wall-Glinteraction. We

we assume nearest neighbor C atoms are connected via
springs with the spring constakt which was chosen either TABLE I. Lubricant—solid binding characteristics; see also FigEgis the
equal to 10 or 45 N/mboth values gave similar results binding energy in the hollow site. The corrugation in the potential energy is
Note that those values are one order of magnitude smalldie difference between its value in the on-top site and the value in the
then the opt|m|zed 450 N/r’rﬁ and were chosen such as to ho!low ;lte (in /o_of |t§ hollow sne' valug The height modulation is the

- . eight difference(in units of the lattice constar) between the on-top and
facilitate a reasonable time steps of 1-2 fs. We used an ang

llow sites.
bending interaction of the fornE(cosf)=1/2kyen{COSO
—c0S6) with Kpen= 62543 K andfy=2.0001 rad. For the Potential Height
dihedral interaction we used the functional form in term of a Eg [eV] corrugation%]  modulation[/a]

cosine Fourier serieE(gb)/kB:E?:Oci cos(¢) with param-  Molecule Block Substrate Block Substrate Block —Substrate
eters co=1009.99 K, ¢;=2018.95 K, ¢,=136.37 K, c3 e 0.40 046 ” 13 0.08 012
=—3165.30 K. Internal beads of separation greater than 3 ¢, 118 0131 23 18 0.13 0.10
units are treated similarly as beads from different chains.
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note that when an adsorbate layer is confined at high pres- @
sure between two solid surfaces, the effective barrier for lat-
eral diffusion will strongly increase.

For these different systems we ran simulations in which
the block approaches the substrate with constant velogity
up to some distance. When we discuss the displacetheht
the block, we refer to the motion of the rigid profile toward
the substrate rigid profile, where the referemte0 corre-
spond to an(arbitrary block—substrate separation chosen

average pressure (GPa)
N

close to the initial contact. In the simulations with Xe we 0 i
have studied both the approach and the retraction process, by . e
reversing the motion direction of the block at the closest 220,

approach point. Next we describe our results. ) f

The squeeze velocity we use-( m/s) is much higher
than in most experiments, e.g., in SFA-experiments. How-
ever, from the point of view of many applications, the
squeeze velocity- 1 m/s is not particularly high. Thus, com-
puter simulations are complementary to SFA measurements.
Nevertheless, we believe that the qualitative picture we ob-

Tett
1801

1401

Xe average kinetic energy (K)

tain from our simulations is valid also at low squeeze veloc- | Tut - 100K ]
ity, although the nucleation of squeeze-out will occur at a 100} e ]
lower applied pressure when the squeezing velocity is re- ‘ . . . . .
duced, since we have shown earlier that it istaess-aided 0 10 20 30

thermally activated processee Ref. Y. The squeeze-out
(after nucleatiop often occur very rapidly when the contact
area is small(as in computer simulatiofs thus, during FIG. 4. The dependence of the average presgog and the average Xe
squeeze-out, the squeeze velocity is often unimpo(’sagt, kinetic energy(bottom) on the distance the upper surface of the block has
the upper surface of the solid block has often moved a ne moved toward the bottom surface of the substfaenperaturel =200 K,

L. . ) . . génd the squeeze velocity,=0.445 m/$. The squeezing is followed by re-
ligible distance during the squeeze-out time period traction with the velocity ,= — 0.445 m/s.

distance (Angstrom)

IIl. SIMULATION RESULTS: SQUEEZING

In this section we describe the results obtained from ousurface of the substrate. Note that thexis is the displace-
simulations for the three different lubricants, Xe, £Rhd  ment of the upper surface of the block, athoes notrepre-
CigH34. sent the vertical separation between the block and the sub-
strate. Initially (before contagtboth surfaces are covered by
about 2.5 monolayers of Xe. When the two solids are

For the Xe simulations we have used 14,000 lubricansqueezed together a small flat contact region develops sepa-
atoms between walls with elastic properties corresponding toated by an integer number of Xe layers. As the squeezing
steel(see Sec. )| at temperatur@d =200 K. Since the lattice pressure increases, the individual layers are squeezed out in
constants of the substrate and the blaek=3.2 A and relatively rapid events. The squeeze-out events are separated
3.56 A, respectively are significantly smaller than the by time intervals where mainly elastic loading occurs. The
Xe—Xe equilibrium separatiofwhich is close tor,=4 A) n=3—-2 squeeze-out event is seen in Figa)das a rapid
we expect, at least in the absence of a confining pressurdrop in the average pressure, and in Fi¢h)4as a(smal)
that the Xe layers adsorbed on the solid walls form hexagokinetic energy spike. The transition from=2— 1, which is
nal incommensurate structures, and that the adsorbate layassmpleted during the retraction, turns out to be more com-
are only weakly pinned. However, when confined at highplex and interesting, and we now discuss it in detail.
pressure between the solid walls we fiisge belowthat the The t=0 snapshot picture in Fig. 5, from the central
Xe atoms on the block wall form a domain wall super struc-region of the contact area, shows the trapped bilayer of Xe at
ture with areas of X1 structure, separated by low-density the distance~30 A in Fig. 4. The picture is from top of the
domain walls. block, and for clarity we do not show the block and substrate

The Xe lubricant is confined between the flat substrateatoms. At the periphery of the contact area the Xe atoms
surface and the cosine-corrugated block surface, and tHerm hexagonal layers: this maximize the binding energy of
block first moves toward the substrate with the veloeity = Xe within the layer. However, in the central part of the con-
=0.445 m/s. At short block—substrate separation, when twdact region the Xe atoms forifnelative to the block surfage
monolayers of trapped Xe occur in the contact area at tha 1X1 domain wall super-structure, where the domain walls
interface, we reverse the velocity t00.445 m/s. have a lower concentration of Xe atoms than in the perfect

Figure 4 showsa) the dependence of the average pres-1X 1 structure. The origin of this phase transformation from
sure, andb) the average Xe kinetic energy on the distancehexagonal layers in the low pressure region to the domain—
the upper surface of the block has moved toward the bottorwall super-structure at the center is that the latter structure

A. Xe lubricant
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t=2

0484059

o

;
o0,

t=26 t=28

FIG. 6. Snapshot picture during squeeze-out. The white circles are the bot-
FIG. 5. Snapshot pictures during squeeze-out. The time is in natural unit®Pm layer of atoms on the blodithe top layer of atoms of the substrate are
wheret=0 correspond to a squeezing distanze30 A in Fig. 4. For the  also displayed but are mainly hidden by the Xe atpritote the formation
temperaturel =200 K, and the squeeze velocity=0.445 m/s. of a domain wall super structure, where areas of11 Xe structure are
separated by low-density domain walls. However, thel1Xe domains are
(nearly incommensurate with respect to the substrate top layer of atoms
(not shown. The pictures correspond to a squeezing distance of adbout
allows the solid walls to approach each other by a small=30 A (the timet=4 refer to Fig. . For the temperatur&=200 K, and
distance which gives rise to a lowering of the total energythe squeeze velocity=0.445 m/s.
since the elastic energy stored in the walls is reduced. We
believe that phase transformations of this type are very com-
mon (a similar transformation occurs for the GHubricant  ation of the squeeze-out in the former case was easier, and
studied belowy, although the exact structures formed will de- the n=2—1 squeeze-out was similar to that of the=3
pend upon the system studied. —2 transition, namely very fast and occurring in a single
A similar phase transformation was discussed in detail irstep, starting with the thermally activated formation of a
Ref. 7. The difference between the present case and Ref. 7 $snall “hole” in the bilayer. In the present case the squeeze-
that, because the lattice constant of the block in the presemiut occurs stepwise in a series of fast events. The first event
case is larger and more similar to the natural Xe—Xe separastarts atd~30 A and involves the formation of a small
tion, the system form a X1 domain wall structure rather “hole” in the region of a low-density domain wadls indi-
than thec(2% 2) layers formed in the study in Ref. 7, where cated by theé=2 snapshot in Fig. 5. This hole remains for a
the lattice constant of the block was the same as of the sulshort time period after which a rapid squeeze-out event occur
strate(3.2 A). along a low-density domain wall as illustrated in snapshot
In Fig. 6 we show a snapshot picture of the same systemicturest=26 and 28 in Fig. 5. This event is very similar to
as in Fig. 5 but including the atomgnfilled circleg of the  a crack propagating along a grain boundary in a solid and
bottom surface of the blockand of the top atoms of the may have a similar physical origin, involving stress concen-
substratg from this figure it is clear that the Xe atonf tration at the crack tip. The system displayed in snapshot
the high-pressure regioiorm commensurate 21 regions =28 remains stable even when the average pressure in-
separated by low-density domain walls. In this case, howereases to 4 GPa, which was the highest squeezing pressure
ever, since the lattice constant of the substrate is smaller than the simulation. The origin of this stability is the strong
that of the block, the X1 regions argnearly incommen-  pinning (to the block surfacethe Xe-layer experience. The
surate relative to the substrate. One consequence of this listeral barrier which must be overcome to squeeze out the
that while the Xe film is strongly pinned to the bottom sur- layer increases with the applied pressure. However, during
face of the block, the pinning to the substrate is much weakethe retraction we observe further squeeze-out, resulting in a
and during sliding one therefore expect the trapped bilayer téintermediatg state with a single monolayer of trapped Xe
slide mainly relative to the substrate. The fact that the lubri-atoms. This latter squeeze-out occurred in two major events
cation film is strongly pinned to the bottom surface of theas illustrated in Fig. @) by the two nearly vertical drops in
block has profound implications for the squeeze-out dynamthe average pressure, and by the two Xe kinetic energy
ics. This differs from the case studied earlier, where the latspikes in Fig. 4b) during retraction. The=(60,80) andt
tice constant of the block was the same as that of the sub=(280,300) pair of snapshot pictures in Fig. 7 illustrate
strate, and where the lubrication film in the high-pressurehese two rapid events.
region formed ac(2X2) structure. This structure corre- Figure 7 shows a larger part of the contact area than in
sponds to a lower concentration of Xe atoms than thell Fig. 5 (the width in they-direction is the same but the width
structure formed in the present case. As a result, the nuclén thex-direction is larger. The dark(fine grained gray area
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FIG. 7. Snapshot pictures during retractior.0 correspond to the start of
retraction. The retraction velocity is,= —0.445 m/s. These pictures show
a larger part of the contact area than in Figtte width in they-direction
is the same but the width in thedirection is larger. The dark(fine grained
gray area is thébilayen 1X 1 structure, while some hexagoriallayen Xe
structure can be observed at the periphery of the contact area in snapshot e - oo
t=60, 80, and 280. The dotted area is the hexagonal Xe monolayer which ?00000000000000000000000000000000000000000000000000
remains after the=2—1 transition is completed.

FIG. 8. Capillary bridge formed during retraction at the velocity
=—0.445 m/s.t=0 corresponds to the last data point in Fig. 4.

is the (bilayen 1Xx1 structure, while some hexagon(i-
layen Xe structure can be observed at the periphery of thewo monolayers by the injection of a second Xe-layer at the
contact area in snapshot pictutes60,80 and 280. The dot- interface. From here on the changes in the film between the
ted (monolayey area is the hexagonal Xe monolayer film solid walls is more sluggish and liquid-like, and when the
which remains after the=2—1 transition is completed. We solid walls are separated by more that 4 monolayers of Xe,
note that even though most of the bilayer disappears in thenapshot pictures indicate the formation of a liquid-like Xe-
two rapid transitiongt = (60,80) and (280,30Q)n island of  bridge. This is illustrated in Fig. 8 which shows some snap-
1X 1 (bilayen remains trapped for a while, and only gradu- shot pictures of the Xe-bridge which is formed during retrac-
ally disappears as it is squeezatb the first monolayer. This tion of the block beyond the last data point in Fig. 4. Thus,
process is accompanied by a lateral flow of atoms in thehet=0 picture corresponds to the last point during retrac-
monolayer film toward the periphery of the contact area; thdion in Fig. 4, and the other snapshot picturés Q) corre-
density of the monolayer film cannot increase very muchspond to later times not shown in Fig. 4. During retraction,
because of the strong Xe—Xe repulsion at a short distancéhe total displacement of th@upper surfaceof the block
The speed of the island squeeze-out is determined by theetween thé=0 andt=560 snapshot pictures is about 7.2
sliding friction as a patch of the Xe monolayer film slide A. The corresponding average pressure as a function of time
relative to the solid walls. It is interesting to note that theis shown in Fig. 9. Note that the pull-off force drops by a
local concentration of Xe atoms in the vicinity of the bilayer factor ~6 during the full time period. This is in rough agree-
island is somewhat higher then farther away from it; thusment with the Laplace theory of capillary pressuRgiqge
there must be a 2D pressure gradient in the monolayer films= y/r wherer is the radius of curvature of the liquid menis-
which, of course, is the driving force of the lateral flow. cus andy the surface tension of the liquid. According to this
During the flow this pressure gradient is mainly balanced byformula, the pull-off force is proportional iq /r, wherel, is
a frictional shear stress acting on the monolayer film as ithe width of the capillary bridge. When going frots0 to
slides or drifts relative to the solid walls. t=560 the width decreases frolp~25a to 9a (wherea is
Figure 4 shows that the monolayer film is stable duringthe lattice constant of the blogKTo estimate the change in
retraction until the average pressure becomes slightly negave note that both solid surfaces have one monolayer of ad-
tive (i.e., a pull-off force act on the bloglat which point the sorbed Xe, which we assume is in a solid-like state, and
(small strip of monolayer film(in a rapid eventthicken to  which we therefore do not include when estimating the thick-
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FIG. 9'_ The ave_rage pressure acting on_ the solid walls during retractionFIG. 10. The variation of the average pressure, as a function of the displace-

Retractlpn .VEIQC'IWZ: —0.445 m/s. The timé=0 corresponds to the last ment of the upper surface of the block towards (ttet) substrate. The-m

data point in Fig. 4. labels stands for the layering transition fromto m layers. Squeezing ve-
locity v,=1 m/s.

ness of the bridge. Using this approach, the radius of curva-

ture increases from~9 A to r~19 A. This gives a factor

of ~(25/9/(9/19)~6 drop in the pull-off force, in excellent behavior. This assertion is further supported by the simula-
agreement with the observation. Theegative pressure in  tion snapshotgnot shown where we observe a disorderd
the bridge can be calculated usiRggqe=PLy/lx whereP  fluid-like structure formed in the central contact region just
is the average pressure. Thus, for the last snapshot picture piior to the squeeze-out.

Fig. 8 whereP~—1 MPa, I,~9a and L,=180a, we get Figure 11a) is a magnification of Fig. 10, in the vicinity
Pporiage~ — 20 MPa (corresponding roughly to-200 atm.  of then=3—2 layering transition. The first interesting fea-
This is in rough agreement with theory: Using the Laplaceture is that even though the overall pressure grows linearly as
equation withr~19 A (see aboveand the surface energy the surfaces approach, the local pressure at the center is ap-
estimated using y~3ngyeg/2~2 meV/A?2, where n, proximately constarftsee Fig. 11b)] up to the layering tran-
~2/(r(2,\53) is the surface coverage of Xe, we obtain the pres-

surePyigge= — 17 MPa, in rough agreement with the simu-

lation. We note, however, that taverage pressure in Fig. s
9 does not decrease monotonically with tifee displace- (a)
mend. This indicates that the film is too thin to behave as a 4t

macroscopigcontinuous fluid. During elongation the bridge
displays yield events, as typical for the plastic deformation
of solids. Thus, the nanometer thick bridge, at the high strain
rates probed in the calculations, has properties which are
somewhere between those expected for solids and liquids.

Pressure [MPa]
=]

B. CH, lubricant

We consider now the simulations with the CHbricant

[
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|

|
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|

f

0.8 ’ . . |
| |
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|
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(in the united atom representatjoin the simulations we use " "
10,000 atoms, confined between two gold-like surfaces: a flat 0.6 (b) e
substrate and a block with a Gaussian asperity. Since the i, | onset
binding energy of the Cjimolecules to the solid surfaces is T ool
much smaller then in the Xe system, we have performed our S
studies at the temperatufe= 100 K. e 0

Figure 10 shows the pressure variation as the upper sur- £ 02t
face of the block moves with the velocity,= 1 m/s towards 04 |
the flat substrate. We show the average pressure as a function

. -0.6

of the displacement of the upper surface towards the sub-
strate. Note that we could not squeeze-out the last monolayer 08 Py - T i P s

even when thdaverage pressure is increased to 140 MPa.
We now discuss in greater detail the observed layering tran-
sitions. FIG. 11. The variation ofa) the average pressuré)) the pressure at a

In the vicinity of then=4—13 lavering transition. the specific central atom, as a function of the displacement of the upper surface
Yy o Yy g ! of the block towards théflat) substrate for the=3— 2 transition. Squeez-

Ove!’a” pressure is Slig_htly nE_fgifltin*(_l—_Z M_Pa) due .tO @ ing velocityv,=1 m/s. This is a magnification of Fig. 10 in the vicinity of
capillary bridge attraction. This is an indication of fluid-like then=3—2 layering transition.

distance (Angstrom)
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FIG. 12. (Color) The evolution of the in-plane pair correlation functiaf{s,d), at the contact area, as the block approaches the substrate in the vicinity of
n=3—2 layering transition. Here (horizontal axi$ is the correlation coordinate awd(vertical axig is the distance the upper surface of the block has moved
towards the substrate. The numerical valug a$ highest at the red zones and lowest at the dark blue ones. The left figure corresponds to the first layer in
contact with the substrate and the right figure to the second layer above.

sition point. We attribute it to local “yielding”(molecular  above. In particular it is interesting to observe that as the

rearrangemenf the confined lubricant in the centrdligh-  pressure increases there appears an additional pegk,ith)

pressurgregion of the contact area. of the second laye(indicating a change in the structure of
Evidence for this yielding is obtained from the examina-the second laygr while peaks dissapedor are blurred in

tion of structural data. Figure 12 shows the evolution of thethe first layer(indicating an increased dissorder within the

in-plane pair correlation function, first layen. This may indicate that the layering transition oc-
A curs by expulsion of the layer right next to the substrate.
g(r,d)= W< > > 5(r—rij)>, (3) A detailed analysis of the=2—1 transition(Fig. 13
b reveals similar dynamics. The expulsion process is pro-

for a section of ared (containingN atomg in the center of ~ceeded by a structural chang@geld) which starts at the po-
the contact area, in the vicinity of the=3—2 layering  sition of the pressure peak. By the time the squeeze-out starts
transition. Herer (horizontal axi is the correlation coordi- (as indicated by the position of the arrpihe pressure is
nate, andd (vertical axig the distance by which the upper reduces roughly by a factor of two. Moreover, simulation
surface of the block has moved towards the substrate. ThenapshotgFig. 14) also shows the formation of a more open
color scale denotes the magnitudeg¢f,d), where the high-  structure during the yield, where the lubrication molecules in
est magnitude corresponds to the red zones and lowest at thentact with the tip form a(2X2) (approximately com-
dark blue ones. The left figure corresponds to the first layemensurate structure and the second layén contact with

in contact with the substrate and the right figure to the secthe substratea similar structure, thus allowing the second
ond layer above. Note that we could not calculgte,d) for  layer to relax slightly towards the first layer, which relief
the third layer which is in contact with the block, since its elastic energy in the block. A similar effect was observed for
geometry was too curved, following that of the asperity. It isthe Xe-lubricant(see Sec. Il A.

easily seen that prior to the layering transition, there is a  Figure 15 shows the evolution of the in-plane pair cor-
continous restructering of the confined lubricant at the conselation functiong(r,d), at the contact area, in the vicinity
tact, which is related to the pressure yielding describedf n=2—1 layering transition(notations and color codes
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FIG. 13. The variation ofa) the average pressure affg) the pressure at a
specific central atom, as a function of the displacement of the upper surface
of the block towards théflat) substrate for the=2—1 transition. Squeez-

ing velocityv,=1 m/s. This is a magnification of Fig. 10 in the vicinity of
then=2—1 layering transition. The layering transition does not start at the
pressure peak, but rather at the point marked by the afsew the tejt

are the same as in Fig. lZ'he left figure corresponds to the
first layer in contact with the substrate and the right figure to
the layer above it. Note that following the transition, the
peaks in the correlation function of the first layer are signifi-
cantly enhancedand slightly shifted, indicating a greater
degree of in_p|ane Ordering_ The inspection of the peak poElQ. 14. ((50.|0i’) "Snapshot pictures of thg GHatoms il"l the contact area
sitions of the corelation function of the first layer, a dis- 447 e e o eongenent ey preceednome? 1
tances corresponding to the snapshots of Fig. 14, shows thg§ %30 A section(in the xy-plang viewed from the substrate side. The
both the first and the second peak are shifted by 0.3—0.4 A teolor scheme represents the vertizaoordinate, changing from dark blue
greater in-plane separation between the atoms, supportir?gthe first layer next to thelsuk_Jstrate, to red far av(/a)yshow_s th_e system
the yield—responséstructural changeinterpretation. just before the “yield” on_se{mdlcated by the pressure peak in Fig]1and

The final state of the squeeze-out is a nearly pen‘ec%b)JUSt before the layering onset.
commensuratérelative to the substratec(2x2) structure,
shown in Fig. 16 from the direction of the substratgth the
top layer of substrate atoms included in the picture inspection of simulation snapshotgigs. 18 and 1P also

We now consider the effect of surface corrugation. Fig-reveals a disordered state.
ure 17 is the analog of Fig. 10, where now the substrate is a We also observe that the layering transitions in the rough
corrugated(see Sec. Il A Again the block moves with ve- substrate case occurs at much lower pressures compared to
locity v,=1 m/s towards the substrate, and we sHaithe the flat substrate case. For example, the2— 1 transition
average pressure aflo) the pressure at a specific atom at theoccurred at average pressure-e¥ MPa for the rough sur-
center of the contact, as a function of the displacement of théace compared te- 14 MPa for the flat one. We also manage
upper surface of the block towards the substtéte. to obtain a squeeze-otthough partigl of the last lubricant

There are some fundamental differences in the squeezéayer at a pressure of 80 MPa, while for the flat case we
out dynamics between the corrugated and the flat substrat®uld not squeeze it out even when the pressure was in-
cases: In the present case the fluid-like behavior extendsreased to 0.5 GPanot shown here The likely reason for
down to all but the last monolayer, as manifested, e.g., by théhis difference is that the rough substrate inhibits solidifica-
negative pressur@ssociated with a capillary bridgacting  tion (or ordering of the lubricant under confinement, causing
on the block up to a displacement5 A; see Fig. 173). An it to behave in a liquid-like viscoelastic manner.
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FIG. 15. (Color) The evolution of the in-plane pair correlation functiggy,d), at the contact area, in the vicinity of tine=2— 1 layering transition. Here

r (horizontal axi$ is the correlation coordinate amt(vertical axig the distance the upper surface of the block has moved towards the substrate. The color
intensity scale is highest at the red zones and lowest at the dark blue ones. Left: the layer closest the substrate. Right: the layer closest othahabck

well beyond the layering transition we have only a single confined lubricant layer, and the right figure shows essentially the structure of therigplid asp

Figure 20 shows a snapshot where QHolecules are it moves towards the substrate. Results are shown both for a
trapped in the valleys generated by the surface roughnesnooth substrate, and for a substrate with short-wavelength
profile. Trapped fluid pockets were recently observed experieorrugation. Note that the squeeze-out of the last monolayer
mentally (but for flat surfacesby Mugele and Salmerdh  occurs at much lower pressure for the corrugated substrate
and analyzed by methods of continuum mechanics modelinghan for the flat substrate. However, in another simulation we
in Refs. 11 and 12. We have also observed the trapping dbund the opposite behavior, and a detailed study of snapshot
lubrication fluid in surface roughness cavities faglds;, (See  pictures shows that the important factor is not the corruga-
below). We note that in some technological applications sur+ion, but rather the nature of the lubrication film in the high-
face roughness cavities can have advantages in retaining lgressure region adjacent to the tip of the block. Thus, if the
bricants, and for this reason an extremely low level of rough-adsorbate layer is disordered in this region, or if the top of
ness may not always be necessary in, e.g., ball bearings. the tip is located in the region between twgg8s, domains
(areas of aligned chaipshen the squeeze-out nucleates at a
lower pressure than when the top of the tip presses against
the center of a well ordered;gH3, domain.

Next we consider GHs, as a prototype model of a chain Figure 22 shows snapshot pictures taken close to the
lubricant. Our simulations were done with 2,00Qd,, mol-  onset of the squeeze-out. Shown is the layer of the lubricant
ecules(~5 monolayers between the same solid walls as molecules adsorbed on the fldeft image and the corru-
used for CH, at temperaturd =300 K. The squeeze veloc- gated(right image substrate surfaces used to obtain the re-
ity was taken to be,=2 or 5 m/s. In the case of a corru- sults of Fig. 21. The top of the tip is located above the point
gated substrate, the amplitude of the corrugation equals 3 here the two diagonal lines cross. Note that for the flat
instead 66 A as in thecase of CH. Figure 21 shows the surface the tip is centered in the middle of a larggHz,
dependence of the average pressure on the block position demain, while on the corrugated surface the tip is centered in

C. CygHay4 lubricant
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FIG. 16. Snapshot picture of the final system configuration for the squeeze-

out of CH,, with solid Au atoms included. The figure shows the central
30 Ax30 A section(in the xy-plana viewed from the substrate side. The

gray scale represents the vertieatoordinate, changing from dark gray at

the substrates layer, to light gray far away.

a disordered region of the adsorbate layer. In most practical
applications, the radius of curvature of the tip will be much

larger than in the present study. In such cases one expect t
the nucleation will occur in a “weak pointle.g., disordered

Persson et al.

(a)

hat
FIG. 18. Snapshot pictures for the approach of a Gaussian tip towards a

rough substrate at the velocity,=1 m/s. The snapshot pictures correspond

areg somewhere within the central part of the contact regiong the plock displacements) 0.22,(b) 1.22,(c) 2.22,(d) 3.22, and(e) 4.72

where the pressure is highest.
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FIG. 17. The variation ofa) the average pressuré)) the pressure at a
specific central atom, as a function of the displacement of the upper surfa
of the block towards thérough substrate. Thea-m labels stands for the
layering transition frorm to m layers. Squeezing velocity,=1 m/s.

A. The figure shows the central 80>420 A section(in the xy-plane of the
contact area. Note that the disorderddid-like) structure in the contact
region is considerable in casé®—(d). In case(e), we have some layering,
but the in-plane disorder is still maintainéskee also Fig. 19

Figure 23 shows snapshot pictures of the last lubricant
layer during squeeze-out, after removing the block and sub-
strate atoms. The figure contaixg projection of horizontal
slices of the layer of lubricant moleculé@solymeric chaing
closest to the substrate. The distance the upper surface of the
block has moved towards the bottom surface of the substrate
is indicated for each snapshot picture. We note that the size
of the GgHsz-domains(areas of aligned polymeric chains
increases during the squeeze prodgessnpare snapshots at
d=0 and 22 A—the system require a “long” time in order
to form large ordered domains. A certain realignment of
polymeric chains inside domains and deformations of do-
main boundaries is seen during the squeeze-out of the last
layer of lubricant molecules. We note that in the initial state
of the nucleation of the squeeze-out, some polymer chains in
the vicinity of the nucleation region, were not strictly local-
ized to one layeftop or bottom layerbut spanned between
the the first and the second layers.

Figure 24 shows the evolution of the shape of the block-
asperity during squeezingv{=5m/s) and sliding
=10 m/s). Note that at short block—substrate separation the
shape of the block becomes asymmetric. A detailed study
shows that the block distorts upwards on the entraioce
Ciglet) side (the left hand side in the figurevhile it distorts
downwards on the exit sidéhe right hand side This is
exactly the result predicted by elastohydrodynamics, al-
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FIG. 20. Simulation snapshot of lubricant atoms for the case of a rough
substrate. The figure shows trapped lubricant atoms, left aftefpémgial)

(b) squeeze-out of the last monolayéwp view; solid atoms are excluded

bead unit interacts with the solid walls with the same param-
eters as for Xe. The substrate lattice spacing is 3.25 A and
the block lattice spacing is 2.89 A.

Figure 25 shows the squeeze-out behavior of this sys-
tem. Shown is the dependence @ the average pressure
and(b) the average GHs, kinetic energy, on the distance the
upper surface has moved towards the substrate. The tempera-
ture T=300 K, and the squeeze velocity=2 m/s. Note the
well defined layering transitions, similar to the layering tran-
sitions observed for incommensurate layers of Xe in Ref. 7.

In Fig. 26 we show a snapshot pictufeom the central
region of the contact arg¢at the end of the squeeze-out in
Fig. 25, but after reducing the squeeze pressure to 0.1 GPa,
where the system has a single monolayer of molecules
trapped in the contact region. Note that most of thgHg,
chains are lined up along the squeeze-out direction
{=x-direction. Note also the “defect” in the center of the

FIG. 19. (Color) Snapshot pictures of the GHitoms in the contact area for
a block coordinate 4.72 A. It shows two lubrication layers confined betwee
the block asperity and a rough substrégelid Au atoms are excludedThe
figure is centered at the center of the contact area, revealing<B08A (in
thexy-plane. The color scheme represents the verticabordinate, chang- 02
ing from dark blue at the first layer next to the substrate to red far aja@py.

is from the substrate side afid) from the block side. Both layers exhibit an

in-plane disorder. =
o
)
2 oty
though the present lubrication film is too thin for this theory g:
to be strictly valid. In elastohydrodynamics, the effect comes g
about because of the viscosity of the liquid: according to g 6og 4-3
s -~

hydrodynamics there will be a higher pressure in the lubri- ot
cant on the entrance side than on the exit side, and this will
distort the elastic walls in the way outlined above. Note also . . . .
that the nucleation of the squeeze out in the last snapshot 0 5 10 15 20 25

picture is closer to the exit side than to the entrance side, distance (Angstrom)

again as expected from elastohydrodynamics. DUring. 21. The dependence of the average pressure on the distance by which

squeezing (without sliding the block shape remains the upper surface of the block has moved towards the bottom surface of the
symmetric. substrate. Results are shown both for a “flat” substrate, and for a substrate

. _ with short-wavelength corrugatigsee the tejt The curve for a corrugated
Fma"y’ let us present results for anOthe{(aHG“ wall substrate is displacedor clarity) towards negative pressure by 0.02 GPa.

S_y5tem- We assume that the b'_OCk wall has a cosine corruggne transitions from— n—1 monolayers of GHsy are indicated. Squeeze
tion (as in the case of Xe studied abgyvand that a GHz,  velocity wasv,=2 m/s.

corrugated
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FIG. 22. Snapshot pictures of, 15, monolayers adsorbed on the substrate
for the flat(left image and corrugatedright image substrate, immediately ; 3
before the nucleation of squeeze-out. The distance by which the upper sur- p&&se
face of the block has moved towards the bottom surface of the substrate is &€

indicated for each snapshot. Squeeze velocity mas2 m/s. g

contact region where one polymer chain crosses another 7_{.;;_-
polymer chain; this defect was very stable, prevailing also &
during sliding.

FIG. 24. Snapshot pictures during squeeze-out and sliding. Vertical slice
IV. SIMULATION RESULTS: SLIDING (xz-plane,—10 A<y<10 A). The distancal by which the upper surface

. o . of the block has moved towards the bottom surface of the substrate is indi-
We now present results of MD-sliding friction simula- cated for each snapshot. A corrugated substrate is used here, with sliding

tions at a constant load, which is an external vertical forcevelocitiesv,=5 andv,=10 m/s. The evolution of the shape of the block
acting on the block, included in the equation of motion for©oWards an asymmetric shape is clearly seen.
the block. We have performed sliding friction simulations for

Xe and GeHs, lubrication films. In this section we present ;oo ration shown in Fig. 26. In these simulations the
some of these results. Consider first the system shown in Fi%lock whose mass was taken®1atomic units(hydrogen
26. We have performed sliding friction studies for this sys—mas3’ was pulled by a spring with the spring constéaqt
tem at the average pressufe=0.1 GPa, starting with the  _ 3 \ym This is the same spring constant as in our earlier

study of sliding dynamics with a Xe lubricahtn this latter
case we observed stick—slip motion when the spring velocity

e o e ; decreased below 10 m/s. In the present case, no stick—slip
o % 983933 s ey 38552086
i%ﬂ{%\%}_*ﬁ?/‘/}‘%@.g\l\};?', (:f?ﬂg»ﬁ;%%’g%&g‘ﬁi motion is observed even when the spring velocity is de-
%}%‘:}\\%“ {‘cé/[_f{ﬁ&?ﬁ.?“";\? ﬁﬁ:gg”,ﬂﬁ%% creased to 0.42 m/s. We attribute this to much longer rear-
Q,/;ﬁ-%;llrr\&?é\\‘(;%\%? "5-_{‘.}”:_%”,—?33) [ﬁ.ﬁ@“ﬁ rangement times of the ;gH3,-System, so that the strength-
ﬁ%}-ﬁ\ﬁuﬁ@tg{!& ']]:ﬁ%’%ﬁ%&?ﬁ\{\\\)\}f& ening of the static friction force with the time of stationary
@\@4%/?;5!?.}%) /%7 Qg“léfﬁg‘&” ""})///%“? contact is negligible on the time scale of the simulatitiié?
',»"':'éﬁﬁ!’é%kﬁ”l% (p? =l §§)&:\§$@/¢§I’{% ] This is related to the nature of the transition from stick to
Q@}\\\Sﬁ%}%@ [‘;ﬁgyf_%-‘\\\j\}\'\"ép___{;‘g slip: in the present case there is only a small change in the
%/}fﬁ{{’d[t&{\@@?&,’ 5—__“-:___%\\\ E{}\‘\\%ﬁ&‘é adsorbate structuré¢small local displacement during the
m,ﬁ;%‘i{{\&\‘\%’%/ﬂ(l ] q‘mﬁafg}\_&\»}},ﬂz__ﬁg’:mmm elastic-instability transionwhile for the Xe-system studied
0l 6% in R(lff. 8 th(ij adsqrbate”Iayer underwent a phaie trans_forma—

A — NEEYPRA— tion from a domain wall super structure at stick to an inco-
\J]gt*:;ﬁjf,%%’é":ﬁs\g’;{ ?}})‘9}@?’%‘—;‘"—;}'{% mensurate(hexagonal structure at slip. Another conse-
== SiSSp=a=S)ES  quence of this fact is the observation that the static friction
Ins=l=liaz == aWes o o inatie fricti
,/{@,ﬁg 7 z{\:}\ & 9(:’/-\?:__.,'/;1&(’)_,\%\\ \/‘; coefficient nearly equals th@ow velocity) kinetic friction
u%;/’/%flﬁdﬁf“}'\\\&\gﬂ 6‘%%‘%/‘( @‘\‘q\\}}d coefficient, us~ u\, while for the Xe-system it was found
i%":i"\\/{r};,\ ﬂ“}g}} Z5 gﬁmf/lz-\\ }\\W}\\\;}? that ue~4 .8 Figure 27 shows the kinetic friction coeffi-
g—%}é’@g’g‘é/[lll&ﬁ %%é*:?\s\‘tﬁ.%%/féf cient as a function of the logarithwith 10 as the basjsof
m§¢§~§\~.{’<% 5’5]‘%‘ ;ﬁ%@‘%\ \‘?{’é;ﬁ/‘f%"‘i the sliding velocityv. Note thatu(v)—0.0135 a—0. Of
%’{%&\\%\\%ﬁﬁ% %"N{ﬁ ‘gs"j}gf‘;"—_ course, for very low sliding velocity we expect thermally
lililnf-"‘-f—.':Aumo.==§ﬂmlllﬂ' m#@%},\}\\\\a@ﬁm activated creep to manifest itself, apdv) will then de-

crease with decreasing, but these low sliding velocities
FIG. 23. Snapshot picturdfor different block positiongl) of the lubricant cannot be probed in the computer simulations.

layer during squeeze-out, after removing the block and substrate atgms. . . .
projection of a horizontal slicéxy-plane, —3 A<z<5 A) showing the Figure 28 shows the time dependenceyoii/hen starting

layer of CiHs, molecules closest to the substrate. Squeeze velagity 110OM equilibrium att=0, with the free end of the spring
=2mis. moving with velocity of 3.4 m/s fot<600. Att=600 we
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FIG. 27. The kinetic friction coefficient as a function of the logaritbwaith
10 as the bas)sof the sliding velocityv. The normal(average pressure
P=0.1 GPa.

3201

310}

stant. This type of atomistic stick—slip motion has often been
observed with the friction force microscopy.

We have found that the friction force remains finite as
the sliding velocityv —0 (see Fig. 2¥. This can only be the
case if rapid processes occur at the interface even when

distance (Angstrom) arbitrary small. Thus, at very low sliding velocity, events of
FIG. 25. The dependence () the average pressure aff) the average (slow) elastic _Ioadlng fO”OWe_d by very rapid sl|p_or yleld_
CaeHas kinetic energy on the distance the upper surface has moved toward@CCUrs at the interface. A similar effects occur during plastic
the substrate. The squeeze velocity js=2 m/s. deformation of a solid. In general, the slip or yield events
will not occur simultaneously over the whole contact area,
but local stick—slip events may occur at the interface result-

abruptly decrease the pull velocity to 0.42 m/s. Note thatnd In small local forward displacement of the surfaces areas

atomic stick-slip oscillationsoccur. These oscilations are in- at the interface. This type of local motion is possible only

dependent of the external spring constagitduring the stick when thg elastic propgr‘ues of the solid yvalls are taken into
. . . . . gccount in the analysis. In computer simulatidiike the
time period elastic energy is stored up in the system an

during the slip time period this energy is dissipated inarapidOnes discussed abgyewhere the contact area is much

. . smaller than in most practical situations, the elementary sli
event where the block moves forwards a single lattice con- b y slip

events usually involve the whole contact area.

300

Xe average kinetic energy (K)

oL —0 . L
o 4 8 12 16 20
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FIG. 28. The time dependence pf after starting from equilibrium at

=0, with the free end of the spring moving at a velocity of 3.4 m/stfor
FIG. 26. Snapshot picture of the central region of the monolayer lubrication<600. Att=600 we abruptly decrease the pull velocity to 0.42 m/s. The
film from the end of the squeeze-out in Fig. 28). Top view without block normal (averagég pressure equal®=0.1 GPa. At the sliding velocity,
and substrate atomg) Side view of a wider region of the contact area than =0.42 m/s the time periodt~ 260 corresponds to the displacement of one
in (@) and with the substrate and block atoms included. substrate lattice constant.

100000000000000000000000Q00000000000000000000000000
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In the system studied above atomic stick—slip has been
observed during steady sliding. A visual inspection of the
monolayer lubrication film did not display any major
changes in the film structure during the elementatpmic
scale distangestick—slip—stick event. This is in sharp con-
trast to an earlier study with a monolayer of Xe as a 02}
lubricant® where again we observed that during steady slid-
ing (at low sliding velocity the lubricant film performed
atomic distance stick—slip motion, but in contrast to the 441
C,6H34 case, during each slip event the whole monolayer
film in the high-pressure contact region changed from a do-
main wall super structurgat stick to an incommensurate
hexagonal solid structure during slip. Another, already men- 10 ' 20 ' 30
tioned difference is that while for the presenigg;, sliding
system the static friction coefficient nearly equals (tlosv-
velocity) kinetic friction coefficient,ug~ u,, for the Xe case FIG. 29. The friction coefficieni and the(averagg pressureP as a func-
ws~4u, . For the Xe system we observed that at low Slidingtion of the distance the upper surface of thc—_z block h_as moved towards the

. . . . . bottom surface of the substrate. The squeezing velogity4d.6 m/s and the
VelO_CIty. the S“P IS mamly localized t.O . one of the sliding velocityv,=18.3 m/s. The lubricant film thickness change frem
lubrication—wall interfaces. We found a similar effect alsoxe monolayers to a single Xe monolayer during the squeeze process. Note
for the present GHs, System. that as the pressur increases from 0.5 GPa to 3.5 GPa the friction coef-

The results discussed above were for perfect crystaliné"ie”t fluctuate only betweep=0.1+0.02. Adapted from Ref. 7.
solids walls, with no defects or surface roughness. In almost
all practical applications, the solid walls will be rough and,

in particular, have atomic scale roughness such as steps Rief. 8 we foundu~0.01. These values are all much smaller
strongly bound adatoms. This may have a profound influencghan typically observed experimentally. This could be ex-
on the microscopic processes in the lubrication film duringplained by assuming that in real systems the molecule—wall
slip. Thus, for example, steps or adatoms may give rise tehteraction potential has a much largatomio corrugation
pinning of patches of the lubrication film so that during slid- than used in all the simulationsee below. However, we
ing strong 2D-plastic deformation may occur within the Iu- pelieve that a more likely explanation is the occurrence of
brication film as different areaginned to different wallsof  atomic scale roughnesee.g., steps on the solid walls,
the film moves relative to other areas. Thus, when a poinfvhich, as discussed above, gives rise to a strong pinning and,
defect or steps are introduced on the solid walls,(ttearly  during sliding, “plastic deformation” in the lubrication
perfec) incommensurate solid state observed for Xe duringilm.?4 In this way much more energy will be “dissipated”
slip (see Ref. 8is likely to be replaced by a liquid-like or per unit distance of sliding giving rise to a strong enhance-
disordered state. This effect has, in fact, been observed iment in the friction coefficient as indeed observed by Gao
earlier model studiéd where a very low concentration of et al? for rough solid walls.
point defect converted a sliding incommensurate Xe layer to  Commensurate adsorbate layers are usually strongly
a 2D liquid-like state. A similar effect has been observedpinned. In Ref. 7 we study a case where the block and sub-
recently by Gaet al? during shear of molecular thin;gHs;  strate lattice spacing was nearly the same as the natural
films (~4 monolayers between atomically rough solid Xe-Xe distance. In this case a strongly pinned 11 Xe-
walls. For smooth walls the lubricant film was in a solid-like structure was formed. Starting Wwita 4 monolayer Xe film,
state and a large wall—lubricant slip was observed, while folve were not able to squeeze out any Xe by just increasing
atomically roughsurfaces they observed thaty @4 mono-  the squeezing pressure. However, during squeezing and slid-
layer CgHz4 film, the monolayers in direct contact with the ing we were able to squeeze out most of the Xe. In this case
solid walls were strongly pinned to the walls, while the re-we observed that the kinetic friction coefficient was of order
maining 2 monolayers exhibited liquid-like behavior during 0.1 (see Fig. 29 as observed in most boundary lubrication
shear and squeezing. experiments. This is in sharp contrast to most other studied
An additional indication that atomic scale surface rough-cases, were weakly pinndthcommensurajestructures are
ness may be of great importance in sliding friction comesormed and whergy, ~0.01. As discussed above, we believe
from a study of the magnitude of the kinetic friction coeffi- that the origin of this discrepancy is that most real surfaces
cient. Experimentally, for boundary lubricated surfaces onénave a high concentration of defe¢tsg., steps which tend
have typicallyu,~0.1, which is~10 times larger than ob- to give rise to strong pinning of the first adsorbed layers,
served in most molecular dynamics studies with smooth sursimilar to the formation of commensurate structures. We em-
faces. Thus, for the fgHs, lubricant in Fig. 27(monolayer  phasize that only in improbably accidental cases will the
coverage, average normal pressure 100 MRahave found natural spacing between the lubricant molecules be similar to
the low-velocity kinetic friction coefficient to bg~0.014. the lattice constant of the block or the substrate, so that in
Gaoet al? found u~0.01 for the same lubricant but under most cases pinning by defects seems necessary in order to
drastically different conditiongfour monolayers, normal explain the observation oft~0.1. We should point out,
pressure 50 MPa For the Xe-lubricant system studied in however, that we have often observed that the high-presssure

0.3

P/(10 GPa)

distance (Angstrom)
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(a) Commensurate

sliding structure pinned structure

FIG. 31. The onset of slip occur via the propagation of a frictional shear
(b)  Incommensurate crack.

E=NAE+PAAh,

() Incommensurate, pinned 4 Ah whereN is the number of lubrication molecules, ané the
(average change in the lubricant—wall and lubricant—
lubricant interaction energy between the onset of slip and the
“ground state” in the absence of an applied shear stress. We
can estimate the static friction using

FIG. 30. Left: i i in- ~
eft: (&) Commensurate(b) incommensurate and:)_plnhed in- Aobl2~NAE+PAAh,
commensurate adsorbate layers between two solid walls. Right: During slid-

ing the spacing between the solid walls must expand by The expansion  \yhereb is the interfacial displacement distance at the onset
is large for casega) and(c) but very small in caséb). . . L -
of slip, ando is the shear stress necessary to initiate sliding.
Thus,

os~2n,AE/b+2P Ah/b,

at the interface squeeze the lubrication atoms into a structure o o
which is commensurate with respect to one of the solid wallénd the static friction coefficients=os/P:
(bloc_k or substrate even if the resulting nearest neighbor pe~2n, AE/(bP)+2 Ah/b.
spacing between the atoms is far away from the “natural”
distance. For the Xe system considered in Ref. 8 the amplitude of the

In the study presented in Ref. 7 the kinetic friction co- height fluctuation as a single Xe atom is displaced between a
efficient was nearly independent of the perpendicular squeehollow and a bridge site is=0.04a (wherea is the lattice
ing pressurgsee Fig. 29 at high enough pressure. This ef- constant of the cubic wallswith b~a/2 andAh~0.04a we
fect seems to be very general, and in fact has been known faet 2Ah/b~0.16, which is nearly three times larger than the
many years, e.g., early work by Bowden and Tabor showedesult for the static friction coefficient observed in the com-
that the shear stress in most cases is nearly proportional fwuter simulationug~0.06. However, a detailed study of
the local pressure in the contact areas. For example, if ongnapshot pictures of the adsorbate layer during the transition
compares the friction properties of lubricated tin surfacesrom stick to slip showed that the slip started at the periphery
(hardness~70 N/n?) with lubricated hard steel surfaces of the contact area and propagated rapidly towards the center
(hardness~ 7000 N/nf), the friction coefficient typically of the contact aregsee Fig. 31, we may denote this as a
differ by less than a factor of 2, in spite of the fact that thefrictional shear crack. Since the shear stress at the crack-edge
local pressure in the tin contact areas-i400 times less than is enhanced from the uniform value assumed above, it is
for the steel surfaces. Such a pressure independence of thkear that the transition from stick to slip will occur at a
kinetic friction coefficient can be understood based on thdower shear stress than predicted by the theory above. This
following microscopic picture: during sliding molecular effect will be even more important for a larger contact area
groups at the interface flip from one configuration to another(as occurs in most practical applications and also in Surface
The flips are accompanied by local expansions of the systenforces Apparatus measurementg/e note also that the
The barrier to slide will have a contribution from the work ground state Xe-structure in Ref. (& domain wall super
done against the external press@reluring the local expan- structur¢ does not have all the Xe atom@ the high-
sions. This effect has been emphasized and discussed by lsressure regionin hollow sites, so that the change ixh
raelachvili and coworkers and a lucid discussion is presentethay be smaller than calculated above, which would be con-
in Ref. 25. sistent with a smallepu-value.

Figure 3Qa) shows a case where, at stick, a monolayer A Coloumbs friction law state that the friction force is
lubrication film forms a commensurate structure betweerproportional to the normal load. He, der and Robbirf§
two solid walls. At slip the spacing between the solid walls at(and othershave suggested that the explanation for this fact
the interface must expand by a distarle. For an incom- s the (approximatg independence of the friction coefficient
mensurate laydisee Fig. 3()] no, or very small, expansion on the normal pressure, which always is the case at large
is nececessary, i.eAh~0. However, for two incommensu- enough pressurésee above However, we do not believe
rate lubricant layers pinned by defects or surface roughnedbat this is the correct explanation in most practical applica-
to the solid wallg[the pinning centers are denoted by blacktions, but rather it follows from the fact that for rough sur-
dots in Fig. 30c)] a large expansiothh may occur at the faces the area of real contact is proportional to the load, and
onset of slip. The energy necessary in order to start slip wilthe pressure distribution in the area of real contact is inde-
be pendent of the load’?®
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