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Role of nanoscopic liquid bridges in static friction
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Interpretations of recent experiments on the effects of humidity on friction hypothesize that liquid-water
bridges can span nanoscopic gaps at the interface between the sliding surfaces. By means of a lattice-gas model
the mechanisms by which such bridges may engender static friction at a single ideal nanoscopic contact were
studied. The model contact consists of a sim(glgherically symmetricfluid constrained between two plane-
parallel substrates decorated with weakly and strongly attractive stripes that alternate periodically in one
transverse direction. In analogy with the experiments the shear yield gfieks strength 7 of the contact
was computed as a function of the chemical potentialf the fluid (the analog of humidity The influence of
other thermodynamic state variables, such as temperature and distance between the substrates, and of the
relative strength of the stripes on the yield-strength cufies 75 versusu) was explored. Some intriguing
correlations between experiment and theory are observed.
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I. INTRODUCTION friction with time (see, for example, Fig. 4 if7]) is corre-
lated with the chemical composition at the interface.

The force of static frictiorF5 between macroscopic bod-  Although the surfaces in the above mentioned experi-
ies in contact, taken to be the minimusheay force needed ments are dry, in the sense that they are not lubricated, they
just to initiate relative movement of the bodies parallel withare nevertheless exposed(generally uncontrolledambient
the plane of contactinterface, is usually observed to be atmospheres. The possible role of adsorption at the interface
proportional via the coefficient of static frictiops to the  must therefore be considered. Bocqaetl. [8] studied the
force normal to the interfacg, (i.e., Amonton’s law [1],  effect of humidity on the mechanical behavior of an ideal
that is, granular mediungspherical glass beads contained in a cylin-

drical drum. They found that, when the humidity is suffi-
Fs=uskn. ) ciently high, the angle of first avalanche of the beads, which
corresponds to the condition in which the shear stress at the
Bead-bead contaddcally just exceeds the static frictiofg
(or shear yield stressg), depends logarithmically on the
time elapsed after an initial rolling of the drum is ceased. In
a more recent study of the mechanical properties of the glass-
bead medium, D’Annd9] also observed a logarithmic de-
pendence on aging time. Indeed, Bocgekal. [8] aver that
the logarithmic character is universal and they hypothesize
that it is due to the formation of nanoscopic liquid water
bridges that span interfacial gaps. They assume that bridge
formation results from capillary condensation, which they
treat as a thermally activated process obeying Arrhenius’ law
[10,11], with an activation energy proportional to the loga-
_ rithm of the relative humidity. A key assumption upon which
us(t)=astbsIn(t), @ the logarithmic form Eq.2) ultimately rests is that there
where a, and b, are constants antlis the time of aging. €Xists a distribution of widths of interfacial gaps that can
Heslot et al. [3] imputed this aging to the “creeping” of Serve as sites for nucleation of bridges, so that at any given
asperities. Similar behavior was found for steel sliding on@ding time only a fraction of the gaps are bridged. The model
soft metalg4] and for rock sliding on rock5,6]. The aging @lso assumes that the classical empirical relation .
phenomenon is also observed in mechanical brakes arftplds at the level of the gaps, where npwy is the constant

C|utches, where a monotonic increase in the coefficient of‘internal” friction coefficient. The increase in yleld stress
with time is due solely to the increase in the fraction of the

interfacial area covered by bridges, which are under tension,
*Electronic address: henry@terra.chem.tu-berlin.de according to Kelvin's equatiofil2], which is assumed to
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As two unlubricated macroscopic surfaces are pressed t
gether, they makeolecularcontact at relatively few asperi-
ties (spatially irregular prominencg®f microscopic dimen-
sion [2]. The entire loadF, is borne by these asperities,
which may therefore undergo relaxatiofesg., plastic flow
that are slow on the time scale of the measuremeRt,0fAs

a result,u is often observed to depend on the time of aging
(i.e., the time elapsed between the measuremefft cind
the contacting of the surfaces, or, more generally, the initial
ization of the system For example, in a definitive study of
paper sliding on paper Heslet al. [3] observed a logarith-
mic dependence gk on time,
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bridges whose behavior is dubiously related to the experi- Fanx
mental conditiongthe relative humidity by Kelvin's equa-
tion. Being based on classical thermodynamics, the model of
Bocquetet al.[8] can provide no information on thmolecu-

lar origin of friction or on the mechanisms by which liquid
bridges affectFs. In particular, the coupling between the
molecular scale structure of the bridges and the nanoscale
geometrical and chemical variations in the asperities must
significantly influence the behavior of the bridges. In view of
the important part played by nanoscopic liquid bridges in
such practical phenomena as granular fl8y@] and geologi-
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cal transformation$5,6], and in anticipation of the crucial L L 4
role of bridges in the functioning of microdevicgk3,14], it
behooves one to investigate the bridges on their own length F— s — F— Iw —

chle. For this pufpose It 'S necessary to study Slnglg, well FIG. 1. Schematic side view of model contact: simple-cubic
deflngd nan,OSCOp,'C a§per|tles. In recent yea,rs a Var_'ety cf&ttice gas confined between two plane-parallel substrates consisting
technlques,_ including Ilthqgr_apifﬁS], wet chemical etching of strongly attractive stripes alternating with weakly attractive ones
[16], and microcontact printinfl7], have been used to fab- yerigdically in thex direction. A molecule at a site in the central
ricate solid substrates possessing precise geometrical Qgion (black circle interacts only with its six nearest neighbors
chemical patterns on micro- to nanoscales. Such decoratgghe four in thex-z plane are depicted as light gray circles; the two
substrates can be moved over each other with almost atomigiditional ones in thg-z plane are not shownAt ng sites on either
precision in regulated atmospheres, say, by means of surfag@bstratedark gray squar@sa molecule is subject to the “strong”
force apparatugl8] or the atomic force microscop&9—21]. stripe (@;= — ;) as well as to up to five nearest neighborsnat
This experimental setup would permit the investigation ofsites(light gray squargsa molecule is subject to the “weak” stripe
frictional behavior(in particular, the role of liquid bridges (®;=— e€;,) plus up to five nearest neighbors.

of idealized contacts directly on the molecular scale. Indeed,

atomic force microscopy has already been used to exploreurve of selected parameters of the model is explored. Sec-
the effects of bridge formation on adhesi@2] and on fric-  tion IV is given to a summary of our findings and to corre-
tion [23,24), albeit for macroscopic, unpatterned substrates.lations between results of the calculations and the results of

In light of the feasibility of direct experimental study of the experiment of Scherget al. [23].
liquid bridges at the nanoscale, we have undertaken a paral-
lel computa’gional in\_/estigation of an idealized nanoscopic Il. MODEL AND THEORY
contact: a film confined between plane-parallel substrates
consisting of periodically alternating weakly and strongly — The idealized contact consists of a simple fl(fitin) con-
(attractive adsorbing strips. This model satisfies the mini-fined between two plane-parallel substrates decorated with
mum requirement for the contact to be capable of sustainingtrongly and weakly attractive chemical stripes that alternate
a shear stress: heterogeneity in directions parallel with thgeriodically in one transverse) direction. We take the
interface. We have previously studied the prototype usinghemical stripes to lie parallel with theaxis, so that the film
both the(discret¢ mean-field lattice-gas approximatipp5—  is homogeneougand its properties are therefore translation-
28] and the Monte Carlo method in a specialized isostressally invariany in they direction. We treat the film within the
isostrain ensemble for a model with continuous intermolecumean-field lattice-gas approximation, as detailed in previous
lar interaction potential§26,29,3Q. In prior work we were ~ articles[25—2§. The positions of film molecules are con-
concerned mainly with the phase behavior of the adsorbegitrained to the sites of an,xnyxn, simple-cubic lattice
film. Indeed, the occurrence of liquid bridges spanning thehat spans the gap between the substrates. Space is thus dis-
gaps between attractive strips in opposing substrates wasetized and distance is measured in units of the lattice con-
confirmed. (We note that Roken and Tarazonf31] were  stant/, taken to be infinitesimally larger than the diameter
apparently the first to report the existence of bridge phasesf a film molecule. On account of the hard-core repulsion, at
observed in a lattice-gas treatment of a similar modgie  most only one film molecule can occupy a lattice site. Figure
effects of shearing on the phase diagram were also examinddschematizes a single unit cell of the contact projected onto
[25-28. Since the lattice-gas model exhibits the essentiathe x-z plane. The “weak” and “strong” stripes span a total
features of the shearing behavior of the prototypical contaciof n,, (=5, as depicted in Fig.)landng (=5) lattice sites in
as confirmed by Monte Carlo simulatiof6], and since itis the x direction. We assume that the substrates can be dis-
less demanding computationally than the Monte Carlgplaced relative to each other in tkendz directions by only
method, we shall adopt it for our present purpose. integral numbers of sitesince space is discrgteThe rela-

In Sec. Il we describe the model contact and its treatmertive alignment of the substrates in thelirection is specified
within the framework of the mean-field lattice-gas approxi-by the registrya, which is defined asx=An,/n,, where
mation. The principal results of the computations, the yield-An, is the number of sites by which the substrates are out of
strength curvedi.e., 75 versus chemical potentigk), are  “exact” registry (a«=0, which is taken to be where stripes of
presented in Sec. Ill. The influence on the yield-strengtHike type are precisely opposite each ojher
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We assume that the configurational energy can be ex- N

pressed as a sum of interactions between nearest-neighbor Q[p,T,u]=ksT>, [piInpi+(1—p)In(1—p)]

pairs of molecules. We take the substrates to be so far apart i

that their direct interaction is negligible. The interaction be-

tween film molecules is described by a square-well potential

having an attractive well of width” and depthe;;. The

restriction on the occupancy of a site to a single molecule ) . . L
implicitly accounts for the repulsive part of the square well. ' N€ local densityvectop p is determined by minimizing)

The internal energy of the system can therefore be written iffirough the iterative procedure detailed in Hef]. Substi-

N
+MM—Mpr (6)

the mean-field approximation as

N w(i) N

U[P]I_%Z 2,: Pin+§i: ®ip;, 3

Wherep_z{pl,pz, ce ' :
the (a priori) unknown mean occupation numbéi®., den-

sities, N=nsnyn, is the number of sites, and(i) is the
number of nearest neighbors of sitd =5 or 6 in three
dimensions In Eq. (3), ®;= ! + ®[?! stands for the film-
substrate potential, where

oo, Zi<1

— €, 1=X;=n
oM=0l(x z)={ ~ _ _ ° z=1 (4

— €y Ng<X <N, |’
0, z>1

represents the interaction with the lower substrate. Likewise,

oPl=dl?(x, ,z)

dM(x;—an,,n,+1-7),
@M —na—1),n,+1-7],

an,<X;=nhy
O<xi=any

©)

P} IS @ vector whose elements are

tution of the resultinge back into the functional expression
on the right side of Eq(6) yields the approximate value of
the grand potential. Note thé&X[ p] is an implicit function of
eight parameterse, €;,, N, andn,,, which specify the
chemical decoration of the substrates), andn,, respec-
tively the registry and distance between the substratesid
u. Because the contact is homogeneous inythdirection,
the dependence d2[ p] on n, is trivial (that is,Q[p] is a
homogeneous function of degree 1ng, all other param-
eters being fixed

The thermodynamic property of primary interest in the
present context is the shear strésg, which can be ex-
pressed in general as the rate of chang€ ofiith the regis-
try per unit contact aref26]. Within the framework of the
discrete lattice model, we approximaie, by the central-
difference formula

Ty any) = %Xny[ﬂ(anﬂ— 1)—Q(an,—1)].  (7)

IIl. RESULTS

The object of principal interest is the sheéeld stressr
of the model contact or, equivalently, the force of static fric-
tion Fs=74A, whereA=n,n, is the area of the contact and

7o(T, w) =maxT,( any; T, u) ®

any

is the maximum shear stre$s, that can be sustained by the

specifies the interaction with the upper substrate where latontact as the substrates are slid over one period irnxthe

tice sites are restricted to the sfix;,z)|1<x;<n,,1<z
<n,} (see Fig. 1

direction while other thermodynamic state variables (T,
andn,) are held fixed. In particular, we focus on as a

We take the relative motion of the substrates to be suffifunction of u with other parameterg&xceptan,) kept con-
ciently slow that the film remains in thermodynamic equilib- stant. The dependence af on w is the analog of the depen-
rium at all instants. That is, we regard sliding as a reversiblelence of friction on humidity, as measured, for example, in
(quasistatit process and apply equilibrium statistical me- the experiment of Schergd al.[23]. The chemical potential
chanics to compute the properties of the system. We note thaf the bulk vapor relative to its value at saturation/u5®

the sliding of real contacts is generally irreversiligster-

(where u%®= — 3¢ independent off in the case of the cu-

etic) to an extent that depends on the time of measuretpent bic lattice model employed herés proportional to the loga-

(proportional to the reciprocal of the rate of changengfor
equivalently the shear ragteelative to the relaxation timg

rithm of the relative “humidity” (i.e., to If p/p*®(T) ], where
p is the vapor pressure, less than the prespdteT) of the

of the rate-limiting molecular process involved in the cre-saturated vapor
ation and destruction of the liquid bridges. In essence we Despite the relative simplicity of the present model, the

assume,>t, .

phase behavior of the confined lattice gas is quite rich, as

We treat the lattice gas as an open system in the usualas demonstrated recenfl®8]. However, with increasing@
thermodynamic sense so that its thermodynamic state isost phases, except the gas, liquid, and bridge, become

specified by temperatur€ and chemical potentigk. Thus,

in thermodynamic equilibrium the grand potentfal of the

lattice is minimum for a given séfl, «}. An upper bound on
Q is given by the grand-potential function@][ p] [28],

metastable or unstable at temperatures below those consid-
ered here. Of thesethree principal phases only the bridge can
support a non-negligible shear stress. A bridge phase consists
of a highen-density region stabilized by the “strongly” at-
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TABLE I. Values of varied parameter@n dimensionless units
defined in text In all casese;s=2.0, ng=n,,= 20.

Case Efw n, T
I 0.5 5 1.2
Il 0.5 10 1.2
1] 0.0 10 1.2
\% 0.0 10 1.35

tractive stripe g,€:s) surrounded by two loen-density

regions supported predominantly by the “weakly” attractive . . .

stripe (O, €sy). High(en- and lower)-density regions of 0 5 10 15 20

bridge phases alternate periodically in thdirection. Thus, ally

a bridge phase is inhomogeneous in thdirection on ac- (@

count of mere confinement; it is also inhomogeneous irxthe

direction on account of the chemical corrugation. It is this -2.95

latter inhomogeneity that enables bridge phases to sustain a

shear stress applied in tixedirection[26]. M
However, the range of values pfover which bridges can

exist is more or less restricted, depending on the values of -3.00 -

the other parameters. Moreover, the eight-dimensional space

of parameters is rather large, even though the model is one of

the simplest capable of exhibiting bridge phases. To keep the ;

computational burden within manageable bounds, we arbi- 3.05f _ _ , o a-a&%

trarily fix the relative strength of the “strong” stripeefs)

and thex dimensions of the stripesi{ andn,,) and look at

the influence of onl;,,, n,, andT on plots ofrg versusu,

to which we refer henceforth as yield-strength curves. -3.10
Table 1 lists the values of the parameters for each of the Ny

four particular cases considered here. All numerical values

are henceforth given in standard dimensionless ufniés,

length in units of the lattice constasit energy in units of the

depth €;¢ of the fluid-fluid square well, stregpressurgin

units of e;;/ 3, and temperature in units @f/kg, where

kg is Boltzmann’s constajt

A. Thermodynamic stability of bridge phases

Figure 2 illustrates the impact of a shear stram, on the
phase behavior of bridge phases under various conditions
(see Table)l Consider, for example, the curve labeled | in
Fig. 2@). It consists of two branches at lower and higher
chemical potentials, which merge ain,=20. The lower
branch represents the coexistence Ijr%’(T,anx), that is, 3.10 . . .
the chemical potential at which gé&g) and bridgeb) phases 0 5 10 15 20
coexist for a giveril and an, . Likewise, the upper branch Ol
wP'(T,an,) represents the chemical potential of coexisting  (¢)
bridge and liquid phases. The branches mergexah,,
which is defined through

FIG. 2. Coexistence lineg!!(T,an,) for T=const(see text
(a) Cases | and lI(b) Cases Il and Ill, andc) Cases IIl and IMsee

qu(T.a>nx)=uE'(T,a>nx)- (9) Table ). Solid lines are intended to guide the eye.

whereQ'=0Q[p', T, andi andj refer to particular mor-
According to the principles of equilibrium thermodynamics, phologies[gas @), bridge ©), or liquid (I)]. If Q'=QJ is

MH(T,anX) is determined via the absolute minimum of the grand potential at the intersec-
_ _ tion u' for given values ofT and any, then wy/(T,an,)
0'=0Q!, (10 =u'l. Thus, the set of thermodynamic states

046124-4



ROLE OF NANOSCOPIC LIQUID BRIDGES IN STAT. .. PHYSICAL REVIEW E 64 046124

M ={(,an)| u§(T,an,) <u<pg'(T,an,),T=cons} 29 ' ' '
| | (11) ) W% a

represents the one-phase region(stieareg bridge phases e 2
with which we shall be mainly concerned. For a given shear @)
strain in the range € an,<a.n,, the range ofu over -3.00 po- Eg;
which the bridge is the thermodynamically stable phase is ﬁ/e/e/eﬂ (6)
specified byM. At @=3% (an,=20), where the substrates are =g )]
maximally misaligned in thec direction, the bridge phase 3.05 M 1 ®
must vanish(i.e., the gas-bridge and liquid-bridge coexist-
ence lines must merge at=3%) on account of the symmetry
of the film-substrate potential energy. Depending on the pa-
rameters other thap and an,, the plots in Fig. 2 exhibit 310 . : :
bifurcations ata. n,<20. Hence, foran,> «. n, the single 0 5 10 15 amy 20

line corresponds tmg'(T,anx) common to coexisting gas

and liquid phases. Inspection of the curve labeled Il in Fig. FIG. 3. As Fig. 2 for case ll(see Table)l Dotted lines indicate
2(a) for an,>14 indicates that gas is the thermodynamicallypaths of constant chemical potentiak., constant relative humid-
stable phase in the range= < u=< —3.035 whereas liquid is ity) for which the mean density of bridge phases is plotted in Fig. 4.
stable over the range 3.035s <. Consequentlyga,n,

=a.n, is the shear strain at which gas, liquid, and bridgesubstrate interactions. Therefore, sirggremains unaltered
phases coexist and therefoTeET?rb'(a>nX) is the associ- between cases Il and Ill, one expe;at%b(T,anx) to remain
ated shear-strain dependent triple-point tempergsee, for  unaffected, as the plots in Fig(l8 confirm. Again on ac-

example, Fig. 9 in Ref[27]). count of the short-range nature of fluid-substrate interactions,
Table | indicates that the curves of each pair plotted incondensation of a bridge phase leading to the formation of a
Figs. 2a)—2(c) differ only in one parametefnamely, €;,, , liquid is largely controlled by theveakstripes(i.e., by €;,).

n,, or T). For example, curves | and Il in Fig(& corre-  Since the latter are purely repulsive for case(dhd there-
spond to bridges of different lengths,j. One expects the fore do not promote condensation at)allb'(T,an,) is
longer bridge to be less stable against shear deformatioshifted to chemical potentials exceedin&" In other words,
since work needs to be done on the bridge to stretch it. Thithe magnitude oA, is determined by the degree of hetero-
notion can be quantified by introducing the “area” geneity of the substrate, a measure of which is the difference
€ts™ €fw-
M b Figure 2c) demonstrates the effect of increasing tempera-

Al@’:fo [ (Tyan) = i X(Tyangld(and (12) e “of the longer bridge fronT=1.20 (case IlI) to T
=1.35(case IVJ. Over the range € an,<15 the warmer
Jridge is stable over a wider range of chemical potential.
Above an,= 15 the opposite is true. The ar@gq,, is greater
for case Ill, which indicates that the cooler bridge is the more
robust.

associated with the region of stability of the bridge phas
given by Eq.(11). From Fig. Za) it is clear thatA,4 for case

I (n,=10) is much smaller thai4 for case | f,=5).
Moreover, a. n, for case Il is considerably less than. n,
for case I. Note also that for both cases the one-phase region

is characterized by chemical potentiglss M below bulk B. Mean density of sheared bridge phases

saturation(i.e., u < u%*= — 3), which indicates that all phase  To make contact with the experiment of Scheegel. in

transitions(i.e., gas-bridge, bridge-liquid, and gas-liquait-  sec. IV we examine the variation in the mean density of the
cur at chemical potentials below bulk saturation. The esserbridge;(,u T,an,)
e H ) X/

tial reason for this behavior is that the net attraction of th
lattice gas by the entire substrate is sufficiently strong to . 1N
support partial(gas-bridgeé or complete (bridge-liquid or p(w, T,an)=— > pi(u,T,an,), (13
gas-liquid condensation. Nz

This scenario changes in Figl2 where nowu2'(T,an,) . .
for case lll is shifted to values exceeding those of bulk satufilong paths of constaiftandy. [i.e., under constant relative

idi satx Sal H i H H
ration (i.e., u>u= —3, ue M), except for the range 18 hymldlty pl w2 In(pl/p -5]_|nd|cated by the dottgd I|-nes in
<an,=<20. Notice also that for case IILS®(T,an,) is '19- 3. The corresponding(y,T,any) is shown in Fig. 4,
nearly identical with its counterpart for case Il up to theWh(.ere we consider pnly thermodynam[c states In theM;gt
bifurcation e n, =14 of the latter. HenceA, is consider- defined in Eq(11). Since the shear strain at the intersection

ably larger for case Il than for case II. This can be rational-befWeen a line of constant and either u{"(T,an,) or
ized in terms of the reduced attraction of the lattice gas by« (T.any) (i.e., the envelope oM) depends onu as
the weak stripegsee Table)l To understand this one has to shown in Fig. 3, the curves plotted in Fig. 4 vary in length.
realize that(partia) condensation of gas leading to the for- Moreover,p(u«,T,an,) is a monotonically increasing or de-
mation of a fluid bridge is promoted predominantly by the creasing function ofrn, , respectively, above or below some
strong stripes on account of the short-range nature of fluid-characteristic chemical potential, defined through
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0.008
1 (2)
0.6 | o (3)
_ M 0.006 | I\
P @) Ts
0.5 TH— W 0.004 |
I
% (5)
© 0.002 | I—
04} (8) (D
1 1 1 O ' '
-3.3 3.2 -3.1 -3.0
0 5 10 15 any, 20 7
L — . _ ()
FIG. 4. Mean densityp of bridge phase as function of shear
strain an, for case Ill along paths of constant chemical potential 0.008
identified in Fig. 3. Solid lines are intended to guide the eye. Curves
end at intersection betweer= const and coexistence lines limiting Ts
one-phase region of bridge phases in Figs@e text 0.006 |
p 0.004 |
(o), | = e
e o H=Ro
0.002 |
near the “center” of M [see Eq.(11)]. For case I, uq
~ uS= —3. However, we emphasize that this approximate 0 . .
equality is fortuitous. In generak, depends on the param- 3.10 -3.05 -3.00 -2.95
etersng, n,,, €5, €5y, andT. Intuitively, the dependence of K
p(u,T,an,) seems sensible. If, on the one hand, a bridge (b)
phase is sheared al_ong paths of constant o, it must 0.008
eventually coexist with a gas phase at the intersection be-
tween this constant andu2°(T,an,) (s_ee Fig. 3. Thus, the_ o Ts 111
bridge phase must become more gaslike as the intersection is 0.006 | \
approached. Hence the mean density of bridge phases in the
regime u<uq should decrease with increasing shear strain.
If, on the other hand, a bridge phase is sheared at constant 0.004 +
u> o, it must eventually coexist with a liquid phase where Y%
n= ,ui"(T,anx). By the same logic one therefore expects the 0.002 |
mean density of this bridge phase to increase with the shear '
strain.
The mean density is related to the shear stress through the 0 s s
Maxwell relation[30] -3.10 -3.05 -3.00 -2.95

7
(©)

(15 FIG. 5. Yield-strength versus chemical potentiaé., relative
humidity); (a) Cases | and II(b) Cases Il and Ill, andc) Cases Il

and IV (see Table)l

(el %
d(any) T,u.n N\ du T,anx,n,

where the vecton=(n,,ny,n,). Thus, from the plots in Fig.

4 and Eq.(15), T,, mustincreasewith increasingu (i.e.,
with increasing relative humidily over the range
,ugb(T,anx)s,u<,uo and decreaseover the rangewo<u
<ul(T,any); for u=ug, T,4 is maximum. Moreover, this
dependence of the shear stressuomust hold regardless of
the shear strain becaugéu,T,an,) is a monotonic function
of an, for all thermodynamic states belonging to the Bkt
as the plots in Fig. 4 clearly show.

C. Humidity dependence of yield strength

Since the yield strengthrg is nothing but a particular
value ofT,, (namely, its maximum, see Sec.)|lve surmise
on the basis of considerations in Sec. Il B thafw) will
increase and decrease with increasing.e., with increasing
relative humidity over the rangeg2°(T,an,) < u<uq and
wo<p=<ul(T,an,), respectively, exhibiting a maximum at
Mm=po. Plots of r4(w) in Fig. 5 confirm this. However, the
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width of a curve as well as the location and height of its
maximum depend on the parameters. Generally speaking, the
width of 7¢(«) can be correlated witM [see Eq(11), Figs.
2(a)—2(c)]. Therefore, the same arguments invoked above to
rationalize the size and shape of one-phase regions of bridge
phases can be employed here to understand variations in the
width of 74(w).

According to its definition in Eq(8), 75(u) is @ measure
of resistance of a bridge against its shear-induced destruc-
tion. This resistance is controlled essentially by the same
factors that determine the magnitude/Af; [see Eq.(12)].
However, we note that raising the temperature seems to re-
ducer¢(wg) more stronglysee Fig. &¢)] than it reduces the
magnitude ofA,4 [see Fig. 2c)]. This can be rationalized by
observing that the density difference between regions of
high(er) and lower) densitywithin a given bridge phase de-
creases with increasing In other words, the degree of het-
erogeneity of the bridge phase in the direction of the applied
shear strain decreases with increasing temperature. Since this
heterogeneity is the principal source of resistance of the
bridge to lateral deformation, the yield strength must decline
with temperature regardless @f (that is, independently of b) X
the relative humidity.

o
o
=]
B~
o
[+2]
[«
<]
(=

D. Structure of sheared bridge phases

Additional insight can be acquired by examining the
structure of the sheared bridge, which can be directly per-
ceived inp. A quantitative representation of the local density
that minimizes the amount of information that must be dis-
played can be obtained by defining the set

1
S>:{(Xi1Zi)|pi:P(XiaZi)>2] (16)

of lattice sites at which the local density equals or excéeds
These sites are indicated by dark gfage Fig. 6. Comple-
mentingS.. is the set

FIG. 6. The setsS. (gray areaandS_ (white area [see Eqs.
(16) and(17)] separated by the ling [see Eq(18)] for Case Il at
an,=12: (a) u=-—3.03, () u=-2.98, and(c) uo~u*=-3
(see text

1
S<:{(Xiazi)|l)i$2] (17)

S. along thez direction is much narrower compared with the

. . . o plot in Fig. €c). This is consistent with our earlier observa-
of lattice sites at which the local density is less than or equatlion thatp [that is, the mean density defined earlier in E
to 3 (denoted by white space in Fig).&'he contour defined P ' y g

by (13)] at u<pug is less tharp at u=uq (see Figs. 3 and)4
By reducing its density the bridge phaseuat — 3.03 main-

L£L=S.NS_ (18)  tains £ approximately perpendicular to the direction of the

applied shear strain, except for small regions in the vicinity

is the line along whictp;= 3 and which separates the regions of the substrates. A similar effect is observed for the bridge

of “high” and “low” density. phase aju= —2.98[see Fig. @)], except that the density of
For case Il we consider these coarse-grained local densityie bridge increases with shear stragee Figs. 3 and)4
plots at an,=12 for three different values oju: u= Comparing Figs. @ and b) we note a curious and striking

—3.03, u=—2.98, u=puo~u®=—3. Figure 6c) shows symmetry:S. below u, is nearly identical withS_ above
that for = g the width of the bridge in the direction is  u, and vice versa.

constant along its lengthz). The bridge appears to be  Shear-induced structural changes in the bridge can be
“stretched” on account of the applied shear strain, thatlis, seen by comparing for an,=11 with that for a slightly

is longer for the sheared bridge than for its unsheared courkigher shear strainn,=12 in Fig. 7. Forug~u= —3 (that
terpart. However, fopr below[see Fig. 6a)] and abovdsee s, near the “center” ofM), £ shifts in the direction of the
Fig. 6(b)] ug the structure of the sheared bridge is distinctly applied shear strain as the plot in Figc)7shows. The cor-
different. The plot in Fig. 68) shows that the midsection of responding plots in Figs.(@ and 7b) indicate that on ac-
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explore here the role of bridges in static friction at the nanos-
cale. Our model comprises a simgkpherically symmetric

fluid confined between two plane-parallel substrates deco-
rated with weakly and strongly attractive stripes that alter-
nate periodically in one transverse direction. It is the sim-
plest model possessing the transverse heterogeneity
necessary for the contact to sustain a shear stress. We de-
scribe the film approximately as a nearest-neighbor, mean-
field cubic lattice gas. Previous investigations by[@5—
27,29,3Q have shown the model to give rise to bridge
phases, although the mechanical properties of the bridges
have not been systematically studied until now. In parallel

with the experiment, we concentrate on the influence of

\ chemical potential. (analogous to humidifyon static fric-

tion. Specifically, we plot yield-strength curvéshear yield

stresstg versusu) and look at how they depend on other

parameters of the modéi.e., distancen, between the sub-

strates, strengtla;,, of the “weak” stripe, and temperature

T). We find that the width of the one-phase region of bridge

phaseqi.e., the range ofu over which the bridge phase is

80 the thermodynamically stable phaseéepends strongly on

X those other parameters. The yield-strength curve has a “uni-
versal” shape: asu varies over the range of stability;
exhibits a single maximum near the center of the rangés

\ roughly symmetric about the maximum. This general depen-

| dence ofrg on w is intimately linked via a Maxwell relation

\ to the variation of the mean density of bridge phases with the

\ shear strain at constant chemical potertiial, constant rela-

\ tive humidity).

Variations of the yield-strength curve with alterations of
n,, €y, andT can be correlated with the width of the one-
phase region of bridge phases and their stability. The width

80 of the one-phase region is controlled by the degree of chemi-
X cal heterogeneity of the substrate, which dependse@n
(c) — €5y, that is, the difference in strength of attraction of a
lattice-gas molecule by the “strong” and “weak” stripes.

FIG. 7. Asin Fig. 6, but only for the lin€ as a function of the  stapjlity of the bridge phase, on the other hand, depends on
shear strainan,=11 (dashed lingand an,=12 (solid line). the length of the bridge spanning the gap between the oppo-

site “strong” stripes. The stability of a bridge also depends
count of the respective shear-induced decrésse Fig. 7a)]  on its temperature. The highéF is, the more alike are
and increasgsee Fig. )] in density only a part oL shifts  high(er)- and lowen-density regions of the bridge phase.
upon increasing the shear strain. One notices furthermorghus, “warmer” bridges are less heterogeneous in the direc-
from Fig. 5b) that 74(x) is higher foruo~u=—3 com-  tion of the applied shear strain. Since this heterogeneity is
pared with bothu = —2.98 andu= —3.03, where only parts the source of resistance to the applied shear sf2&sthe
of £ shift. Since 74(u) is the (maximum change in the Ilatter declines with increasing.
grand potential per unit argaee Eq.(7)] we conclude that The results of the model calculations are not strictly com-
by altering its density the bridge can compensate part of thgarable with the experimental results of Scheegal. [23],
work done by shearing it. This effect is qualitatively the but several common trends are worthy of mention. Scherge
same, regardless of whether the changem) increases or et al. measured the force of friction between a 2-mm sap-
decreases the density of the bridge. phire sphere and “flat” silicon surfaces as a function of hu-
midity at several temperatures and at a condtaad. In the
case of the “hydrophilic” Si surfacéwhich would be attrac-
tive to water moleculesthey observe that frictioril) rises

Experimental studies of the effects of humidity on thewith humidity and at the lower temperatures studied may go
force of friction on the macroscald,9,23 implicate liquid  through a maximum(2) increases with decreasing tempera-
bridges on the nanoscale. However, the macroscopic thermadre; and(3) rises with increasing relative humidity toward a
dynamic treatmenf8] of the phenomenon leaves open the maximum more rapidly at lower temperature than at higher
question of the molecular mechanisms by which liquidtemperature.
bridges may give rise to friction. Using an ideal contact, we The experiment utilizes a macroscopic contact and thus

(b)

10

IV. DISCUSSION AND CONCLUSIONS
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involves a distribution of sizes and shapes of nanoscopigether yield useful insight into the role of fluid bridges in
contacts. Moreover, in the experiment the load is fixed rathefriction.

than the separation between sphere and flat, whereas in the

model the distance between the substrates of the single nano-

scopic contact is kept constant rather than the normal stress ACKNOWLEDGMENTS
(load per unit area Nevertheless, in parallel with the experi- . _
ment we find thatl) 7, rises with increasingt and can go We are grateful for financial support from the Sonderfor-

through a maximum in the range pf belowsaturation(see  schungsbereich 448 “Mesoskopisch strukturierte Verbund-
Figs. 4 and 5 (2) 7 increases with decreasinig(see Fig. systeme,” which made possible an extended stay for one of
5); and (3) 7 rises with increasing: toward a maximum us (D.J.D) in the Stranski-Laboratorium”fuPhysikalische

more rapidly at lowelT than at higheiT (see Fig. 5. These und Theoretische Chemie, during which period this research
similarities encourage us to believe that the model has essemwas carried out. D.J.D. thanks Professor G. H. Findenegg of
tial elements in common with the real system and that withthe Stranski-Laboratorium and also Professor S. Hess of the
appropriate refinements the experiment and theory may tdnstitut fur Theoretische Physik for their warm hospitality.
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