HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 4 22 JANUARY 2004
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We present molecular-dynamics results for the squeezing of octagkl;{)Chetween two
approaching solid elastic walls with different wetting properties. The interaction energy between the
octane bead units and the solid walls is varied from a very small dlueeV), corresponding to

a nonwetting surface with a very large contact anglearly 180 degreg¢sto a high valug(18.6

meV) corresponding to complete wetting. When at least one of the solid walls is wetted by octane
we observe well defined molecular layers develop in the lubricant film when the thickness of the
film is of the order of a few atomic diameters. An external squeezing-pressure induces
discontinuous, thermally activated changes in the numbarlubricant layers §—n—1 layering
transitiong. With increasing interaction energy between the octane bead units and the solid walls,
the transitions fromn to n—1 layers occur at higher average pressure. This results from the
increasing activation barrier to nucleate the squeeze-out with increasing lubricant-wall binding
energy(per unit surface argan the contact zone. Thus, strongly wetting lubricant fluids are better
boundary lubricants than the less wetting ones, and this should result in less wear. We analyze in
detalil the effect of capillary bridge formatigim the wetting caseand droplets formatiofin the
nonwetting caseon the forces exerted by the lubricant on the walls. For the latter case small liquid
droplets may be trapped at the interface, resulting in a repulsive force between the walls during
squeezing, until the solid walls come into direct contact, where the wall—wall interaction may be
initially attractive. This effect is made use of in some practical applications, and we give one
illustration involving conditioners for hair care application. ZD04 American Institute of Physics.
[DOI: 10.1063/1.1635813

I. INTRODUCTION studies involving squeezing of alkanes, see Refs. 11-16.
. ) . . ) ) When two elastic solids with curved, atomically smooth

Tribology, the science of interacting solid surfaces ingaces are squeezed together in a fluid which wets the solid
relative motion, has been studied intensively for many yearsyalls. a small contact region is formed, where the surfaces
It is of great theoretical interest and involves fundamental, parallel and separated by an integer number of monolay-
physics, e.g., questions related to the origin of irreversibility,e s of trapped lubricant fluid. For this case it has been shown
the role of self-organized criticality, and in the case ofp o experimentally and theoretically that for quasispherical
boundary lubrication, dynamical phase transitions in molecuz g |inear hydrocarbons, the behavior of the lubricant is
larly thin lubrication layers. In particular, squeezing of thin 4iny determined by its interaction with the solid walls that
lubrication or contamination layers has attracted much atteng q,,ce layering in the perpendicular directbl-23 The
tion (see Refs. 1, 2, and 355 . _ thinning of the lubrication film occurs stepwise, by expulsion

In this paper, we consider the lubrication properties 0fq¢ jnqividual layers. These layering transitions appear to be
octane (GHyg) confined between two approaching elastic iemgly activatedsee Refs. 24 and 25Under strong con-
walls with different wetting properties. The interest in gnement conditions, some lubricant fluids become solidlike.
squeezing wetting liquids arises from the applications of lu-ger fluids, notably water, remain liquidlike up to the last
bricants to reduce sliding friction and wear. The behavior Oflayer that can be removed upon squeezing.
nonw.etting liquids be';we.en rough solid vyglls is of interest, " ko, wetting liquids, the phenomenology of layering tran-
e.g., in hair care appll'catlons. Here' conditioners are gsed Qitions in two-dimensional2D)-solidlike boundary lubrica-
cover the hair fibers with hydrophobic monolayers, which for;on has been studied in Refs. 6 and 7. We have shown in a
semi-dry or dry hair reduce the friction and the adhesionggjes of computer simulatiohthat the layering transitions
between the hair fibers, resulting in easy combing. We havg e sometimes initiated in solidlike layers by a disordering

recently presented several computer simulations of boundary, sjtion, after which the lubricant behaves in a liquidiike
lubrication for realistic model systems characterized by dif-,2nner for the rest of the squeeze out process.

ferent(realistio parameterg¢see Refs. 6 and 7—10or other Simple arguments show that the squeezing of nonwetting
liquids occurs according to a different scenario. In this case

dElectronic mail: v.samoilov@fz-juelich.de the fluid molecules interact much stronger with each other
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than with the atoms of the solid walls. Thus, in order to
minimize the surface energy, a thimetastablgliquid film
between rough solid walls will break up into small droplets
which will be localized in the “large” open spaces between
the solid walls, i.e., away from the regions of minimal sepa-
ration between the walls. Thus in this case no layering tran-
sitions will be observed. However, this scenario only holds
for small systems with interfacial cavity regions into which
the fluid can be transfered. For larger systems where the fluid
fills the entire junction between two atomically flat nonwet-
ting surfaces, layering will take place in the confined liquid
film. This has in fact been observed in experimental studies
by, e.g., Mugele and Salmerdsee Ref. 2B

Il. MODEL

The model was described in Refs. 7, 8, and 10, but we
review It, b”eﬂY here. We are concerned with the pI’OpeI’tleﬁ:IG. 1. Schematic picture of the central region of the squeezing model used
of a lubricant film squeezed between the curved surfaces 6f the present article.
two elastic solids. In experiments, a system of this type is
obtained by gluing two elastic slalisf thicknessW,; and
W,) to “rigid” surface profiles of arbitrary shape. If the radii The MD (molecular dynamigscalculations have been
of curvature of the rigid surfaces are large comparetvio performed by keeping the temperature of the solid walls
andW,, the elastic slabs will deform, reproducing with their fixed at their outer boundariésee Ref. J. This is a realistic
free surfaces thénearly arbitrary shape of the underlying treatment, and it implies that heat flows from the lubricant to
rigid profiles. the confining walls.

In what follows we denote the lower solid asbstrate Below we study mainly the average pressure. The pres-
which is taken to be fixed in space. The upper solid, denotedure acting on a wall atom is defined as the total normal
asblock will be moving. To account for the elastic responseforce acting on the wall atom from the lubricant atoms and
of the slabs, without dealing with the large number of atomsrom the other wall, divided by the are#’. The average
required to simulate a mesoscopic elastic solid we treat expressure is the-component of the total force acting on the
plicitly, at the atomistic level, only the last atomic layer of solid block from the lubricant and the substrate, divided by
the solids at the interface. These atoms are connected tothae total ared <L, .
rigid curved surfacgor profile). The force constants con- Below we provide details of the models used for the
necting these atoms to the rigid profile, however, are not thélock, the substrate and the lubricants in the simulations car-
bare parameters, determined by the model interatomic potemied out in the present work, which differ from those de-
tial. Instead, those force constants are treated as effectivaxribed in Refs. 7 and 8.
parameters that implicitly reintroduce the elastic response of Both solids the block and the substrate were gold. We
the slabs of arbitrary widthV; andW,. used the same elastic modulus and Poisson ratio for the

The model is illustrated in Fig. {see also Refs. 7 and block and substrate, which wer&=7.7210°Pa and
8). The atoms in the bottom layer of the blo@pen circles  »=0.42 for gold. We also used the same thickness for the
form a simple square lattice with lattice constaptand lat-  block and substraté/=50 A. This choice of thicknesses im-
eral dimensiond ,=N,a and L,=Nya. In the following, ply that the block and the substrate used in our simulations
periodic boundary conditions are assumed in stiyeplane.  will deform elastically similar to each other. In the simula-
The atoms interact with each other via “stiff” springthick ~ tions we used a system of lateral dimensidns=506 A,
lines) and execute bending and stretching motion character,=75.9 A. The block rigid profile was taken to be cosine
ized by a bending force constakgg and a stretching force corrugated in thex direction, with corrugation amplitude
constant,, respectively. Moreover, each atom is connecteddifference between maximal and minimal surface heights
to the upper rigid surface profile by “soft” elastic springs 0.1L, and wavelength.,. The substrate was atomically flat
(thin lines, of bending force constark,g and stretching with N,=200 andN,=30 atoms in thex andy directions,
force constank, . As described in Refs. 7 and 8, the numeri- forming a square lattice with lattice constant 2.53 A. The
cal values of all these force constakts kog, ki, andkqg corresponding parameters for the block wétg=180, N,
are determined in such a way as to mimic the elastic re=27, anda=2.81A.
sponse of the entire slab. Octane lubricant gH,g was used in the present calcula-

The substrate is treated in a similar way as the block, butions. It was chosen as having an intermediate chain length
we use slightly different lattice constant in order to avoid(and propertiesamong the linear alkanes of different chain
having (low orden commensurate structures formed at thelengths GHg, CsH;q, CsHig, CgHsg, CigHa, CioHog and
interface. The space between the block and the substrate & 4Hsg, lubricating properties of which have been consid-
occupied by a layefmonolayer or moreof the lubrication ered recently in Ref. 10. We consideregHzg chain mol-
fluid (full circles in Fig. 1. ecules consisting of eight beads in the united atom represen-
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tation. The Lennard-Jones potential was used to model the(a)
interaction between beads of different chains

B

r
and the same potential with modified parametetsi(;) and
(e5,r,) was used for the interaction of each bead with the
substrate and block atoms, respectively. For the interactions
within the GH;5 we used the OPLS modéRefs. 27 and
28), including flexible bonds, bond bending and torsion in-
teraction, which results in bulk properties in good agreement
with experimental data. The parameters wege5.12 meV
for the both interior and end beads ang=3.905A in all
cases. Atomic mass 1dor interior CH, bead$ and 15(for
the CH; end groupswere used. For the interaction of each
bead with the substrate and block atoms we togkr,
=3.28 A 2° To study the lubricating properties of octane con-
fined between two approaching solid walls with different
wetting properties we changed the interaction energy be- quim.gei.s
tween the octane bead units and the solid wallsgnde,), T
from a very small valuél meV) corresponding to a nonwet-
ting surface with a very large contact angtearly 180 de- (d)
grees to a high value(18.6 meV?® corresponding to com-
plete wetting. The latter choice reflects the stronger o
interaction between the beads and metal surfaces than be, .. tee awrdos. S
tween the bead units of different lubricant molecules. T
Within a GH;g chain we assume nearest neighbor CFIG. 2. The nature of the octang€,g film between two solid elastic walls,
atoms are connected via springs with the spring congtant for f(_)ur different cases correspon_ding to nonwett_ﬁngse_s(a) and(b)] and
which was chosen equal to 10 N/m. Time step was equal to &\_lettm_g[caseg(c) and (d)] octane liquid. Symmetric pair of the bead—wall
. . . atom interaction energy parametars=e, was used here, equal {a) 1
fs. We used an angle bending interaction of the formmey, (b) 3 mev.(c) 8 mev, and(d) 18.6 meV.
E(c0s6)/Kg=2Kpend COSO—COSHp)? With Kpen= 62 543 K and
6,=2.0001rac’® For the dihedral interaction we used the

funce:uonal form in term of a cosine Fourier seriE¢#)/ks  The octane films for the intermediate bead—wall interaction
=37_oCicos(¢) with parameters co=1009.99K, C;  gnergy parameters,=e,, equal to 3 and 8 meV, are pre-
=2018.95K, c,=136.37K, c3=—3165.30K? Internal  gented in Figs. ®) and 20), respectively.
beads of separation greater than three units were treated Figyre 3 shows the variation of the average pressure dur-
similarly as beads from different chains. ing squeezing, as the block moves a distance of 24 A toward
For interaction between atoms of the block and the subhe substrate. The squeeze velocity was 2 m/s. A few test
strate we used the Lennard-Jones potential with the paramgy|cylations at lower squeeze velocity gave very similar re-
eterse;,=18.6meV andr;,=3.28A, the same as used in g5 as fow,=2 m/s indicating that no new physics may be
Ref. 10. o ) . expected with lower squeeze velocities, but the layering tran-
By variation of the interaction energy between the oC-sjtions occur at slightly lower squeezing pressures due to the
tane bead units and the solid walls, (and €;) it was pos-  fact that the nucleation of squeeze-out is a stochastic ther-
sible to examine similarities and differences between squeeznally activated process. We used the same bead—wall inter-
ing of lubricants for different wetting of the walls. We gc¢tion energy parameters for both solid wallg= ¢,, equal
consideregl both_ symmetric pair of param_eteg; e and g (@) 1 meV,(b) 3 meV,(c) 8 meV,(d) 12 meV, ande) 18.6
asymmetric pair of parameterse)( varied and €, mev. For the systems exhibiting complete wettiagro con-
=18.6 meV). tact angle, namely cases$c)—(e), n—n—1(n=3,2,1) lay-
ering transitions are observed and indicated in the figure. For
the nonwetting systemgasesa and(b)] no layering tran-
sitions can be observed, and, in fact, no fluid occurs in the
We now describe the results obtained from our simulategion between the solid walls where the spacing is the
tions for octane gH;g squeezed between two solid elastic smallest.(This scenario only holds for small systems with
walls with different wetting properties. Thus, we have interfacial cavity regions into which the fluid can be trans-
changed the interaction energy between the octane bead unfesed. For larger systems where the fluid fills the entire junc-
and the solid walls, from a very small valgé meV) corre-  tion between two atomically flat nonwetting surfaces, layer-
sponding to a nonwetting surface with a very large contacing may take place in the confined liquid filmThis is
angle [nearly 180 degrees, see Figad, to a high value illustrated by the snapshot pictures shown in Fig. 4 for case
(18.6 meV) corresponding to complete wetting, see Fi@)2 (a), taken at the separations corresponding to the vertical

v(r)=4eo : D

IIl. SIMULATION RESULTS AND DISCUSSION
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0.8}

0.4

average pressure (GPa)

0 8 16 24
distance {Angstr{}m} FIG. 5. Snapshot pictures for the approach of a cosine corrugated block
toward a flat substrate with octanghtg as lubricant. Squeeze velocity was

FIG. 3. The variation of the average pressure during squeezing developed gs=2 M/s. Parameters;=18.6 meV ande,=18.6 meV (Ref. 29 were
the block moves a distance of 24 A toward the substrate. OctgHg,@as ~ Used here. The same parameters were also used in our recent(Bgiers
used as lubricant. Squeeze velocity was-2 m/s. Symmetric pair of pa- and 10. The snapshot pictures correspond to the block displacentents

rameterss, = €, was used here, equal ta) 1 meV,(b) 3 meV,(c) 8 meV,(d) =8, 16, and 24 A. Wetting behavior is clearly seen and we observe
12 meV, and(e) 18.6 meV. Then—n—1 layering transitions are observed —1 layering transitions.

for three latter systems. The arrows indicate the block displacements at the

snapshot pictures presented in Figs. 4 and 5 for cémeand (e), respec-

tively.

tion between the solid walls increasg@ince the droplet can

arrows in Fig. 3. In contrast, for fluids which wet the solid now take a more spherical shapéhe droplet will exert a
walls, the fluid tends to accumulate in the region where théepulsive force on the solid walls. Thus, as long as the direct
wall-wall separation is the smallest, forming a capillary (attractive wall-wall interaction can be neglected, the aver-
bridge. This is illustrated in Figs.(@ and 5 for casde) in age force exerted on the walls is repulsive. This is illustrated
Fig. 3. The snapshot pictures correspond again to the blodk Fig. 6 [curve(a)] (a magnified section from Fig.) 3which
displacementsi=8, 16, and 24 A, as indicated by the verti- shows the average pressure acting on the blockhe sub-
cal arrows in Fig. 3. stratg as a function of the displacement of the block toward

Figure 2a) shows that an octane liquid, when the spac-the substrate. Curvéb) in the same figure shows tlaver-
ing between the solid walls is large enough, forms a nearlyage pressure acting on the block for the case of complete
spherical droplet in casés). When the liquid is confined Wwetting, corresponding to cage) in Fig. 3. In this case a
between closely spaced solid walls, there is not enough spaé@pillary bridge is formed between the solid wdkee Fig.
for the droplet to take this ideal form. In order to minimize 2(d)] resulting in a negative pressure acting on the block.
the surface energy the octane liquid is localized to the larg&lote that the magnitude of the negative pressure is about five
open space between the solid waldee Fig. 4. Since the
surface energy of the liquid droplet decreases as the separa-

10
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o
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o0
o
o -10
o -10p
o
s
@
=
(1]
-20 - i f i i ?
0 4 8 12
FIG. 4. Snapshot pictures for the approach of a cosine corrugated block distance {Angstmm]

toward a flat substrate with octanghg as lubricant. Squeeze velocity was

v,=2 m/s. Parameterg;=1 meV ande,=1 meV were used here. The FIG. 6. The average pressure acting on the wallgdba nonwetting liquid,
snapshot pictures correspond to the block displacentengs 16, and 24 A, and (b) a wetting liquid. For octane witla; = €,, equal to 1 meV and 18.6
Nonwetting behavior is clearly seen. meV, respectively.
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times higher than the positive pressure for the nonwetting
case(~—10 MPa as compared t62 MP3a. The “pressure
peak” observed for the wetting liquid at the block displace-
mentd~3 A in Fig. 6 [curve (b)], corresponds to the=4

—3 layering transition, and the strong increase in average
pressure around a distande-6 A is due to the pressure
buildup before the onset of the=3—2 layering transition,

as is clearly seen in Fig. Rurve(e)].

From the discussion above it is clear that if a nonwetting
liquid is squeezed between solid walls with roughnesther
geometrical or chemicgl small liquid droplets may be
trapped at the interfadesee Fig. 7a)], resulting in a repul-

o
o

(=]

average pressure (GPa)
o
I

sive force exerted on the walls during squeezing, until the 0 ; E ‘ 1'5 ' 24
solid walls come into direct contact, where the wall-wall .
interaction may be initially attractive. This effect is made use distance (Angstrom)

of in some practical applications, and we will give one illus-

. . . L. ] . FIG. 8. The variation of the average pressure during squeezing as the block
tration below involving conditioners for hair care applica- ge p 954 g

. moves a distance of 24 A toward the substrate. Octayté CGvas used as
tion. ] o ) ) lubricant. Squeeze velocity was=2 m/s. Asymmetric pair of parameters
For a nonwetting liquid, when the solid walls come into e, ande, was used here witla; equal to(a) 1 meV, (b) 3 meV, (c) 8 meV,

direct contact the wall-wall interaction is initially attractive, (d) 12 meV, and(e) 18.6 meV ande,=18.6 meV for all cases. The—n
which results in a negative pressure acting on the block. Thig 1 'avering transitions are observed for all the systems.
is clearly seen in Fig. fcurve (a)] at distancesl>12 A and

in Fig. 3 [curve ()] around a distancd~16 A. This corre- conditions as in Fig. 4, but now for a stronger interaction

sponds to .the system configuration .shown in Fig(sde between the octane bead units and the solid walls. Thus, we
snapshot picture taken at the block displacententl6 A). have usedk;= e,=18.6 meV, which results in octane wet-

Figure 5 shows three snapshot pictures under the san{%g the solid walls[see Fig. 2d)]. The same parameters

were also used in our recent pap®t8.n this case, as the
(a) solid walls (covered with the wetting octane liquidirst
come into contact, a strong attraction occurs from the forma-

1 F tion of capillary bridges between the walls. This is illustrated
L

in Fig. 7(b) for the case of a randomly rough surface. In this
: //

case the lubricant molecules form layers parallel to the solid
surfaces which are squeezed out in a quantized manner as
discussed in detail elsewhe(see, for instance, Refs. 7, 8,
and 10. Immediately before the onset of squeeze out, the
average pressure {glmos}) always positive(repulsion and
takes higher and higher values as the film thickness de-
creases, see Fig.[8urve(e)].

//% FIG. 9. Snapshot pictures for the approach of a cosine corrugated block
F toward a flat substrate with octanghfg as lubricant. Squeeze velocity was
v,=2 mls. Parameters;=1 meV ande,=18.6 meV were used here. The
FIG. 7. (a) A nonwetting liquid trapped between two solid walls gives rise to snapshot pictures correspond to the block displacenteng; 16, and 24 A.
an effective repulsion between the walls) Capillary bridges formed by a  For this asymmetric pair of parameters one deserves nonwetting behavior of
wetting liquid. In this case the liquid gives rise to attraction between thelubricant at the surface of the substrate and wetting behavior at the surface
walls. of the block.
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adhesion between sand particles: Because of surface rough-
o 0.8} ness, the adhesion between dry sand patrticles is usually very
o8 r small. However, moist sand particles can adhere with mea-
{-2- surable strength, as utilized by children when building sand-
@ - castles(note: Sand particles usually have polar surfaces
= 0.4} which are wetted by watgrFinally, when sand is completely
E._, wet (i.e., immersed in watg¢the adhesion is again very low.
o
@ L IV. AN APPLICATION: CONDITIONER
E 0 AND THE COMBING OF WET HAIR
,'-E - The surfaces of clean hair fibers in water at a pH larger
L than ~4 have negatively charged groufJsThus when the

0 8 16 24 fibers are fully immersed in water one would expect repul-
; sive Coulomb forces to occur between the fibers, which tend
distance (Angstrom) to keep them separated from each other, similar to the case of
FIG. 10. Direct comparison of the variation of the average pressure during N€gatively charged rubber surface in contact withega-
squeezing as the block moves a distance of 24 A toward the substrate fdively charged glass surface, where a thin liquid layer can be
symmetric ;= €;) and asymmetric pairs of parameters. Octagdgwas  trapped between the surfaces even at squeezing pressures as
used as IuErlcant. Squeeze velocity wgs-2 m/s. Symmetric pair of pa- high as~0.1 MPa. Thus, completely wet hair may be rela-
rameterse; = €, was used equal t@) 1 meV and(b) 3 meV, and asymmet- . . .
ric pair of parameters witle; equal to(c) 1 meV and(d) 3 meV, ande, tively easy to comb. However, for semi-dry hair, as may
=18.6 meV for both case®) and(d). Then—n—1 layering transitions are ~ result from drying the hair with a towel, the situation is dif-
observed for two latter systems. ferent: Since the contact angle for water on the clean, nega-
tively charged, hair fibers is zef@omplete wetting capil-
lary bridges will form in the contact areas between the hair
Figure 8 shows the variation of the average pressure dufibers, see Fig. 1b). The pressure in the capillary bridges is
ing squeezing under the same conditions as in Fig. 3, exceptuch lower than the surrounding atmospheric pressure, lead-
that the bead—wall interaction now is asymmetric wéth  ing to strong effective adhesion between the fibers. During
equal to(a) 1 meV,(b) 3 meV,(c) 8 meV,(d) 12 meV, ande) combing of semi-dry hair, the liquid bridges will be elon-
18.6 meV, and withe,=18.6 meV for all cases. In these gated before they break, leading to an effective long-range
casesn—n—1(n=3,2,1) layering transitions are observed and strong attraction between the fibers, resulting in very bad
for all the systems. In Fig. 9 we show snapshot pictures focombing properties. Conditioners for hair care applications
case(a) when the block has been displaced toward the subare used to reduce the combing force. These fluids contain
strate by 8, 16, and 24 A. For this asymmetric pair of parammolecules with a long hydrocarbon chain, angasitively
eters, nonwetting of the substrate surface and wetting of theharged head group, which bind strongly to the negatively
block are clearly seen. charged groups on the hair fibers forming a grafted mono-
In Fig. 10 we compare the variation of the average prestayer film, with the inert hydrocarbon chains pointing into
sure during squeezing for symmetrie; & €,) and asymmet- the water, see Fig. 12. The coated hair fibers are hydrophobic
ric pairs of parameters. In the symmetric case we used with large contact angle for watét. Thus, the thin water
=€, equal to(a) 1 meV and(b) 3 meV, and for the asym- film, which may be left on the hair fibers after drying the hair
metric pair of parameters we usegdequal to(c) 1 meV and  with a towel, will immediately break up into small water
(d) 3 meV, ande,= 18.6 meV for both caseg) and(d). The  droplets (dewetting transition If no pinning by defects
n—n—1 layering transitions are observed for two latter sys-would occur the small droplets would tend to join together
tems. into larger droplets, but due to surface defects on the hair
Finally, we note that the influence of wetting and non-fibers (e.g., small areas not covered by the hydrophobic
wetting liquids on adhesion is paradoxical. Thus, when conmonolayer film, one may expect that most of the droplets
tacting solids are completely surrounded by a wetting liquidwould remain pinned at different locations along the hair
the bond between the surfaces may be broken, while a norffibers, see Fig. 1&). When two hair fibers come into contact
wetting liquid may strengthen the bond. However, when awithout an external squeezing force, they will be separated
small amounte.g., a molecular thick filpnof liquid occurs at by a small but finite distance determined by tlfaveragée
the interface between the solids, it may have tipposite  radius of the water droplets and by the contact angle, see Fig.
effect (see above This fact is often made use of in nature, 11(d). If the fibers are squeezed toward each other, the drop-
and in engineering applications. Thus, for example, soméets will deform as indicated in Fig. 14). (We assume here
insects inject a very thin film of a wetting liquid at the inter- that the droplet positions are pinned so that they do not rotate
face between the attachment organs and(tiseially rough  away from the region between the hair fibgrSince the
substrate in order to increase adhesion. On the other hand, pressure inside the droplets is much higher than the atmo-
hair care applications the hair fibers are covered by thirspheric pressure, and since the contact area between the
(monolayey hydrophobic coating, which results in effective droplet and the hair fibers increases during squeezing, the
repulsion between semi-wéir moisy hair fibers, see below. droplets will exert a strong repulsive force on the hair fibers.
Another well-known example is the influence of water on theThus, in this case the hair fibers tend to be separated from
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Wetting friction between the hair fibers is reduced for hair treated
() (b) with a conditioner, as compared to untreated hair.

V. SUMMARY AND CONCLUSION

We have studied the lubricating properties of octane
(CgH4g) confined between two approaching solid elastic
walls with different wetting properties. We have changed the
interaction energy between the octane bead units and the
solid walls, from a very small valugl meV), corresponding
to a nonwetting surface with a very large contact angle
hair fiber (nearly 180 degregsto a high valug18.6 meVj correspond-

ing to complete wetting. The results indicate that when at

least one of the solid walls is wetted by octane, well defined
) molecular layers develop in the lubricant film when the
Nonwetting width of the film is of the order of a few atomic diameters.

(c) (d) An external squeezing-pressure induces discontinuous, ther-

mally activated changes in the numbenpf lubricant layers
(n—n—1 layering transitions We find that with increasing
lubricant molecule—wall binding energy, the transitions from
nton—1 layers occur at higher average pressure; this results
from the higher activation barrier to nucleate the squeeze-out
with increasing lubricant—wall binding energy per unit area.
Thus, the more wetting lubricant fluids are better boundary
lubricants than the less wetting ones, and this should result in
less wear.

We analyzed the effect of capillary bridge formation
the wetting caseand droplets formatiofiin the nonwetting
F1G. 11 The interaction bet ¢ hair ibdes. Natural tedlhai case on the forces exerted by the lubricant on the walls. For
T e o i iy the latter case small liuid croplets may be trapped at the
come into contact, a liquid bridge is formed leading to an effective attractivelNterface, resulting in a repulsive force exerted on the walls
interaction between the fibers. In the absence of external forces direct fiberduring squeezing, until the solid walls come into direct con-
Ebs:ocif;‘;itn‘:‘g':] ;;Cg:(][}ﬁ;éfe‘g""':?- (:)2 Itfht:Sv ggirfﬁflﬁevasmiffe gfﬁte?m*;y tact, where the wall-wall interaction may be initially attrac-
s%allzroplets{dewett)ilng transitio}m%ih nonzero contact angles deteprmined t!ve' This effect is made use of in Some pra(?tlcal_ appllga—
by the interface energie€oung’s law. In this case, in the absence of tions, and we have presented one illustration involving
external forces, there is a finite natural separation between two hair ficersonditioners for hair care application.

[see(d)]. (e) At separation shorter than the natural separation, the fibers will
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