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Wetting Hysteresis at the Molecular Scale
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The motion of a fluid-fluid-solid contact line on a rough surface is known to display hysteresis in
the contact angle versus velocity relationship. To understand the phenomenon at the microscopic level,
we have conducted molecular dynamics simulations of a Wilhelmy plate experiment in which a solid
surface is dipped into a liquid bath, and the force-velocity characteristics are measured. We observe
a systematic variation of force and contact angle with velocity, which is single valued for the case
of an atomically smooth solid surface. If the surface is microscopically rough, however, we find a
very irregular local interface shape, and an open hysteresis loop corresponding to a history-dependent
force. [S0031-9007(97)02455-1]

PACS numbers: 68.45.Gd, 47.15.Gf, 68.10.Gw, 75.60.Ej
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The contact angle at which a meniscus separating tw
fluids meets a solid surface is an important quantity fo
both static and moving fluid interfaces. The static ang
determines the shape of drops, while the dynamic conta
angle of a moving interface controls the time evolutio
of an interface. In both cases the angle is not uniqu
a phenomenon referred to as contact angle hystere
[1,2]. In the static case, Young’s equation relates th
contact angle to the various interfacial free energies in t
problem, and ostensibly implies a unique angle for a give
solid-liquid-liquid system. In fact, one observes that
rangeof static angles is possible. The origin of this effec
is believed to be surface heterogeneity, which can b
either structural (a nonplanar shape at mesoscopic leng
greater than atomic size) or chemical (a fluctuating loc
variation in wetting properties). In this situation, even
a unique microscopic or intrinsic angle on a fluctuatin
surface may give a range of apparent macroscopic angl
In the dynamic case, a second phenomenon arises—
observed contact angle varies with the velocity of th
meniscus. Here, in addition to surface effects, the visco
stress resulting from fluid motion will certainly affect the
interfacial shape away from the solid.

Although contact angle hysteresis has been well doc
mented in the laboratory, and is a common ingredient
recent hydrodynamic calculations, its origins entail th
difficult problem of the interplay of fluid dynamics and
microscopic surface effects. In terms of quantitative ca
culations, several authors have considered the possi
static interfacial configurations resulting from model sur
face heterogeneities. The latter have ranged from a 2
sinusoidal variation in the position of a solid surface [3
to a more realistic periodic pattern of wettability varia
tion on a solid plate [4]. In the latter case, Schwartz an
Garoff find multiple minima in the free energy, deduc
ing that the meniscus motion consists of alternating stic
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and jump events. Analytic time-dependent calculatio
of hysteresis have considered in detail only the effects
a localized region of different wettability [5], using vari
ous approximations, and with further statistical argumen
required for the multiple-defect behavior. Molecular dy
namics (MD) simulations aimed at the moving conta
line singularity question [6,7] observed a systematic var
tion of contact angle with interface velocity, but have co
sidered only the steady state behavior at a single veloc
and heretofore only molecularly smooth surfaces.

In this Letter we report on MD simulations of a Wil-
helmy plate experiment in which hysteresis is the focu
The Wilhelmy configuration of a plate dipped into a ba
at fixed velocity directly gives the force as a function o
plate velocity. In this procedure, a direct measureme
of angle is not needed, although the force could be co
verted to an apparent angle, which can be correlated w
observation. The advantage of studying the force is th
angles are difficult to observe directly in the laborato
at short distances from the solid, and difficult to qua
tify in molecular simulations due to small-system fluc
tuations. We consider structural heterogeneity only, a
solid surfaces which are either atomically smooth, perio
cally rough, or randomly rough. A laboratory experime
similar to these simulations has been carried out by
Meglio [8], but does not examine the microscopic confi
urations, and does not consider a hysteresisloop.

The computational procedure in the present simulatio
is quite similar to that used previously in MD studie
of wetting processes [6,7,9]. We wish the atoms
be as simple as possible so that typical correlati
lengths are small compared to the size of the who
system, and continuum behavior may be expected.
soft-sphere atomic fluid with Lennard-Jones potentials
then optimal, but unfortunately leads to a rather diffu
interface [10], whose contact angle is difficult to establis
© 1997 The American Physical Society
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The interface may be sharpened up while retaining
monatomic fluid by considering the relative displacem
of two immiscible viscous liquids, as in [6,7]. Since w
are interested in fluid behavior near a solid surface
is important to treat the solid as a collection of atom
Surface roughness is straightforward to implement.

The interaction between atoms is a two-body p
tential of generalized Lennard-Jones form,Vijsrd 
4efsrysd212 2 cijsrysd26g, wheree and s are energy
and length scales, respectively. Ifm is the (common)
atomic mass of the fluids, the appropriate time sc
is t  s

p
mye, and all quantities discussed below a

nondimensionalized usinghs, t, ej. The indices i, j
label the atomic species, fluid-1, fluid-2, confining w
(W), and plate (P), and the coefficient matrixscijd is
chosen as follows. Between any two atoms of the sa
species, we use the standard interaction strength,cii  1
for all i. Atoms of different immiscible fluids should
have a weaker attraction, and we choosec12  0. The
precise value controls the interfacial width, but we ha
not explored other choices. The fluid-plate interact
controls the wetting properties, and we choose the lo
fluid to preferentially wet the plate,c1P  0.75 and
c2P  0.5. The bottom wall of the vessel serves only
confine the fluid, and we takec1W  c2W  cPW  0.
The r212 term provides a strong short-distance repuls
to prevent overlap of the atoms, and and we simply
the standard coefficient.

A snapshot of a typical simulated system is shown
Fig. 1. The system is fully three dimensional but sho
in a projected view for clarity. The two fluids hav
11 760 atoms each and are placed in a rectangular re
with a solid plate running vertically down the cente
straddling the interface. On all four vertical sides of t
container, periodic boundary conditions are used. T
plate is periodic in the vertical direction as well as t

FIG. 1. Snapshot of a typical simulation: smooth-plate c
with 27 040 atoms after1800t at y  0.07syt.
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direction normal to the figure, so as to allow a steady stat
to be established when it moves. At the top and bottom o
the container there are solid walls, which prevent the fluid
from simply translating along with the plate when it moves
up and down. Initially, the fluid atoms are placed on lattice
sites with density0.8 and given a random initial velocity
chosen from a Boltzmann distribution at temperatureT 
0.8. After equilibration, the atomic positions become
disordered, although one sees some layering near th
solid. The solid atoms are localized for all times on an
approximate crystal structure by tethering them to the site
of a regular lattice by linear springs.

Motion is produced by translating the lattice of plate
tether sites vertically at a fixed velocity. The tethers
then drag the plate atoms, and the plate atoms drag th
fluid with them. During the simulation we record the
atomic positions, from which the contact angle may be
estimated, and the force on the plate—more precisely, th
net force exerted by the fluid atoms on the plate atoms
In principle, the angleu and the forceF are related by
F  2Wg cosu 2 FV , whereW is the plate width,g is
the surface tension (the 2 comes from the two sides of th
plate), andFV is the viscous drag exerted by the fluid on
the plate, and the angle may be inferred from the force
In practice the force measurement is the most reliable—
less susceptible to statistical fluctuations, while the angl
is ambiguous, particularly in the rough case. We have als
measured the local velocity and stress fields andFV , but
at the velocities considered here, thermal noise dominate
and little information is present. We presume that the
viscous drag on the plate makes a significant contributio
to the force, but have not been able to obtain a reliabl
numerical estimate. One does, however, observe flui
slip at the contact line, as in [6,7]. Heat is generated
due to the flow, and a thermostat is required; at low
velocities it suffices to equilibrate the plate atoms (by
kinetic energy rescaling), but at a higher velocity the fluid
atoms are equilibrated as well. The equilibration islocal,
however, with the velocities of atoms in a small sampling
bin rescaled about the average velocity in that bin, so tha
the average velocity field is unchanged. To study the
force or contact angle as a function of velocity, a smal
positive plate velocity is applied and the system proceed
at this velocity until a steady state is reached, and the forc
averaged over an interval of typically100t. The velocity
is then increased until a new steady state is reached. As t
plate velocity increases, the fluid-fluid interface become
increasingly distorted and eventually hits the top wall.
This value is discarded, and the velocity is nowdecreased
systematically until at large negative values the interfac
hits the bottom wall. This value is again discarded, and
the velocity is gradually increased back to zero.

First we consider an atomically smooth plate. The re
sultingF-y plot in Fig. 2 is, within statistical fluctuations,
a simple curve with a single value of force depending only
on the current velocity and not on the system’s history
(Note that when the plate velocity is upwards the resistin
1521
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FIG. 2. Force vs velocity for the smooth plate: variation o
the force (arbitrary units) exerted on the plate by the fluid
as a function of the pulling velocity of the plate. The plat
starts at rest, then the velocity increases to0.1 (open markers),
decreases to20.2 (filled markers), then increases back to0.
The error bars are obtained by dividing the averaging interv
into 10 subintervals.

force due to the fluids is downwards. The velocity rang
is asymmetric because the interface is asymmetric, co
cave upwards, and hits the top wall sooner on the upwa
cycle than it hits the bottom wall on the downward cycle
The change in the contact angle itself at least qualitative
follows the same trend: Figure 3 gives snapshots of t
three-phase region for various velocities. Evidently, th
microscopic contact angle varies with velocity, in contra
to assumptions sometimes made in theoretical analys
It is nontrivial to assign a numerical value to the conta
angle because of the fluctuations in the interface positi
itself at a given speed, as well as the the change in sha
of the interface with distance from the contact line. Prev
ous work [11] has addressed the latter issue, at least, a
further work on the analysis of the angle versus veloci
relationship and the interfacial shape is in progress.
this simulation, the Reynolds number based on the pla
velocity and half-width of the cell is at maximum spee
1.2, while the capillary number extends up to 2.1. Th
variation of contact angle with speed observed here, a d
ference betweenadvancingand recedingangle, is often
called contact angle hysteresis, but here there is no dep
dence on the history of the motion.

Next we consider two types ofroughplate, obtained by
displacing groups of solid atoms outward from their idea
lattice positions. We first used weak periodic roughnes
displacing outward the plate atoms in a periodic arra
of square regions as in [4]. The average displaceme
was only half a lattice spacing, and while the resul
suggested an open hysteresis loop, the error bars w
too large to permit an unambiguous conclusion. We th
considered surface roughness that was both stronger
random, with 60% of the outer plate atoms displace
1522
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by 0.51 6 0.72 lattice spacings. In this case, Fig. 4
we find an obvious open hysteresis loop: the force is
multiple-valued function of velocity, and depends on th
past history of interface motion. (The rough plate syste
has a different size than the smooth plate case, and
numerical values ofF are not directly comparable.) In
this case it is impossible to define a local contact ang
at the solid—see Fig. 5—while at larger distances from
the plate the interface shape is strongly influenced by t
finite size of the container. Note that the interface is
surface dividing two partially overlapping sets of atom
in space, and is intrinsically difficult to visualize. The
principal point of Fig. 5 is the contrast with Fig. 3.

From snapshots of the atomic positions, as well a
examining time-averaged density plots, the followin
explanation of the hysteresis loop emerges. Because
the irregularity of the plate surface normal to the plane o
the figures, the interface cannot meet the solid at a sing
angle but tries to adjust itself locally. This produces a
enhancement in the interface width beyond what occu
in the smooth case. As the plate moves upwards it tri
to pull the interface along with it, but different parts of
the interface see a differently shaped and time-depend
solid boundary. The result is an additional broadening
the interface, as it passes through some set of transien
metastable states. As the plate velocity increases on
upward ramp, the interface broadens still further, becau

FIG. 3. Snapshots of the contact-line region for a smoo
plate; (a)y  10.04 and (b)y  20.12syt. The solid, fluid-
1, and fluid-2 atomic positions are indicated byp, ±, and ?,
respectively.
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FIG. 4. Force vs velocity for an atomically rough plate; sam
format as Fig. 2.

different segments of its edge near the plate see mo
rapid fluctuations. The force increases as well because
additional distortion of the interface is resisted by surfac
tension. When the velocity is reduced on the downwa
ramp, the interface does not immediately relax to th
shape on the upward ramp, as it is effectively samplin
a larger set of metastable states. Thus at a given veloc
on the downward ramp, the interface is more distorte
than on the upward ramp, and the corresponding force
that point is larger in magnitude. This mechanism close
parallels the usual explanation for magnetic hysteresis

FIG. 5. Snapshots of the contact-line region for a rough plat
(a) y  10.04 and (b)y  20.05syt.
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terms of the growth and breakup of oriented spin doma
Since the issue is one of metastable states, there is alw
the possibility that the effect might disappear in tim
but we see no evidence for this. Note that the scale
the roughness should exceed the atomic spacing in
fluid in order that the (average) interface is substantia
perturbed.

Although these simulations have for the first tim
directly demonstrated the role of surface heterogeneity
producing hysteresis in adynamicwetting process, they
have only begun to explore the problem. A number
further issues appear to be amenable to MD simulatio
such as scanning loops, chemical rather than struct
surface heterogeneity, the effects of nontrivial liquids su
as surfactants or polymers [12], and so on. The flu
flow field and the role of dissipation [13] requires furth
study as well, perhaps using very long runs to improve
statistics, in order to connect these microscopic result
continuum calculations and experiments.
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