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Dynamics of Fast Dewetting on Model
Solid Substrates*

C. ANDRIEU, C. SYKES and F. BROCHARD**

Laboratoire Physico-Chimie des Surfaces et interfaces, Institut Curie,
11, rue Pierre et Marie Curie, 75231 Paris cedex 05, France

( Received November 21, 1994; in final form July 11.1995)

We describe inertial effects in the dewetting of a low viscosity liquid (like water) deposited on hydrophobic
solid substrates. The liquid dewets by nucleation and growth of a dry patch. We expect three regimes
depending on the liquid viscosity, the film thickness and the static contact angle: (i) purely inertial (similar to
the bursting of soap films); (ii) semi inertial, where dissipation occurs in a hydrodynamic boundary layer;
(i) purely viscous, for small contact angles, or very viscous liquids.

KEY WORDS: Wetting; interface; dynamics; dewetting; liquid; solid substrate; hydrodynamics.

INTRODUCTION

A small liquid drop deposited on a low energy surface forms a spherical cap, with an
equilibrium contact angle, 8., related to the interfacial tensions by the Young equation:

"/502'}’51+y0050e (1)

where y, y,, and 7, are, respectively, the liquid/air, solid/air, and solid/liquid interfacial
free energies.

A liquid film deposited on this low energy surface is metastable if the thickness, ¢, is
smaller than a critical thickness, e;:

et e

e, = 2K sm2, (2)
where k = /y/pgis the capillary length, p the liquid density, and g the acceleration due
to gravity. Let us assume that at time ¢ = 0, a hole is created at the centre of the film. A
dry patch grows, with a radius R(z). It is surrounded by a liquid rim, that collects the
liquid."2 The velocity V = (d R/dt) of the rim may range from several cm per second (for
water on hydrophobic solids) to microns per second for polymer melts. For viscous
liquids, experiments' have shown that V is constant in time and inversely proportional
to the viscosity, #, and to 62. Those results have been interpreted in terms of a simple
hydrodynamic picture? displayed on Figure 1. Ahead of the dry patch, the liquid forms

* One of a Collection of papers honoring Jacques Schultz, the recipient in February 1995 of The Adhesion
Society Award for Excellence in Adhesion Science, Sponsored by 3M.
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FIGURE 1 Dewetting of a liquid film by nucleation and growth of a dry hole (radius R{(t)). The liquid is
collected into a rim, moving with a velocity V= (d R/d1).

a rim extending from A to B. For small dynamic contact angles, 6, most of the
dissipation is near the edges 4 and B and nearly all the rim is at constant pressure. The
rim is thus (according to Laplace’s law) a portion of a circle. This implies that the
dynamic angles at point 4 and at point B are equal. Considering that the contact line in
A recedes on the dry solid, and that the contact line in Badvances on the liquid film, the
motion of the two contact lines, 4 and B, at the same velocity, V, is ruled by a balance
between
(i) non compensated Young force:

F,=ycosf+y,—y,=7y(cost—cosf,),

Fg=7(1—cosf) )

since at point B the equilibrium contact angle between wedge and film is zero,
and the wedge slips on a prewet solid;

(ii) friction force, F, from the liquid onto the solid. Let us denote {(z) the profile of
the liquid interface; z is the vertical axis and x is the horizontal axis. In the
lubrication approximation?® the local flow velocities, V,(z), are simply parabolic
(Fig. 2a):

3V

:2_C2(2CZ_22)’ (4)

«(2)

where V is the average of V,(z) over the liquid thickness, z = §x:

{
f V(2)dz=V{. (5)
0
The friction force, F,, from the liquid onto the solid is
e gy, 14
Fv_:H n J = 35— I max, 6)
v 0z |.-o 0 x .

Xmin min
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FIGURE2 Profile V (z) of the flow in a rim moving: (a) with small velocity (Poiseuille flow); notice the
slippage effect at constant line B, {b) high velocity (plug flow), where the viscous dissipation is located in the
hydrodynamic boundary layers.

The cut off x_,_ in the logarithmic singularity is the width, #, of the rim. x_;, is
comparable to a molecular size for a contact line advancing or receding on a bare solid
surface.® On the other hand, on a wet substrate covered with a liquid film of thickness e,
X,;, can be large and given by x_; =(e/0).* x , may also be large for entangled
polymers, where slippage effects have been predicted® and observed® (x;, = (b/0,

min
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where b is the hydrodynamic extrapolation length, of the order of fifty microns for very
viscous polymers).’
Combining Eqgs. (3) and (6) leads to:

V=2 007 — 0%
47 6lIn, e
(N
|2l
VB—6ln80’

where V* =(y/n) is a typical velocity, In, = In(£/a)6* (a = molecular length) for a
simple Van der Waals liquid* and In, = In(Z/e)#.

If it is assumed that the size of the rim increases only slowly with time, V, = V=V,
this implies

b,
Jk+1 ®)

= ik 2= V*03, for 0,«1
T6k+ D, ¢ Ve 0T e

6=

where k = (In/Ing). Previously, we assumed implicitly that In, =Ing leading to
0= (OE/\/E). However, direct measurements of 6 in dewetting experiments have shown
that indeed 6 < (Oe/ﬁ).7 The only case where In, ~Iny is the case of entangled
polymers, where 6 = (89/\/ 2_} has been observed.! For simplicity’sake, we shall assume
in the following that In , ~ Iny = In.

Equation (8) agrees with the observation listed above on dewetting of viscous liquids
and small contact angles. The main conclusion for the viscous regimes are then

1) V is constant in time
il) V=~ V*62and
iii) ¥ is the independent of the liquid thickness for e « ¢,, give or take logarithmic
corrections. As e < ¢, the driving force is reduced by gravitational pressures
acting between the film and the rim.® The overall driving force on the rim is
Fy= —S=V+vsl—vso—%pge2%pg(ef—ez) )

and the resulting equation of motion becomes

Va V*03<1 —<f>2>. (10)
eC

Our aim here is to describe what happens for large contact angles and low viscosity
liquids, corresponding to large V*. Inertial effects become important when the
Reynolds number, %, becomes large
pVt

n
For V= 1cm/sec, n/p =10 3cm?s ™%, and ¢ = 1 mm, this leads to # = 100.

%2

> 1L (11
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PURE INERTIAL REGIME

When viscous effects are negligible, the dewetting process becomes very similar to the
rupture of soap films discussed by Dupré, Frankel and Mysels.? The motion of the rim
is now ruled by a momentum balance:

dP
—dQ=F,ds, (12)

where dQ is the sector angle of the dry hole and ds the curved abscissa; P is the
momentum of the moving rim (per unit angle) and (ds/dQ)= R. From the mass
conservation equation, we find, P = (M V/2n) = (1/2) R? Ve p (M is the total mass of the
rim). Assuming motion at constant velocity, Eq. (12) leads to

S
V= il . {13)
pe
Equation (13)can also be derived from the transfer of surface energy E, = — S, where

&/ is the hole surface, into kinetic energy, E,

Eczﬁ—f Vdt = szdszVz. (14)

The energy balance, with M = p.o/ e, also leads to V* = (S pe). It can be noted that
E, is not equal to (1/2) M V2 because the mass of the rim increases with time. This factor
of 2 has given rise to lengthy discussions regarding the rupture of soap films.

We have indeed observed the law Ve~ /) using pure water dewetting on a
polymeric substrate. In order to attach the metastable film, we created a wettable ring
by chemical treatment with sulfochromic acid (see photograph of Fig. 3a). The film of
water was then scraped on the surface and kept attached by the ring. The hole was
nucleated by blowing air in the middle of the liquid film. The velocity of dewetting was
followed by a video camera and measured by image processing. The thickness of the
film was monitored with an accuracy of Ae = 10 um by a technique using two parallel
rods, one of which was bent at one end: the liquid-air interface was detected when it
came in contact with the rod, forming a meniscus; when this bent rod touched the
solid-liquid interface, the two rods ceased to be parallel and this was detected by
projecting on a screen. This method is described in more detail in Ref. 10. The
experimental curve of the velocity versus thickness is shown in Figure 3(b) and
demonstrates the !/ divergence with thickness expected theoretically.

VISCOINERTIAL REGIME

Between the pure viscous and pure inertial regimes, one expects a mixed regime
controlled by hydrodynamic boundary layers (Fig. 2b). If the rim of width # moves at
velocity V, the shear flow penetrates the liquid into a region of thickness d, given by the
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diffusion equation
d= [—t (15)

where t = (//V) is time the rim takes to recede on a length 7.
The friction force of the liquid on the solid substrate (disregarding exact numerical
coefficients) is

|4 v
Fm.gjngdxznaf. (16)

The balance of driving and viscous force leads to
nx/zpuz Y2312 ~ |§| (17)

This equation must be supplemented by the mass conservation equation

[ e
Rb—;. (18)

£

1

(a)

FIGURE3 Dewetiing of water on a PET (polyethyleneterephthalate) substrate. (a) wettable ring to
maintain the metastable water film; (b) velocity of dewetting versus film thickness. The line represents the

theoretical curve V= /¢ (S/pe) where ¢ is a constant found to be equal to 0.1.



11: 40 22 January 2011

Downl oaded At:

DYNAMICS OF FAST DEWETTING 21

0.08

0.07

LI B B B S B

0.06

0.05

0.04

LA

0.03

velocity (ms-!)

0.02

0.01

ceaad g e e by e boga g o aa o da g gy

T YT T T

(=]

500 1000 1500 2000
(b) thickness (m)

FIGURE 3 ( Continued ).

Equations (17) and (18) lead to the following growth law for the hole

|§]4/7 A\ 1
R=121 (Yo} o 19
o7 \ e 1

The velocity of dewetting is now a slowly decreasing function of time.

Remark

In the fast-time regime, one should also include the molecular dissipation process near
the contact line formulated by Blake.'! The total viscous force can be written as

1 /
F!.:<6ng+C+ng> v, (20)

where the fist term is the wedge contrbution, the second term is the molecular jump
friction (C = (W/k i*)exp(W/k T), where W is the activation energy for hopping, / the
distance between hopping sites and k a jump frequency) and the last term is the
boundary layer friction, which becomes dominant when (//d)> 1.
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DISCUSSION

Summary of Different Regimes

The motion of the rim can generally be written as

dP -
—=I851-F, @1

where S (Eq.(9)) is the driving force, F, (Eq.(20)) is the friction force, and
(dP/dt) = peV?is the rate of change of momentum. The crossover between inertial and

viscous regimes (//d « 1) corresponds to F (V= ./IS|/pe =S or to a viscosity given by

92

= (22)

n?=peS

Forp=1,e=10""1, S= 50, 6 ~ 1, and In = 10, this leads y = 10 cp.
The crossover between inertial and viscoinertial regimes (//d > 1) is given by

§: Fvi(\/ |Sl/pe)9 Le.

32
fézgl/ZLpllz' (23)
n

The crossover between viscous and viscoinertial regimes occurs when F,, = F, = §

and is given by (¢/d) = (In/8), i.e.
_ o, I
{,=n P (24)
Ultimately the different regimes are controlled by two parameters, for instance, the
length of the rim, £, and the viscosity, . This is shown in Figure 4 using reduced
co-ordinates L=(//e) (width of rim divided by native film thickness) versus
X =(n*/peS) =(V?/V*?), where V, is the inertial velocity and V* = (S/n) is a capillary
typical velocity.

The inertial regime can only be observed with low viscosity liquids, such as water on
hydrophobic surfaces, using relatively thick films or selecting large contact angles. The
viscoinertial regime shows up more commonly with usual liquids. If we choose
e=100pm,n = 5cP, p=1,8 = 50mN/m, one finds 7, = 5. But it is difficult to prove its
existence because

iy V()= 7 is almost constant
i) V(e)~e % is a slow decreasing function of thickness.

Molecular Friction

Molecular processes near the contact line may become important at large contact
angles. However, we think that boundary layers are primary influences in fast dewet-
ting.
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FIGURE 4 The three regimes of dewetting I (inertial), V' (viscous). and VI {viscoinertial) (in reduced
co-ordinates L= {¢/e) and X = n?/pe(S|).

Comparison with Other Situations

Inertial effects are also important for the pulling out of a liquid film from a liquid bath.
Inertial and boundary layer effects have also been predicted and observed!? for this
case.
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