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Abstract

We report new experimental results on the dewetting of a mercury film (A) intercalated
between a glass slab and an external non-miscible liquid phase (B), in conditions of large
equilibrium contact angle. The viscosity of the external phase, 1p, was varied over seven
orders of magnitude. We observe a transition between two regimes of dewetting at a threshold
viscosity ng ~ (paelS \)1/ 2, where py is the mercury density, e the film thickness and |S| the
effective spreading coefficient. For np < 1, the regime is inertial. The velocity of dewetting
is constant and ruled by Culick’s law, V =~ (|S|/(pae))'/2. Capillary waves were observed at
high dewetting velocities : they are a signature of an hydraulic shock. For ng > ng, the regime
is viscous. The dewetting velocity is constant and scales as V ~ |S|/np in the limit of large 1.
We interpret this regime by a balance between the surface energy released during dewetting

and the viscous dissipation in the surrounding liquid.

*To whom correspondence should be addressed
TLGPM, Ecole Centrale Paris

*Institut Curie

fCurrent address: Studec, Ivry-sur-Seine, France



Introduction

The dewetting of a liquid film deposited on a solid substrate in air is relatively well understood. !
In partial wetting conditions, a macroscopic film of thickness e of liquid A on solid S is metastable

below a critical thickness

ec =2k 'sin(6g/2), (1)

where 6 is the contact angle at equilibrium and k! = (y4/pag)'/?

is the capillary length (4 is
the liquid surface tension, p, its density and g the gravitational acceleration). It dewets as soon
as a hole, larger than the critical nucleation radius, is made. Experiments show that, when the dry
patch of radius R grows, the liquid is collected in a liquid rim which moves at constant velocity

V =dR/dt (see Fig. 1). Theoretically, the dewetting velocity can be derived by applying Newton’s

second law to the rim. The equation of motion reads (per unit length of the rim):

dP/dt = F;—F,, 2)

where dP/dt is the variation of the rim momentum P per unit time, Fy is the driving force of the
dewetting process and F; is the dissipative force. Fy is equal to the effective spreading coefficient

|S| which takes into account both capillary and gravitational contributions:

2
S:S<1—:—2), 3)

where the conventional spreading coefficient S is given by S = ¥s — (74 + as) (¥s is the surface en-
ergy of solid S and g is the A/S interfacial energy). Last, the force F, scales as F, ~ 14V /6p (Na
is the dynamic viscosity of liquid A and 6p is the so-called dynamic contact angle) if the viscous
dissipation in liquid A dominates over all dissipation processes occurring during the dewetting.
Depending on the film thickness e, two limiting behaviors can be distinguished, i.e., the inertial

regime,? when the viscous force F, is small compared with the inertial term dP/dt, and the vis-



cous regime,> when F, dominates. The thickness ¢* characterizing the cross-over between the two
regimes is given by e* ~ 142/(pa|S|). When e >> e* (inertial regime) the dewetting velocity is

given by:

V = (I1/(pae))"/? )

This expression is formally identical to Culick’s law describing soap film breakup.* When

e < e*,V scales as V ~ || /1. In the limit of small equilibrium contact angle 6 < 1 and small

thickness e < e, the dewetting velocity in the viscous regime becomes: >

0 3

v ~ 1AOE )
kama

where ky4 is a logarithmic factor of the order of 10 and is due to the divergence of the dissipation

in a wedge.” k4 involves the thickness of the native film, the width of the rim and a microscopic

cutoff length depending on the nature of the liquid A. 16
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Figure 1: Sketch of the dewetting dynamics. The hole (of radius R(z)) in the intercalated film
grows while the liquid is collected into a rim moving with velocity V = dR/dt.

While the dewetting of a liquid film lying between a solid and air is well documented, the
dewetting of a liquid (A) film at the interface between a solid substrate (S) and an external liquid
phase (B) has received little attention. In practice, the dewetting kinetics may significantly affect
the efficiency of solid/liquid separation processes such as liquid metal refining. In that case, solid
impurities called inclusions are removed from the liquid metal by capture at the interface between

the liquid metal and a second non-miscible and more viscous liquid, i.e., the slag. An inclusion



is definitely captured after the rupture and the subsequent dewetting of the liquid metal film that
separates the inclusion from the slag.

Let us review the few investigations focusing on the dewetting dynamics in solid/liquid/liquid
systems. The viscosity ratio of the liquid phases is denoted A = 1 /1, and the contact angle 6 is
defined as the equilibrium contact angle of a drop of liquid A lying on solid S in the external phase
B. According to our review, only the dewetting of viscous films has been investigated. We mean by
a viscous film, a liquid film which dewets in the viscous regime whatever the viscous dissipation
in the external phase is.

Shull and Karis’ and Haidara e al.® studied solid/liquid/liquid systems characterized by a
viscosity ratio, A, much lower than 1. In this case, the dewetting should proceed as if the external
phase is replaced by air.%1°

Shull and Karis” studied the dewetting of poly-ethylene-co-propylene (PEP) films on poly-
styrene (PS) or polymethylmethacrylate (PMMA) substrates immersed in a series of aliphatic al-
cohols (from C1 to C7). The viscosity of the pure PEP (ny = 1.4 10~! Pa.s) was much larger
than the viscosity of the alcohols (ranging from 1g = 5.5 10~* Pa.s for methanol to 7z = 6.0 1073
Pa.s for 1-heptanol). The PEP/alcohol interfacial energy ranged between 0.3 to 4.5 mN.m~!. The
alcohol phase was essentially used to induce the dewetting of the PEP film by changing the equi-
librium contact angle of the PEP film from zero (in air) to some very large value (up to 180°).
Shull and Karis observed circular dewetting patches whose radii, R, increased linearly with time.
For the PS/PEP/alcohol system, characterized by an equilibrium contact angle lower than 180°,
they found that the measured dewetting velocities concorded with Redon et al.’s law (Eq. 5). For
the PMMA/PEP/alcohol system, characterized by an equilibrium contact angle of 180°, the dewet-
ting velocities were found to scale as V ~ |S|/n4. For both systems, the viscosity of the film, 1y,
was taken as the viscosity of the alcohol saturated PEP instead of the viscosity of the pure PEP.
Indeed the partial miscibility of alcohol (on the order of 10% for 1-butanol) in PEP could lead to a
significant decrease in the viscosity (three-fold decrease in the case of 1-butanol).

Haidara et al.® investigated the dewetting of polydimethylsiloxane (PDMS) films (about 1um



thick) on a non-wettable solid surface (hexadecyltrichlorosilane-treated silicone wafer) in pure
water and in an aqueous surfactant solution (trisiloxane-ethylene oxide compound at the critical
micelle concentration). The equilibrium contact angle was about 21° in pure water and about 46°
in the surfactant solution. The interfacial energy between PDMS and pure water (resp. surfactant
solution) was equal to 40 mN.m~! (resp. 10 mN.m~!). The viscosity of the PDMS oils varied
between 1072 Pa.s to 10 Pa.s and was much greater than the viscosity of the external aqueous
phase (1073 Pa.s). For the solid/PDMS/pure water system, the 174~ dependence of the dewetting
velocity was recovered after normalizing the velocities with the logarithmic factor.
Solid/liquid/liquid systems characterized by a viscosity ratio, A, greater than 1 were investi-
gated by Martin.!! He studied the dewetting of a perfluoroalkoxy silicone oil (PFAS) film at the
interface between a silanized glass slide and an external PDMS oil. PFAS (resp. PDMS) viscos-
ity ranges from 0.4 to 20 Pa.s (resp. 30 to 2500 Pa.s), i.e., viscosity ratio from 1.5 to 6250. The
PFAS/PDMS interfacial energy was equal to 3.5 mN.m~! and the spreading parameter S to about -3
mN.m~!. Martin varied the film thickness, e, between 47 um and 660 um (e < e.). He found that
the dewetting velocity was independent of the film thickness and scales as V ~ |S|n,~%4np—05.
He further established a model that accounts for his results. The main arguments are hereafter
summarized: (i) the viscous friction in the film reads F;, ~ nAG_IV whereas the friction in the
external phase is given by the semi-empirical law '® F, ~ ng8°7V ; (ii) the dynamic contact angle
adjusts in order to minimize the total dissipation in the film and in the external phase. It should
be mentioned that Martin also investigated the dewetting of a liquid film intercalated between a
silanized glass plate and a reticulated PDMS (soft rubber).!!"1? The radius of the dry patch R was
found to increase with time according to R(t) ~ 13/4. His results concord with the theoretical pre-

dictions of Brochard-Wyart and de Gennes '3

concerning the dewetting of a liquid film intercalated
between a solid and a viscoelastic phase.
The present paper focuses on the dewetting of a low-viscosity film, lying between a solid and an

external non-miscible viscous fluid. We mean by a low-viscosity film, a liquid film which tends to

dewet in the inertial regime when the viscous dissipation in the external phase is negligible (as long



as e > e* and e* < e.). We expect two limiting dewetting behaviors depending on the viscosity
of the external phase: (i) an inertial regime in the limit of small viscosity of the external phase np
and (ii) a viscous regime for large enough values of 1p. It should be noted that the same retraction
regimes, i.e., inertial and viscous, were identified by Joanny and de Gennes '* and Reyssat and
Quéré > in the case of soap films and fluid films bursting in an external liquid phase. We chose
to study experimentally the dewetting of a mercury film sandwiched between a glass slab and an
external phase such as air, ethanol or a series of silicone oils. This system is characterized by (i)
a low viscosity ng4, (ii) a large equilibrium contact angle 6g, (iii) a large density ratio p4/pp and
(iv) a strict immiscibility between the film phase and the external phase. These properties should
make the analysis of the experiments easier and lead to simple asymptotic regimes.

In the following sections, we first describe our experimental device for observing the dewetting
of a mercury film sandwiched between a glass slab and an external phase. Then, we report and
discuss the experimental results. In particular, we present the variations of the dewetting velocities
as a function of the film thickness and as a function of the external phase viscosity. Finally, we

propose a model that accounts for the observed asymptotic behaviours.

Experimental methods

Solid/liquid/liquid system

The solid surface consisted of a slab of floated glass and the film phase was three-fold distilled
mercury (purchased from Ophram Laboratoire, Saint-Fons, France). The glass slab, typically a
square 40 mm in width, was fixed in the center of a cylindrical cell about 80 mm in internal
diameter. The external phase varied from the ambient air to analytical grade ethanol and silicone
oils with viscosities ranging from 3 1073 to 100 Pa.s (CarlRoth’s Silicone oil, M3 to M100000).
Thus, the viscosity ratio between the external phase and the mercury film (14 = 1.55 1073 Pa.s)
varies between A = 1072 (air) and A = 6 10* (M 100000 silicone oil). The density of the external

liquid phase (i.e., pp = 790 kg.m > for ethanol and pg = 900 to 980 kg.m~3 for M3 to M 100000



at room temperature) is systematically one order smaller than the mercury density (ps = 13600
kg.m™?). The capillary data on the liquid phases are compiled in Tab. 1. It should be noted that the
capillary data reported for the silicone oils correspond to high-viscosity ones, the surface tension

of the low-viscosity silicone oils may be slightly lower (down to 19 N.m~! for M3).

Table 1: Interfacial tensions A/B, surface tension of B, contact angle of B lying on S in the air,
contact angle of A lying on S in external phase B, spreading coefficient, capillary length, critical
thickness for different three-phases combinations of an external fluid phase (B) with mercury (A)
and glass (S). The tabulated angles are averages of the advancing and the receding static contact

angles.
@ Ref. 16
b Ref. 17
¢ Ref.!8
d Ref. !
¢ Ref. 19
f Calculated from the thermodynamic equation: 20 Yap €08 45 = Y4 cos 84 — Ypcos Op.
External phase B YaB 0753 6 O4B S K| ec
(N.m™) (N.m™") (deg) (deg) (N.m~') (10°m) (10°m)
air 0.486“ - - 1384 ‘ -0.85 1.91 3.58
ethanol 0.389 0.0224 34> 167.5/ -0.77 1.76 3.52
silicone oil 0.425¢  0.0215¢ 48 152/ -0.80 1.86 3.60

Tab. 1 shows that the equilibrium contact angle of mercury on glass surrounded by air, ethanol
or silicone oil is systematically large and the spreading parameters, S = yzs — (YaB + Yas), are

negative and narrow within 10%. The critical thickness e, of film metastability is given by Eq.

1/2
1 where the capillary length reads k! = (( pj%s)g) . It is equal to about 3.5 mm for air,
ethanol or silicone oil. The theoretical thickness characterizing the crossover between inertial and
viscous dewetting of mercury intercalated between glass and air is very small, i.e., in the range of

nanometers, which means that the dewetting of a macroscopic mercury film between glass and air

1S never viscous.

Experimental set-up

The dewetting velocity in our experiments was measured as commonly from video recordings (us-

ing a high-speed camera Phantom v310, Vision Research, Ametek, together with a Sigma 105 mm
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F2.8 EX DG Macro objective), while the film thickness was tuned and measured by a gravimetric

procedure. The experimental setup is sketched in Fig. 2.
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Figure 2: Experimental setup.

The cell where the glass slab was fixed had a transparent glass bottom allowing video recording
from underneath, clear from any distortion related to a deformation of the external phase/air inter-
face in the course of the dewetting. This cell was set on a frame that was orientated around two
perpendicular horizontal axes under the control of a goniometer. The slab surface was oriented
horizontally to within + 0.06° using a laser beam reflected and projected onto a screen several
meters away. The goniometer was tuned as the projected spot to coincide with that of the same
beam when reflected onto a liquid surface instead of the glass slab.

The glass slab cell was filled with mercury and then set to communicate through siphons to
two vessels: a reservoir of mercury mounted on a vertical stage allowing to tune the level of liquid
and another dish set on a digital weighing scale. The mercury level was first set as to amply cover
the surface of the glass slab. Then the external fluid phase was gently poured into the cell. The
thickness of the resulting external phase layer was 3041 mm in all experiments. Next, the mercury
level was carefully decreased to sub-millimeter thickness by moving the above mentioned mercury
reservoir vertically. The native film thickness ranges typically between 0.4 mm and 1.2 mm (the
range was larger for ethanol as the external phase, i.e., from 0.4 mm to 2.5 mm, and was narrower

for M3 and M 100000 silicone oils). We emphasize that the external phase thickness is much greater



than the thickness of the mercury film: in this condition, we expect that the dewetting dynamics
slightly depend on the external phase thickness.

To initiate a hole in the mercury film, a plastic rod was introduced as follows: first, it was
immersed vertically into the external phase so that its tip reached the surface of the mercury. A
settling time, up to 1 hour for the most viscous oil, was then observed for the system to reach
hydrostatic equilibrium. Then the mercury film was perforated until dewetting occurred by moving
the rod further down.

The dewetting process was filmed at recording speeds ranging from 24 frames per second to
6000 frames per second depending on the dewetting velocity, which roughly varied between 5 10~4
m.s~! (for the most viscous silicone oil) and 0.2 m.s~! (for the thinner films in inertial regime).

The initial thickness of the film was calculated a posteriori as a function of the difference Am in
weighing scale reading before and after the dewetting. A settling time up to 20 min was necessary
before the weigh scale reading reached the static value related to the new hydrostatic equilibrium.
The expressions leading to the thickness e of the film are given in the appendix. It should be
noted that the meniscus at the edge of the glass slab was taken into account in the calculation. The
uncertainty over film thickness was a few percent (typically 3%).

Finally, the hole radius was measured automatically from the video records by a Matlab image
treatment code: for each image, coordinates of points on the edge of the hole are determined by
the Sobel method. A circle is then fitted onto the resulting edge. Images with a sharp contrast
between the inside and the outside of the hole were obtained thanks to the opacity of the mercury
film. Then, the dewetting velocity was determined by fitting a line onto the measured radii as a
function of time. Uncertainty was typically in the order of 2%.

In the few experiments where the form of the hole was too altered to be fitted by a circle, the
dewetting velocity could be estimated by averaging the receding front velocity in several radial

directions.



Results

Since the spreading parameter, S, is negative and e is smaller than the critical thickness e., the
mercury films are metastable and dewet when a hole larger than the critical nucleation radius R, is
initiated (R, is of the order of e!). In the next paragraphs, we investigate the dewetting dynamics
of the mercury films, i.e., the form and the evolution of the dewetting hole and the variations of the

dewetting velocity as a function of the operating parameters.

Dewetting hole

In most experiments, the dewetting hole is surprisingly circular, as illustrated by the first and third
pictures of Fig. 3, and the center of the circle remains stationary during dewetting (we verified this
point carefully and found that the tip of the rode used to perforate the film and seen on the pictures
of Fig. 3 may slightly move during the dewetting): this very low level of hysteresis is attributed
to the large equilibrium contact angle and to the high interfacial energy of the mercury whatever
the external phase is. Nevertheless, in few experiments, we observe dewetting holes whose shape
is altered due to interactions of the contact line with defects at the solid surface, as shown in the
second picture of Fig. 3: the shape of these holes concords with the shape of the dewetting holes
reported by Redon.?!

Last, in some experiments characterized both by a large viscosity ratio, A > 1, and a low film
thickness, the edge of the dewetting hole appeared jagged at multiple scales (see the fourth picture
in Fig. 3): from our point of view, this phenomenon is not associated with hysteresis. A more
probable explanation is the development of Saffman-Taylor instabilities since the rim consisting
of a low-viscosity liquid is locally pushing forward a more viscous fluid, i.e., the external phase.
It differs from the rim instability reported by Reyssat and Quéré 322 for the bursting of suspended
fluid films in an external viscous liquid phase. In the latter case, the holes look circular with regu-
larly spaced sharp tips. The mechanism proposed by Reyssat and Quéré is the following: as the rim

is similar to a cylinder, it is subject to the Rayleigh-Plateau instability and tends to transform into
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a series of regularly spaced beads. These beads move slower than the main retraction front (since
they experience a larger Stokes drag) and are sucked into sharp tips by selective withdrawal.?>>*
This scenario is unlikely in the present experiments. Indeed, we did not observe evidences of the
Rayleigh-Plateau instability at smaller viscosity ratios when the instability should grow faster. Fur-
thermore, the capillary number Ca = 1V /y45 (which varies between 5 10~ and 10! for ethanol
and M100000 as the external phase, respectively) is systematically much lower than the selective
withdrawal threshold (slightly greater than 1).222* It should be also noted that the present insta-
bility is very different from the rim instability in the fast inertial regime of soap film bursting: >
in the latter case, the indentation of the rim and its subsequent breaking into droplets is due to a
combination of Kelvin-Helmholtz and Rayleigh-Taylor type instabilities. Unless otherwise stated,
the experiments characterized by a non circular dewetting hole will not be taken into account later
in the present paper.

Except in inertial regime with hydraulic shock, the shape of the surrounding rim appears asym-
metric: the slope of the advancing front is slighter than the receding front. These observations

26 in viscous

concord with the measurements of Buguin ef al.? in inertial regime and of Andrieux
regime. We expect a steeper advancing front, closer to the receding front slope, for significantly

smaller thicknesses than the film thicknesses we could achieve in the present experiments.

Dewetting velocity

In the experiments where the dewetting hole is circular, the velocity of the receding front (i.e., the
dewetting velocity) is unambiguously defined by V = dR/dt. Measurements show that velocity
remains constant during the dewetting process for all experiments, regardless of film thickness and
external phase viscosity, i.e., for any regime of dewetting (inertial, visco-inertial or viscous). Fig.
4 represents the variations in the radius of the hole, R, as a function of time for ethanol, M1000 (1
Pa.s) and M100000 (100 Pa.s) silicone oils as the external phase. We see that the variations of R
are perfectly linear.

1

The mercury dewetting velocity varies between 0.2 m.s~! in air (A = 1072) or in ethanol

11



Figure 3: View of an expanding hole in a liquid film of mercury intercalated between a glass slab
and an external phase. First picture: top view with air as the external phase (the glass slab was
exceptionally a square 100 mm in width, the thickness of the film was equal to 0.55 mm, the
dewetting velocity to 0.173 m.s~! and the wave length of the ripples to 2.7 0.1 mm). Second
picture: top view with M3 silicone oil as the external phase (the thickness of the film was equal
to 0.81 mm, the dewetting velocity to 0.102 m.s~! and the wave length of the ripples to 3.140.2
mm). Third picture: bottom view with M 1000 silicone oil (the thickness of the film was equal to
e = 1.08 mm and the dewetting velocity to 1.56 1072 m.s~!). Fourth picture: bottom view with
M10000 silicone oil (the thickness of the film was equal to 0.45 mm, the edge of the dewetting
hole appears strongly distorted probably due to the development of Saffman-Taylor instabilities).

12
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Figure 4: Variations in the hole radius as a function of time for a film 0.64 mm in thickness covered
with ethanol (circles), for a film 0.41 mm in thickness covered with M 1000 silicone oil (squares)
and for a film 0.89 mm in thickness covered with M 100000 silicone oil (triangles). The slope of
the fitted dashed lines is equal to 1.

(A =0.8) down to 5 10~* m.s~! in the most viscous silicone oil (A = 6 10%). Thus, the Reynolds
number, Re4, of the mercury film varies typically from 1700 down to 4 and the Reynolds number,
Rep, of the external phase (ethanol or silicone oil) from 150 down to 5 10~° (in the definition of
both Reynolds numbers, we use the native film thickness as the characteristic length). When both
Reynolds numbers, Re4 and Rep, are large, the dewetting is inertial. In this regime, for the lowest
viscosity ratios (i.e., air, ethanol and M3 silicone oil as the external phase), we observed ripples
emitted by the rim. The second (resp. third) picture in Fig. 3 shows such ripples in the case of
mercury intercalated between glass and air (resp. M3 silicone oil). These waves are a signature of
an hydraulic shock and will be further analyzed in the next section.

We have studied the effect of the film thickness on the dewetting velocity for different values
of the viscosity ratio. The variations of V as a function of e are presented in Fig. 5 for ethanol
(A =0.7), M100 (A = 65) and M1000 silicone oil (A = 650) as the external phase. We see that
the velocity V follows decreasing functions of e. The decreasing shape of V observed with ethanol
is in line with previous measurements in the inertial regime of dewetting.>® Furthermore, at a

given film thickness e, the velocity V in Fig. 5 is lower for increasing external phase viscosity;

13



dissipation by shear in the external liquid phase is obviously the responsible phenomenon.
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Figure 5: Dewetting velocity as a function of the thickness of the mercury film, with ethanol (cir-
cles), M100 silicone oil (triangles) and M1000 silicone oil (squares) as the external fluid phase.
The continuous line is the theoretical velocity (|Sp|/pae)'/? where the dynamic spreading param-
eter, Sp, is half of the static value.

Finally, experiments were done with the different external phases for reduced film thicknesses
e = e/x! close to 0.4. The reduced dewetting velocities V =V (|S]/(pae))~"/? interpolated
at ¢! = 0.4 are plotted in Fig. 6 as a function of the reduced external phase viscosity n? =

“1/2. Two asymptotic behaviours are experimentally evidenced in this Figure: the

15 (IS]pac))
experimental reduced velocity appears constant in the limit ng < 1. This is the inertial regime. In
the limit ng > 1, the reduced velocity scales as the inverse of the reduced external phase viscos-

ity. This is the viscous regime. In the next section, we propose a model which accounts for each

regime.

Model

Inertial regime

In this regime, the viscous effects in mercury and in the external phase B are negligible compared

to the inertial effects. Then, Eq. 2 reduces to dP/dt = F;. The momentum of the moving rim

14
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Figure 6: Reduced velocity of dewetting as a function of the reduced viscosity of the external fluid
phase for mercury films intercalated between glass and air (square), ethanol (triangle) or silicone
oil (circles). The reduced dewetting velocities are interpolated at the reduced film thickness ¢ =
0.4. Horizontal, dotted line: the inertial limit V# = -1 corresponding to a dynamical spreading

V2

parameter equal to half of its static value. Plain line: velocity law V¥ = (%) # with kg = 8.
B

is equal to P = M,(t)V where M,(t) is the effective mass of the rim, i.e., the sum of the mass
of the rim, M(¢), and of the added mass due to the surrounding liquid B. Within the limit of
low density ratios, pp/pa < 1, we may assume that M,(¢) = M(z). This assumption holds for
the experiments reported in the present paper since they were performed with mercury and light
surrounding liquids, i.e., pg/pa = 10~!. From mass conservation, the mass of the rim is equal to
M(t) = mR*(t)epa. The driving force at time ¢ reads: Fy(t) = 27R(t)|S|. Since the hole grows at
constant velocity V = dR/dt, Culick’s law, i.e., Eq. 4, is formally recovered in the specific case of
a low-viscosity intercalated film.

Fig. 5 shows that the data associated with the dewetting of mercury sandwiched between glass
and ethanol are well fitted by Culick’s law, Eq. 4, if the spreading parameter S is halved. These
results are in line with the findings of Buguin ef al.:? they studied the dewetting of water between
glass covered by octadecyltrichlorosilane and air in the inertial regime and introduced a so-called
dynamic spreading parameter Sp equal to half of the static spreading parameter S to fit Culick’s

law to their data. This means that about 50% of the energy released during dewetting is lost in

15



another process besides being converted into kinetic energy of the rim.! So far, this dissipation
process has not yet been clearly identified. !

Besides, Buguin et al.? highlighted a bifurcation at a critical value of the Froude number. The
Froude number, Fr, characterizing the dewetting process is defined as the ratio of the velocity of

the advancing front Vi (see point N in Fig. 1) to the velocity of the gravity waves in shallow water

1/2

(ge) '°. When Fr > 1, the film flow is supercritical in the referential of the advancing front N

and the advancing front is a shallow water shock as first proposed by Brochard and de Gennes, >’

similar to the hydraulic jump observed at the bottom of a sink. This shock is preceded by ripples.

2,28

The phase velocity, ¢, of the ripples is equal to the velocity of the advancing front Vy <“° and their

wavelength, [, satisfy the dispersion relation of linear capillary-gravity periodic waves, namely: >’

2

C(P:

(1+ (k" 'k)?) tanh(ke) (6)

=109

where k is the wave number given by k =27 /l. When Fr < 1, the film flow is subcritical in the
referential of the advancing front and there is no shock and no ripples associated with.

Such a bifurcation is also expected for the inertial dewetting of mercury covered by an exter-
nal liquid layer. According to Dias and Vanden-Broeck,3? who studied theoretically two-layers

hydraulic falls, it should occur at the critical Froude number Fry,;¢ defined as:

Fryif = (%) " ©)

where p = pp/pa is the ratio of the fluid densities, f = h/e the ratio of the fluid-layer thick-
nesses and /4 is the thickness of the external phase layer.

We infer that the ripples emitted in front of the rim (when the Froude number is supercritical)
satisfy the dispersion relation for linear capillary-gravity periodic waves in a two-layer system in
the presence of a free surface. The dispersion relation has been established by Mohapatra et al.>!

It is quadratic in c%p and the roots are:
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, <g>Bi(Bz—4AC)1/2

‘o= =\ 24 ®
where
A = p+-coth(kh)coth(ke) )
B = (1—p)(x %>+ 1)coth(kh) + (K'"%k* 4-1) (p coth(kh) + coth(ke)) (10)
C = (K2+1)(x2+1)(1-p) (11)

In Eq. 8, the subscript with + sign (resp. - sign) refers to waves in the free surface mode (resp.
in the interfacial or internal mode). x'~! is the capillary length associated with the free interface,
i.e., between the external liquid layer and the air. It is given by '~ = (vz/pgg)"/2.

In the present experiments, we observed ripples for the lowest viscosity ratios, i.e., for air,
ethanol and M3 silicone oil as the external phase. The first (resp. second) picture in Fig. 3 shows
such ripples in the case of mercury intercalated between glass and air (resp. mercury between
glass and M3 silicone oil). The film thickness was equal to e = 0.55 mm (resp. e = 0.81 mm), the
measured dewetting velocity was equal to V = 0.173 m.s~! (resp. V = 0.102 m.s~!), the measured
phase velocity of the ripples to ¢y = 0.227 m.s~! (resp. cp = 0.167 m.s~!) and the measured
wavelength to / =2.7£0.1 mm (resp. [ = 3.2+ 0.2 mm). We could not measure the velocity, Vy,
of the advancing front. However, we know that Vi is necessary greater than the velocity Vjs of
the receding front, i.e., the dewetting velocity. We deduce that Fr > 2.4 in the glass/mercury/air
experiment of the first picture (resp. Fr > 1.15 in the glass/mercury/M3 experiment of the second
picture): the dewetting is supercritical since the critical Froude number is equal to Fry;¢ = 1 (resp.
Fryif = 0.97). The computation of the phase velocity from Eq. 6 gives ¢y = 0.274 m.s~! for the
glass/mercury/air experiment. For the glass/mercury/M3 system, we compute the phase velocity

from Eq. 8: the velocity of the waves in the free surface mode is equal to ¢y = 0.239 m.s~!

1

and the velocity of the waves in the interfacial mode to ¢y = 0.210 m.s™": we conclude that
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the ripples are more probably waves in the interfacial mode. It can be noticed that the theoretical
values of ¢y and ¢y are slightly greater than the experimental ones: first of all, it is attributed
to the contamination of the mercury surface by some surfactant impurities since the mercury was
not handled in vacuo or in an inert gas.3? Second, non-linear effects, appearing if the amplitude
of the waves is not small compared to the mercury-film thickness, may also be responsible for this

discrepancy.

Viscous regime

In the viscous regime, the motion of the rim is controlled by the balance between the capillary
forces F,; and the viscous forces F;,. To derive the velocity of the rim, we follow the argument orig-
inally developed by Redon et al.® We first suppose that e < e, and study the dewetting dynamics
of the film when R > e,R.. The rim extends from point M at the contact line of the receding
front to point N at the advancing front (see Fig. 1). The width of the rim is denoted I(z). It is
assumed that the vicinity of the contact line can be described as a wedge with a well-defined dy-
namic contact angle 6p. We are aware that there are some deviations from this wedge shape as
pointed by Voinov, Cox and de Gennes et al.>*3% However, it is expected that the main features of
the dewetting dynamics can be understood from the wedge approximation. The pressure in the rim
is expected to equilibrate rapidly: according to Laplace law, the rim cross section is thus a portion
of a circle. This implies that the dynamic contact angle at point M and the angle at point N are
equal. There are some deviations from the arc shape (weak dissymmetry between the receding and
advancing fronts) as pointed out by Andrieu?® but they are ignored in the present approach.

Within the limit of small contact angles, the equation of conservation of volume applied to the
rim reads: 3% mR%e ~ wRI*>Op. It is deduced that I(¢) scales as R'/2 ie., ast'/2. Since dl/dt is
small compared with V = dR/dt, the velocity of the advancing front Vy may be assimilated to the
velocity of the receding front Vj; = V and the changes in the geometry of the rim are slow with
respect to V.

To express the dissipative force F,, it is assumed that (i) the viscous dissipation in the liquids
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dominates over all dissipation processes acting during the dewetting (ii) it occurs mainly near the
edges M and N (iii) the advancing front N is assimilated to a pseudo-contact line moving on the
solid S pre-covered by the mercury film (A) of thickness e, (iv) the thickness, e, of the film A and
the width, /, of the rim are much lower than the thickness, 4, of the external phase B.

Under these assumptions, for finite variation range of 6p, F, may be expressed as:

F, = kamMa6p Vi + kpuna 9£VM + kanma6p Vy + kBNTIBeg Vn (12)

The first and the second terms (resp. the third and fourth terms) of the right-hand side of Eq.
12 are associated with the dissipation in the film A and in the external phase B near edge M (resp.
edge N). kqps and kpyy are logarithmic factors, involving a macroscopic cutoff of the order of the
width of the rim / and a microscopic cutoff of the order of a molecular size, a and b, associated
with liquids A and B, respectively: kqps and kpys scale as In//a and Inl/b, respectively. Reported
values of kaps and kg are of the order of 10. At the N edge, kan and kpy rather scale as Inl/e
since the advancing front N is sliding on a solid pre-covered by a liquid film of thickness e. k4 and
kgy are of the order of unity. According to Huh and Scriven’s calculations® and Brochard-Wyart
and de Gennes analysis, ' the exponents ¢ and 3 are equal to & = —1 and B = 2, respectively,
in the limit of small contact angle 6 satisfying the relation 6p > (14/ nB)l/ 3. Whereas the value
o = —1 is widely confirmed experimentally (at least when fluid B is a gas), very few studies
focus on the experimental determination of 3. Debregeas and Brochard-Wyart'® approached this
problem in their study of the displacement of a film of air lying between a glass slide silanized with
octadecyltrichlorosilane, they found a weaker dependence of the external phase viscous friction on
the dynamic contact angle: in their experiments, it rather scales as 98‘7, i.e., B =0.7. This value
has been further found consistent with Martin’s results on the viscous dewetting of intercalated
films. !!

Let us assume that the dynamic contact angle 6p satisfies the relation
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1
B—a
op > ("—A> , (13)

This condition should hold for systems characterized by large equilibrium contact angle and

for large enough external phase viscosities. Then F, simplifies to give:

F, = kBMTIBegVM + kBNTIBeng (14)

To derive the dewetting velocity, we add the force balance at the receding contact line M to Eq.

2. Hence, we obtain the following system of equations, respectively:

kBMn395VM+kBNnBQgVN = Y (1 —cos6g) (15)

kBMT]BQgVM = YaB (COS 6p — cos QE) (16)

It should be noted that F; = |S| has been approximated by |S| = y45 (1 —cos 6) in the right-
hand side of Eq. 15 since e < e.. The right-hand side of Eq. 16 represents the uncompensated
Young force acting on the receding contact line.

Taking into account that Viy = Vj; =V, Eq. 15 and 16 lead to:

cosOr +D

COsS GD = l—l——D (17)

with D = %. Since kgy ~ Inl/a ~ 10 and kgy ~ Inl/e ~ 1, D ~ 10 and it is deduced that
even for large values of the equilibrium contact angle 0, cos Op ~ 1, thus, in the viscous regime,
Op is expected to remain much smaller than unity. 6p is given by 6p ~ 2 (D + 1)71/ 2 for O close
to 7.

Since Op < 1, the dewetting velocity reads:

YaB
~ 18
ksmp (18)
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B
The factor kg depends on kpy, D and 3 and scales as kgy (1 + D)lff. The dimensionless form

of relation 18, i.e., VF ~ <%§‘) #, is represented in Fig. 6 with kp = 8: the experimental points
B

are observed to approach this law at large n g.
We have assumed that e < e.. As e increases, cos Op decreases from cos6p ~ 1 to cosOp =
cos O ~ —1 for e — e, where the driving force ]S! = 0. To calculate 6p, we must add in Eq. 15

right-hand side, the gravity force —%(pA —pB)ge* = —%}/AB x2e?. It leads to:

D 1
cosOp = COSQE+D—+1{§K2(€%—€2>} (19)
D 1 D -
Dkgn0bV = e e 20
NBOKN O YABD+1{2K (ez—¢%) D+1|| (20)

We check that for e — 0, cosOp ~ 1 and that for e = e, cos Op = cos Og. The velocity will
scale as V ~ |S|/np, with a coefficient slightly decreasing as e increases.

We got similar conclusions in the limit 8 < 1. Indeed, in this case, Op is given by 6p ~
0r (D+ 1)_1/ 2 fore < e.. The dewetting velocity reads V =~ kZ‘—ﬂ‘;Géfﬁ , and kj has the same
scaling behaviour as kp.

One can notice that the dewetting of low-viscous films at solid/viscous liquid interfaces follows
similar law to the bursting of suspended films of water or air in a viscous environment. !> In both
cases, the characteristic retraction velocity scales as |S|/np (|S| = 2y4p for a suspended film).
However, in the case of a suspended film, there is no contact line (and no viscous dissipation
associated with) and the true dependence of the retraction velocity on the external phase viscosity

is weaker, i.e. Innp/np instead of 1/np. 1>

Crossover

The crossover between the inertial and the viscous regimes is found by matching Eq. 4 with Eq.
18. For low-viscosity films of given thickness e < e, the crossover occurs at 1z ~ é (2pAe}/A3)1/ 2

for O close to 7.
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It should be mentioned that the crossover occurs at 1z ~ éGElfﬁ (paeyaB) 1/2 for O < 1. More
generally, for any film thickness e < e, and any equilibrium contact angle, the crossover is expected
to occur at 1;; ~ (pae|S|)'/? where the prefactor has been omitted.

In the crossover region, the regime of dewetting is visco-inertial. In the present study, the
glass/mercury/M 100 and glass/mercury/M 1000 systems typically fall under this regime. The vari-
ations of V as a function of e are presented in Fig. 5 for both systems. It appears that the dewetting
velocity scales as ¢~2 but the proportionality coefficient strongly depends on the viscosity of the
external phase. Indeed, as np increases, the share of released energy being lost by viscous dissipa-

tion also increases.

Conclusion

Studies dealing with wetting, dewetting or more generally with the contact line displacement of a
solid/liquid/liquid system are rare compared with the solid/liquid/gas configuration.

In the present work, we focused on the dewetting of low-viscosity liquid film intercalated
between a solid substrate and an external non-miscible liquid phase within the limit of large equi-
librium contact angle: we performed dewetting experiments with mercury intercalated between
floated glass and a series of non-miscible external phase, i.e., air, ethanol and silicone oils. The
viscosity of the external phase was varied over seven orders of magnitude.

The mercury films dewet by the nucleation and growth of a hole surrounded by a rim which
collects the mercury. In most experiments, the hole is circular. The dewetting velocity, V = dR/dt,
remains constant during the dewetting process, regardless of film thickness and external phase
viscosity.

We observe a transition between two regimes of dewetting at the threshold viscosity ng ~
(paelS))/2. For ng < Np. the regime is inertial. The velocity of dewetting is ruled by Culick’s
law, V ~ (|Sp|/(pae))'/?, where Sp is the dynamic spreading coefficient equal to about half of

its static value, S. Furthermore, the inertial regime of dewetting presents a bifurcation at a critical
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Froude number, Fry;r. When the Froude number characterizing the dewetting process is greater
than Fry;, there is an hydraulic shock and ripples are emitted in front of the rim. Otherwise, there
is no shock and no ripples are seen. We analyzed the ripples in the frame of the linearized theory
of water waves and we found that they satisfy the dispersion relation for linear capillary-gravity
periodic waves in a two-layer system in the presence of a free surface.

For ng > nj, the regime of dewetting is viscous. The dewetting velocity scales as V ~ S| /5.
We interpret this regime by a balance between the surface energy released during dewetting and
the viscous dissipation in the external phase near the edges of the rim. In this regime, we observed,
for the lower film thicknesses and the higher viscosity ratios (A = ng/na > 1), the development
of Saffman-Taylor-type instabilities which lead to a dewetting hole distorted at multiple scales. To
our knowledge, such instabilities during dewetting have not yet been reported in the literature and

need to be further investigated.
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Appendix. Film thickness measurement by a gravimetric procedure

Let us first express the film thickness eg as a function of the difference Am in weighing scale

reading before and after the dewetting, when ignoring the meniscus at the edge of the glass slab.
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On the grounds of volume conservation and hydrostatic equilibrium, e is given by:

PB Zs)) PA Am
o= |1+ 1—2) ) (@ +3)+ I : 21
0 [( pA_PB( e (a ) pA_PB( ) YaXspa @b

where X is the surface area of the glass slab while X, ¥, and X; are the horizontal cross-sectional
areas of the glass slab cell, the reservoir and the weighing scale dish respectively (these horizontal
cross sections are properly corrected to account for the cross section of the siphon pipes). Ac-
counting for the meniscus formed at the edge of the slab, volume conservation and hydrostatic

equilibrium lead to the following equation for the actual film thickness e:

e+Z£s(e+5) = ey, (22)

where eq is the approximate thickness of Eq. 21. The function s is the cross-sectional area of

the meniscus at the edge of the glass slab (Fig. 7), defined for 0 < z < /2 k™! by s(z) =
1/2

Kk !z (1 — #) . The variable p is the total perimeter of the glass slab and & is the height

difference of the upper phase/mercury interface in the glass slab cell before and after the dewet-

ting:

Yepa+ Es+Z)pp  Am

6= )
PA—PB YeXapa

(23)

The thickness e was determined by solving Eq. 22 by the Newton-Raphson method. The meniscus

contribution had to be accounted for since the value of e could be 15% less than ey.
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Figure 7: The shape of the external phase/liquid metal interface at the edge of the glass surface
after dewetting. The hatched area is the cross section s(e + §).
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