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ABSTRACT

Films and drops of liquids can change their shapes and move under the spatial gradient of surface tension. A remote volatile liquid of relatively
low surface tension can induce such flows because its vapor locally lowers the surface tension of the films and drops. Here, we show that
aqueous liquid films thicker than approximately 100 ygm can be punctured to immediately expose a dry hole by an overhanging isopropyl
alcohol drop, which is attributed to the vapor-mediated Marangoni effect. We construct and corroborate scaling laws to predict the film
dynamics, considering the balance of the driving capillary force and resisting viscous and hydrostatic forces as well as the contact angle of the
alcohol-adsorbed solid surface. This remote scheme to induce and sustain changes of liquid morphology can be applied for fluid sculpture

and patterning for industrial and artistic practices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127284

I. INTRODUCTION

Liquid films on nonwettable solid surfaces are unstable if they
thin below a critical thickness which is determined by the surface
tension of the liquid, wettability (or contact angle), and gravity.'
Small disturbances can nucleate a dry hole in such films, and the
hole expands spontaneously over time by forming a ridge around
the rim as a result of liquid accumulation. The growth dynam-
ics of the hole, driven by the capillarity to minimize the surface
free energy and resisted by viscous and gravitational forces, can be
mainly classified by the relative importance of the inertia. In an
inertia-dominated regime, the radius of the dry hole, 7, was shown
to grow like r ~ ¢ with f being time, whose proportionality constant
involves the well-known Taylor-Culick retraction velocity of a lig-
uid sheet, \/2y/(ph).” * Here, y and p denote the liquid-gas surface
tension coefficient and the density of the liquid, respectively, and h
is the film thickness. In a viscosity-dominated regime, we still have
r ~ t but with the constant retraction velocity involving the viscosity
as well as the surface tension.' Different power laws can arise if the

film thickness is so small that the slipping effects or intermolecular
forces are no longer negligible.”

Unlike those liquid films on nonwettable solids exhibiting
spontaneous dewetting, liquid films on highly wettable solid surfaces
can retract from the solids via external stimuli including air blow-
ing’ and mixing with a low surface tension liquid.” " In particular,
the gradient of liquid-gas surface tension owing to the addition of
the low surface tension liquid gives rise to the Marangoni stress that
pushes the liquid away from the region of a low surface tension. Sim-
ilar Marangoni stress can arise by placing a drop of volatile organic
liquid near the liquid drops of a relatively higher surface tension.
In this case, the local adsorption or absorption of vapor molecules
can lead to the spatial variation of the surface tension. Such a vapor-
mediated Marangoni effect was used to propel liquid drops away
from the vapor source'”'® and to suppress the so-called coffee ring
effect by creating mixing flows within evaporating drops.””"” It was
shown that a hole can form in a so-called Savart sheet placed under-
neath a drop of a volatile organic liquid.”” The contact angle of a
sessile drop of the binary liquid mixture was found to change due
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to uneven evaporation rates of its components, which generates the
Marangoni stress.”’

The dewetting of a liquid film on wettable surfaces due to a
volatile drop placed nearby was used to promote liquid drying and
solid surface cleaning,”* > Recently, it was shown that aqueous films
of thickness on the order of 10 yum undergo dewetting by leaving
a very thin liquid layer when an alcohol drop is situated above the
film.”® While the bulk film recedes on the underlying thin layer with
the inner radius of the bulk ridge r, growing like /%, the thin layer
is dried to expose a dry hole whose radius grows like t*. Here, we
report novel liquid film dynamics that emerge when the thickness of
aqueous films exceeds ~100 ym, referred to as thick films here, under
the vapor-mediated Marangoni effect caused by an overhanging IPA
(isopropyl alcohol) drop. The thin layer under the receding bulk is
absent, allowing us to observe the receding bulk directly exposing a
central dry hole. Unlike the aforementioned holes resulting from the
film dewetting, the hole radius grows like ¢ initially but changes its
power law to t'/* and then eventually reaches a plateau. We present
the visualization results of the film dynamics and theoretically ratio-
nalize the observed power laws. We find that the change of the inter-
facial tension of the solid due to the adsorption of IPA molecules
plays an important role in the dynamics of dry holes of thick liquid
films.

(@)

Thinning region

scitation.org/journal/phf

Il. EXPERIMENTAL

To prepare a wettable solid surface, we treat a Si wafer 10 cm in
diameter with piranha solution and oxygen plasma. As film liquids,
we use deionized water (liquid A) and aqueous glycerine of 30 wt. %
(liquid B). The density (p), the surface tension coefficient (yo), and
the viscosity () of the liquids at 25 °C are such that p = 998 kg m ™,
yo=72mN m™', and 4 = 1 mPa s for water and p = 1071 kg m >,
yo = 69 mN m™', and y = 2.2 mPa s for the aqueous glycerine. The
thickness of the liquid film on the solid surface, hy, is deduced from
the weight measurement by a precision balance (Mettler Toledo
XS$205), whose resolution is 0.1 mg, corresponding to the thickness
uncertainty range of £0.01 ym. As a source of IPA vapor, a glass
capillary tube of inner radius a = 0.58 mm filled with liquid IPA is
situated at a vertical distance of d from the film surface. A CMOS
(complementary metal-oxide-semiconductor) camera (Photron SA
1.1) images the film shapes.

Figures 1(a) and 1(b) show the temporal evolutions of the liquid
films of 260 ym and 50 ym thickness, respectively. We find drastic
differences between the dynamic behaviors of thick and thin films.
The cross section of the film in each case is schematically illustrated
in Figs. 1(c) and 1(d). Because the IPA vapor concentration is higher
just beneath the capillary, the liquid-gas interfacial tension in the

© e r, A
io IPA vapour e i e _
e e
!

(d) IPS [+ (<]

@
i © Fringe film I 3 0 .
0 0 3 6

Time (s)

FIG. 1. Temporal evolutions of the morphology of water films with the original thickness (a) hy = 260 m and (b) ho =50 m due to IPA vapor from the source in an overhanging
capillary. (c) Schematic of the cross section of the dewetting thick film as shown in (a). (d) Schematic of the cross section of the thin film as shown in (b). (€) Temporal evolution

of the inner radii of bulk film r, of a water film with hy = 320 ym.
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center is lower than that in the periphery, leading to the radially
outward Marangoni flow. In the relatively thin film in Fig. 1(b), the
receding bulk leaves a thin liquid layer in the center, which is punc-
tured by evaporation. The thin layer is called a fringe film, and it is
connected to the rim of bulk via a narrow region of further reduced
thickness, called a thinning region. While thin films with sy ~ 10 ym
exhibit the development of those distinct regions over 1 s, relatively
thick films with ho > 100 ym show rapid drying of a thinning region,
which first appears at 0.4 s in Fig. 1(a). The thinning region occurs
where too much liquid flows from the central film to receding bulk as
the advection (and thus dilution) rate of IPA into bulk overwhelms
the diffusion rate of IPA from the atmosphere.z(’ For thicker films,
the advection rate is higher (thanks to the reduced viscous friction),
thereby causing the thinning region to occur earlier. Our experi-
ments reveal that when the film thickness exceeds ~100 ym, the bulk
recession is so vigorous just beneath the IPA source that the thinning
region generated extremely early turns to a dry region rapidly, as
shown in the images at t = 0.4 and 0.6 s in Fig. 1(a). The dry area ini-
tially contains a central liquid island or a residual fringe film which
is completely dried by 1.9 s, and then, the dry circular area further
grows.

Figure 1(c) shows the film profile after the initial transient
of central film evaporation, where the ridge of bulk starting at
extends by a characteristic length A before joining a bulk film of
original thickness hy. We show typical experimental measurement
data of r;, vs time in Fig. 1(e), where the initially growing hole radius
is saturated to a steady value. As mentioned above, we focus on
the temporal evolution of thick films corresponding to Fig. 1(a),

scitation.org/journal/phf

which is in contrast with the thin film dynamics which were analyzed
previously.”

We note that the recession of the bulk film arises on a dry
solid surface which continually meets IPA vapor molecules that can
change the solid surface energy. Thus, characterizing the wettabil-
ity of the exposed solid surface under the effects of atmospheric IPA
vapor is important in order to understand the dynamics of the reced-
ing bulk film. We quantify the interfacial tension of the IPA-exposed
solid surface in the Appendix. In Secs. I1I A and III B, we move on to
theoretically discuss the rate of the hole growth and the maximum
hole radius.

lll. THEORETICAL ANALYSIS
A. Growth of dry hole

While thin films recede leaving a central fringe film [Fig. 1(b)]
under the effect of the surrounding IPA vapor, thick films recede
without trails, i.e., they move on a dry surface as shown in Fig. 1(a).
Figure 2(a) plots the experimentally measured radius of the dry
hole or the inner radius of bulk, r,, for various experimental con-
ditions using thick films as listed in Fig. 2(e). The inset of Fig. 2(a)
shows the representative data of r, of liquids A and B in the log-
log scale to show that it grows linearly with time ¢ initially and then
changes its trend to grow like t'* before it plateaus. This behav-
ior is distinguished from the receding dynamics of bulk in thin
films as previously studied,”® where rp increases like t'2 from the
beginning.

(a) 10 (b) 6
ALY
- OffA'A.." ~ a4l
g s. gy YT YTy \% 'y
< ‘0" < 2+ e
% 2 4 6 % 20 40 60
Time (s) At (mm)
©10 @6 () Symbol Liquid A, (um) d (mm)
. A 230 15
g ’g . A 260 1.4
=30 E 3r 5 s A 29 14
- - 02 v A 30 14
R A 410 13
% 20 80 20 % 50 100 o B 340 1.3
B2 (mm) Ch(he=he) (6, ) (mm) o B 40 12

FIG. 2. (a) The experimentally measured radius of a dry hole, rp, vs time, t. Inset: the log-log plot of the representative data of r, vs t. (b) rp, in the early stages, plotted
according to scaling law (1) with A = pg6,, (262 — h3)/(uT). The slope of the best fitting line is 0.1. (c) , in the late stages, plotted according to scaling law (2) with

B = (he—ho) =  [yohe(he/ho + 1) /u]/?. The slope of the best-fitting line is 0.08. (d) Transition radius for the receding rate, plotted according to scaling law (3). The slope

of the best fitting line is 0.06. (e) Experimental conditions for the symbols.
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To understand the initial constant-velocity regime, we consider
forces acting on a black-dotted control volume in Fig. 1(c), where we
ignore the curvature effect for hy < r;,. The imbalance of interfacial
tensions gives rise to the driving force per unit depth for the bulk
receding: Fy = yo — (ysc — ysr). Here, we assume that the liquid-gas
interfacial tension of the bulk surface beyond the ridge is close to the
uncontaminated value owing to continual replenishing flows. Our
measurement results of the solid interfacial tensions in the Appendix
allow us to write ysg — yst = yo cos 8., where 0,, is the receding con-
tact angle of the bulk film as shown in Fig. 1(c). For 6,, < 1, we get
Fd ~ Yo 03,, / 2.

The recession of bulk is resisted by viscous shear and hydro-
static forces. Here, we neglect inertial effects because Re(ho/r})
« 1,” where both the Reynolds number, Re = pi,ho/u, and ho/ry, are
on the order of 10", For inertialess flows in the wedge of bulk with
a thickness profile of z = h(x) with h(0) = 0 at the contact line, the
velocity field is given by u(x, z) = 3#,z(h — 2/2)/h?. The viscous shear
force over the area ranging from x = 0 to A is written as F,, = [OA Tdx
with the wall shear stress 7 = (du/dz)|.~. Considering that the shear
stress near the contact line dominates the integral and approximat-
ing h ~ x0,,, we estimate F, ~ 3uf; In(A/1)/6,,, where the cutoff
length of a molecular scale, A, has been introduced to relieve singu-
larity. Therefore, the resisting force per unit depth, F; = F,, + % pghs,
where the second term in the right-hand side corresponds to the
hydrostatic force.

Balancing F,; and F, gives a constant velocity of bulk dewetting
iy ~ (o2 — pghd)Bm/(uT) with T = In(A/A). Hence, r;, increases
linearly with ¢ as

o~ B (20 ) m
where I = \/y0/(pg) is the capillary length. The logarithmic value,
T, is rather insensitive to a precise value of A, which is experimen-
tally found to be maintained almost constant (3 mm) in the early
stages, regardless of the experimental conditions, and A is taken to
be 1 nm in this work. Figure 2(b) shows that the experimental data
of r, in the early stages under various conditions as listed in Fig. 2(e)
are collapsed onto a single line when plotted according to scaling
law (1).

As the bulk keeps receding, the liquid displaced from the cen-
tral region accumulates in the rim, which grows so large that its
height reaches the critical height, k.. It is determined by the bal-
ance between the hydrostatic force, % pgh?, and the interfacial tension
imbalance, yo + sz — ysG,' so that ki ~ [.6,, for 8,, < 1. The physical
properties of the liquids used in this work give i = 710 and 670 ym
for liquids A and B, respectively, with 8, = 15° for both the liquids.
As the flattened rim of height k. grows in its radial extension owing
to the bulk receding, the viscous dissipation in the flat region domi-
nates over the wedge dissipation.”” Then, the viscous shear force per
unit depth acting on the flattened rim of the characteristic extension
A is given by Fy, ~ 3ui,A'/h.. Here, A" ~ %hor;,/(hE — ho) results
from the mass conservation.

With the same expressions for the driving and hydrostatic
forces as in the early stages, balancing F; and F; yields a scaling law
for r, in the late stages,

1/2
he —ho | yo ( he ) 1/2
~ —h|l—+1 te. 2
Tp I [ e\ + (2)
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Figure 2(c) shows that our theory is consistent with the experiment
in the late stages with the scattered raw data in Fig. 2(a) collapsed
onto a single line.

To find the transition boundary of the early stage of dewetting
where r,, ~ t and the late stage with rj ~ 2, we seek r;, where the dis-
sipations in the wedge and in the flattened rim become comparable.
Then, we readily find a scaling relation of r;, the transition radius of
the hole,

T he(h:—ho)
—_——. (3)
Om ho
Figure 2(d) shows that the experimentally obtained transition radii

under various conditions are consistent with our theory.

B. Maximum hole radius

As experimentally measured in Fig. 2(a), the hole ceases to grow
beyond the late stages of bulk receding but rather keeps a constant
radius of r,,. The IPA vapor concentration at this distance from the
IPA source is so low that the Marangoni stress is unable to retract
the rim of bulk further. Accordingly, r, corresponds to the location
where the Marangoni stress acting on the rim interface is balanced
by the hydrostatic pressure. While the rim bulges to form a ridge
behind the receding contact line, the film is now flat behind the
stalled contact line as shown in the image at t = 10.4 s of Fig. 1(a).
It is because the high pressure in the ridge leads to its flattening
for pressure equilibration when no liquid is further supplied from
the center. Then, the flow field is likely to be developed within the
wedge, which gives rise to swirls as illustrated in Fig. 3(a). This
implies that adsorbed IPA molecules can be engulfed by the swirling
flows, leading to yrg ~ yo at the flat film. We observed in separate
experiments that such swirling flows are confined within a few mil-
limeters from the contact line, consistent with the length scale of the
wedge.

Therefore, the Marangoni stress 7,, is established by the gra-
dient of the liquid-gas interfacial tension over the wedge length,
I % ho/Om: Tm ~ (yo — yrc)/l. Balancing this stress with the hydro-
static pressure, pgho, leads to (Yo — Y16 )0m ~ pghd at 7. It is known
that y1 decreases linearly with a ratio of the IPA concentration ¢ to
the saturation concentration ¢; when it is low (c/c; < 0.2), allowing us
to write y6/yo ~ 1 — &c/cs with the prefactor & of the order of unity.”
Solving the diffusion equation of ¢ from a source of radius a, we find
clcs ~ alry, when t > irf/D ~ 15,°°* which is the case for the maxi-
mum hole radius. Here, D = 1 x 10™°> m? s ™! is the diffusivity of IPA
vapor in air.”’ Using this relationship between ¢ and r;, the forego-
ing balance of Marangoni and hydrostatic stresses gives the scaling
of 7, i.e., the maximum value of ry,

Tm I\’
Ll =) . 4
a (ho) )

Figure 3(b) displays the measured maximum steady radius
of dry holes under various experimental conditions. While ry
decreases with the original film thickness hy, it is insensitive to the
differences of properties of liquids A and B. Figure 3(c) shows that
tm is inversely proportional to h§ while being independent of the vis-
cosity, validating our theory. Similar values of capillary length /. and

Phys. Fluids 31, 112105 (2019); doi: 10.1063/1.5127284
Published under license by AIP Publishing

31, 1121054


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

scitation.org/journal/phf

(a) (b) 20 (c)

1 / g i 30 °

} m . h s ‘

| TPA vapour 0 é | 43 3 ® e

o o L) E 10 E

| e <& % °

£_e ¢ “Yone,

Solid substrate R Sy m— o % A

hy (mm) 0,(L/h,)

FIG. 3. (a) Schematic of flow field within the wedge when the hole radius reaches its steady maximum. (b) Experimentally measured ry, vs hy. The filled and empty symbols
correspond to liquids A and B, respectively. (c) The experimental data of rj, plotted according to scaling law (4). The slope of the best fitting line is 0.6.

contact angle 8,, of liquids A and B despite the twofold difference
in viscosity explain why the raw experimental data tend to lie on the
same trend line in Fig. 3(b).

IV. CONCLUSIONS

We have shown that thick aqueous films of the thickness over
approximately 100 ygm can be punctured to expose a dry hole by an
overhanging liquid drop of a relatively low surface tension owing to
vapor-mediated Marangoni effects. As the film dewetting involves
the motion of the solid-liquid-gas contact line, the interfacial ten-
sions of the solid modified by the adsorption of IPA vapor play an
important role in the film dynamics. We have constructed scaling
laws to predict the growth rate of the dry hole, considering the bal-
ance of the driving capillary force and resisting viscous and hydro-
static forces as well as the contact angle of the IPA-adsorbed solid
surface. The morphology change of the rim of the receding bulk was
shown to be mainly responsible for the transition of the power law
of hole radius from r, ~ £ to r;, ~ t'/2. It was revealed that the dry hole
ceases to grow at a location where Marangoni and hydrostatic forces
are balanced.

The dewetting dynamics of relatively thick films are discrimi-
nated from those of relatively thin films in that the receding of the
bulk film immediately exposes a central dry hole without leaving
a thin layer of liquid, which is called a fringe in dewetting of thin
films. Setting up a clear boundary between the two cases is rather
impractical as the fringe vanishes gradually with the increase in film
thickness. Furthermore, the emergence of the dry hole relies on the
evaporation of the layer remaining behind the receding bulk film.
If the volatility of the liquid film is lower than the liquids tested in
this work, the thinning region was observed to persist without being
ruptured. For instance, the dewetting films of aqueous glycerine of
40 wt. % did not expose dry holes for over 100 s in our separate
experiments. The precise conditions to lead to the complete evap-
oration of a thinning region are an important topic to be pursued
in the future to further our understanding of Marangoni-driven film
dewetting. Such a study will involve the consideration of intermolec-
ular forces between an extremely thin liquid layer (thinner than
100 nm) and a solid surface’' as well as statistical gas dynamics asso-
ciated with evaporation. Our experimental finding that a stable lig-
uid film morphology, or a steady hole radius, can be sustained over

time via the vapor-mediated Marangoni effect allows us to think
about using this scheme for fluid sculpture’” and patterning™ for
industrial and artistic practices.
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APPENDIX: QUANTIFICATION OF SOLID SURFACE
ENERCY CHANGE DUE TO IPA VAPOR

As IPA vapor molecules in the atmosphere are adsorbed onto
a solid surface, the interfacial energy of the solid changes, which we
quantify with a separate experimental setup. A physical parameter of
the solid, which is associated with the wetting behavior of the liquid,
is the difference between the solid-gas interfacial tension (ysg) and
the solid-liquid interfacial tension (ysr), as can be seen in Young’s
equation, cos 8 = (ys¢ — yst)/yrg. Here, 6 is the equilibrium con-
tact angle of a liquid on the solid and y;¢ is the liquid-gas interfacial
tension.

Figure 4(a) shows an apparatus to measure the contact angle
of a sessile drop on a Si wafer under various concentrations of IPA
vapor within an acrylic chamber. The chamber with the height of
17 cm and the cross-sectional area of 10 x 10 cm? is open to the
atmosphere at the top and contains liquid IPA in the bottom. The
IPA pool is initially isolated from the air above by a shutter.
The Si wafer, measuring 2 x 2 cm?, is only 6% of the area of the IPA
pool; thus, its blockage effect is negligible. Figure 4(b) shows that the
contact angle of a water drop, 10 yl in volume, with the solid surface
is nearly zero initially. As the IPA concentration in the air increases
with time since the shutter is opened, the contact angle 6 increases.
The temporal evolutions of the contact angle measured at different
distances from the IPA pool, s, are plotted in Fig. 4(c). We see that 0
increases with time ¢ initially, but it plateaus at 6, ~ 15°. The plateau
appears later as s increases.

Such a change of 6 is related to the IPA concentration in the
air, ¢, which was shown to follow the one-dimensional diffusion
equation:"*” ¢ = cserfc(%s/\/[Tt). Here, ¢; = 0.142 kg m™ and
D=1x 10" m’ s denote the saturation concentration and the
diffusivity of IPA vapor in the air, respectively.”’ Figure 4(d) shows
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plotted vs c/c;. This implies a dominant effect of the IPA vapor con-
centration on the contact angle. The contact angle rapidly increases
with ¢ initially, but it saturates beyond a critical concentration, ¢
0.03c¢;, indicated as a dotted line.

Young’s equation implies that the increase in 6 with the
increase in IPA concentration is caused by the decrease in
ysG — ysi or the increase in yr¢. It is highly likely that the adsorption
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