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ABSTRACT: Rigid blade coating of glass plates by oil in water emulsions
stabilized by surfactants is studied. Complete surface coverage is obtained only
for speeds exceeding a threshold velocity dependent on the height between the
blade end and the surface. Below this threshold, the emulsion can be inverted in
the vicinity of the blade. The inversion dynamics of the oil in water emulsion
and the deposition patterns induced by this phase inversion are studied using a
microscope mounted set up. We show that these dynamics are universal for
different volume fractions and deposition velocities. This inversion as well as the
destabilization of the emulsion film deposited at high speeds gives rise to
different patterns on the glass surface. These patterns are discussed in terms of
the emulsion characteristics as well as the deposition velocity.

I. INTRODUCTION

Different techniques are used for coating solid surfaces with
viscous liquids, viscoelastic fluids, pastes, or various dispersions:
rigid or flexible blade coating, dip coating, and spin coating are
among some of the most used methods.1−6 The stability and
the thickness of the coating depend on many factors such as the
viscosity and the rheology of the liquid, the blade properties, or
the wetting properties of the liquid such as its contact angle
with the substrate.6−10 Several studies have set the tone for
understanding such coatings in Newtonian and non Newtonian
fluids as the potential applications go from cleaning surfaces to
coating them with functional materials to making flexible thin
films. In general, the dynamics of the contact line of the fluid
with the substrate, which is characteristic of all of these coating
techniques, as well as the detailed nature of the flow in the
immediate vicinity of the blade or in the meniscus region
between the liquid and the surface play a major role but
continue to pose some fundamental problems as outlined in
numerous studies.4,11−18

When it comes to two fluid dispersions, much less has been
done even though an emulsion is a typical class of complex fluid
where different components can be enclosed; therefore,
deposits with different functionalities may be obtained. The
properties of the deposited film and the patterns it may give rise
to are essential ingredients for making controlled coatings or
flexible films, for example.
An emulsion is a concentrated dispersion of droplets of one

liquid into a second one.19 Such dispersions, although
metastable because the droplet sizes are in the range of
micrometers, can be stabilized over long periods of time by
using surface active agents. Different techniques and ap

proaches are used to examine their texture and their stability.20

Emulsions have considerable industrial importance in a broad
range of applications ranging from food processing to
cosmetics. They may be desirable with long stability periods,
but they may also be undesirable and their destruction is
sought. Many factors control the stability or instability of
emulsions.21 The so called Ostwald ripening mechanism,19,22,23

which involves the diffusion of the dispersed phase through the
continuous phase, is one such destabilizing factor leading to the
coarsening of the droplets and to phase separation. The
coalescence of droplets is another such destabilizing factor.19,21

Recent experiments have even evidenced the role of
coalescence between neighboring droplets in inducing
coalescence events at locations farther out.21 The destabiliza
tion of an emulsion either through droplet coarsening or
through coalescence between neighboring drops and its
ensuing consequences necessarily lead to a phase inversion
where the continuos phase becomes the dispersed phase. Under
the mechanical action of say a rigid or flexible blade or even
that of the meniscus in dip coating, the stability of the emulsion
will be put to the test. The coating of solid surfaces with
different emulsions is being considered for a variety of
applications, so it is necessary to consider both the stability
of these fluids under such conditions as well as the conditions
for depositing a homogeneous layer. Because such emulsions
will be put in contact with the solid surfaces for coating, the
action of these surfaces on the stability of the emulsion will also
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be important. In sum, spreading emulsions on solid substrates
will necessarily require a good knowledge of a variety of aspects.
It is a subset of these considerations which will be examined
here.
In this article, we describe the results of experiments on the

coating of a glass substrate with an oil in water emulsion using
a rigid blade as shown in the schematic of Figure 1. In these

experiments, the blade or scraper is held fixed while the glass
substrate containing a large drop of emulsion and positioned
underneath the scraper is translated at different velocities V.
The solid blade makes an angle ϑ (which is held constant) with
the substrate, and its end is positioned a distance h from the
plate. We first present the phase diagram for depositing a
homogeneous emulsion film using this process and then discuss
the different patterns obtained.
Our experiments show that homogeneous emulsion film

formation on the solid surface occurs under well defined
conditions in the parameter space described by the height of
the blade h and the velocity of the plate V. For a fixed velocity,
film formation occurs only when the height exceeds a threshold
height noted hc. This height decreases with the translation
velocity. Equivalently and for a fixed height h, a homogeneous
emulsion film is obtained only for velocities above a threshold
value Vc. In other words, for low translation velocities or low
heights, the emulsion partially wets the substrate, making a
well defined contact angle with the glass plate in the region
near the scraper end. For high velocities or large heights, on the
other hand, a homogeneous emulsion layer can be spread on
the glass plate. Note that close to hc or Vc the distance over
which the emulsion is deposited goes from a finite value (partial
spreading) to the length of the glass substrate (total spreading).
This transition is reminiscent of the dynamic wetting transition

of partially wetting Newtonian fluids in dip coating experi
ments.
In these two situations (partial wetting of the emulsion below

hc or Vc or a homogeneous emulsion film above), the emulsion
becomes unstable due to the presence of evaporation of the
continuous aqueous phase either through a drying front or
through a nucleation and growth mechanism, and phase
inversion occurs, giving rise to an oil film with different
embedded patterns depending on the composition of the
emulsion. We discuss the results of the demixing dynamics and
the efficiency of this system to invert the emulsion. The
patterns that result from the destabilization and inversion of the
emulsion go from simple water drops and multiple drops
embedded in an oil film to more complex interconnected and
percolated patterns. These patterns are discussed in light of the
surfactant used and the affinity of the ingredients with the
surface. Our experiments suggest that this simple system may
be useful for studying emulsion film formation, emulsion
inversion, and pattern formation under a variety of conditions.

II. EXPERIMENTAL SECTION
Our experiments were performed on emulsions consisting of oil
droplets dispersed in water and stabilized by surfactant. Two different
emulsions were used:24,25 one consisting of castor oil (Sigma Aldrich,
viscosity 1000 cst) and the ionic surfactant SDS (sodium dodecyl
sulfate, Sigma Aldrich) and another consisting of silicone oil (Sigma
Aldrich, viscosity 1000 cst) and nonionic surfactant NP7 (Tergitol,
Sigma Aldrich). The continuous phase for the first emulsion consists
of pure water and SDS at either a 2 or 1% mass fraction while it
consists of pure water and NP7 at a 3% mass fraction. The emulsions
are prepared using the viscous phase method which allows us to obtain
different mean drop diameters (between 3 and 10 μm) and different
polydispersity ratios (the mixers used are IKA T18 and IKA Eurostar
60). We slowly add oil to the continuous phase while mixing with an
emulsifier up to a volume fraction Φ of 85%. For certain experiments
higher surfactant concentrations were also considered, and glycerol
(from Sigma Aldrich) was added to the continuous phase in different
proportions in some cases. We obtained samples with lower Φ by
dilution of the stock emulsion with the continuous phase. The
rheological properties of the emulsions used have been studied
before24 with the result that the flow curves can be described by the
so called Herschel Bulkley model σ = σy + kγ ̇n, where σ is the stress, γ ̇
is the shear rate, σy is the shear yield stress, k is the consistency
parameter, and n is the index of shear thinning taking values near 0.5.
The yield stress generally depends on the volume fraction and
increases as this fraction increases. Our own measurements using a
rough plate geometry on an ARG2 controlled stress rheometer
confirm that the emulsions used here exhibit similar behavior, allowing
us to determine σy, k, and n for each system. These values are given in
Table 1.

The surface tensions of the different fluids against air were
determined using the drop weight method or a spinning drop
tensiometer. The contact angles with the glass substrate used were
determined using photographs of small drops deposited on the glass
plate. A summary of this data is given in Table 1. Note that on the
glass plate used, both emulsions partially wet the substrate and do not
spread. No particular surface treatment was used for the glass plate
which was cleaned using a soap solution first, rinsed with pure water,
and cleaned using ethanol before drying.

To spread the emulsions on the glass substrate, a simple homemade
setup was designed and mounted on a microscope stage for
observation as shown in the schematic of Figure 1. The mechanical
tool used for depositing the emulsion on the glass substrate (thickness
2 mm, width 6 cm, and length 15 cm) consists of a rigid blade and a
thin rectangular microscope glass slide of 170 μm thickness (2.4 cm
width and 4 cm length) whose bottom end is held at the desired
distance h from the glass substrate on which the emulsion is to be

Figure 1. Schematic of the experimental setup (not to scale): It
consists of a thin (170 μm) microscope glass slide (of dimensions 4 ×
2.4 cm2) held fixed at an angle θ with respect to the vertical axis. The
spacing h between the bottom end of the scraper and the glass plate
can be adjusted with a translation stage with 10 μm precision. The
emulsion is deposited, underneath the scraper, on a glass substrate of 6
× 15 cm2 in dimensions with a 2 mm thickness. The substrate is then
translated in the x direction with a micrometric motorized translation
stage (Marzhauser Wetzlar SCAN IM 130 × 100) capable of moving
at stable speeds ranging from 0.1μm/s to 10 mm/s. This setup is
mounted on a microscope stage. The two upper photographs show the
result of deposition below and above the critical height hc: no
spreading below hc with the emulsion remaining near the scraper and
film spreading above hc.
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deposited. The distance h between the bottom end of the blade and
the glass substrate can be set using a precision translation stage and
was varied from about 500 μm down to 20 μm. The angle of the blade
with respect to the vertical direction ϑ can also be adjusted between 15
and 90°. Most of the experiments presented here are for ϑ = 45°.
This setup is assembled on an inverted microscope stage and allows

us to study the in situ deposition or destabilization of the emulsion on
the glass substrate. We use a microscope (Zeiss Axio observer A1) and
a fast camera (Hamamatsu Orca flash 2.8 or a phantom V641) to
record the spreading of the emulsions either in transmission in bright
field imaging or by reflection using fluorescent molecules fluorescein
or rhodamine (from Sigma Aldrich and Exciton) in the continuous
water phase. Rhodamine is excited at 500 nm and emits at 540 nm
whereas fluorescein is excited at 525 nm and emits at 550 nm.

Fluorescence imaging allows us to distinguish between the dispersed
and the continuous phases in the deposited films.

The glass substrate was held on a motorized precision translation
stage capable of translation velocities of between 0.1 μm/s and 10
mm/s. The emulsion was deposited behind the glass scraper as a large,
thick drop, and the translation of the motorized stage allows us to
entrain the emulsion through the opening between the scraper end
and the glass substrate and eventually deposit the emulsion at different
speeds. Most of the experiments were carried out at humidity rates in
the range 30 to 50%, so evaporation of the continuous aqueous phase
was always present. A few experiments were carried out at higher rates
near 85% to limit the effects of evaporation.

III. RESULTS
A. Emulsion Spreading: From Partial to Complete

Spreading. First, we focus on the properties of the deposited
layer versus the height h of the blade and the velocity of the
bottom plate V. In Figure 2A,B we show the results of this
characterization for the two emulsion systems used. As
mentioned above, spreading a homogeneous layer of the
emulsion occurs, for a fixed velocity V, only when h is greater
than a height hc or, equivalently, for a fixed height h only when
the velocity increases above a threshold Vc. The locus of points
hc and Vc is, roughly, a straight line, hc = a(V − Vc), as indicated
in Figure 2 for the two systems. Parameters a (1.3 and 0.9 s in
Figure 2a,b, respectively) and Vc (340 and 350 μm/s in Figure
2a,b, respectively) are system dependent as seen in Figure 2.
Above the critical height hc and the critical velocity Vc, a
homogeneous layer of the emulsion can be deposited on the
glass plate as seen in the photographs of Figure 2. Below hc or
Vc, the emulsion remains near the blade and forms a meniscus
in the vicinity of the scraper. The images in Figure 2 show this
region for the two emulsions studied. For a fixed height, the

Table 1. Parameters of the HB Model for the Fluids Used
and the Contact Angles of the Different Constituents of the
Emulsions Used with the Glass Substrate

solution σy K n

silicone emulsion (85%) 3.5 1.8 0.58
castor emulsion (85%) 3 1 0.63
Carbopol 0.5% 57.5 17 0.47
Carbopol 0.25% 30 12.5 0.46
Carbopol 0.15% 10 9 0.45

solution contact angle (deg)

silicone oil 20
castor oil 35
water 52
water 2% SDS + fluorescein 30
water 2% SDS + rhodamine 39
water 3% NP7 30
water 3% NP7 + rhodamine 20

Figure 2. Spreading phase diagrams: hc versus the spreading velocity V. For each velocity, if the distance between the scraper and the substrate is
greater than hc, then a homogeneous layer of the emulsion can be deposited. For lower heights, either water drops or demixing of the emulsion
occurs. Representative photographs of the deposited layer are shown for different heights and speeds. Left to right: V = 13 μm/s and h = 10 μm, V =
60 μm/s and h = 10 μm, V = 200 μm/s (for upper image), V = 180 μm/s (for lower image) and h = 300 μm. (A) Silicone oil in water emulsion and
(B) castor oil in water emulsion, both at a volume fraction of 85%.
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distance between the blade and this meniscus region increases
as the velocity increases; at Vc and above, the formation of a
homogeneous film occurs and no meniscus is visible as
confirmed by visualizing the glass plate under the microscope at
different distances from the scraper. This phenomenology is
analogous to the dynamic wetting transition which occurs in
dip coating experiments for partially wetting fluids, which is the
case for our emulsions which partially wet the glass plate.
However, the transition to homogeneous film deposition or
dynamic wetting seems very different from that of a viscous
Newtonian fluid.14,15,18 For a nonwetting Newtonian fluid and
as the velocity of the plate increases in dip coating experiments,
the contact angle decreases and vanishes at a relatively well
defined velocity above which a film is deposited. This transition
is generally reported versus the so called capillary number Ca =
ηV/γ, where η is the viscosity of the liquid and γ is the surface
tension of the fluid. The dynamic wetting transition is found for
capillary numbers of between 5 × 10−3 and 9 × 10−3 and
depends on the contact angle of the fluid at rest. In our case, for
each height of the blade, a threshold velocity Vc is needed for
the transition to occur. If one were to construct a critical
capillary number for this transition, then this number will
depend on the height of the blade even if the variation of the
viscosity with shear rate24 (estimated using Vc/hc as the relevant
shear rate) is taken into account. The transition occurs at
capillary numbers that vary from roughly 50 × 10−3 at velocities
near 50 μm/s down to 10 × 10−3 at velocities near 400 μm/s
for the castor oil emulsion. This is shown in Figure 3 for the

two systems used. These transition capillary numbers are larger
than those of Newtonian fluids in dip coating experiments for
example,14 except at high velocities. A better transition criterion
can be obtained by redefining the viscous stress and taking into
account the fact that these fluids have a yield stress. Let us
redefine the transition capillary number Ca as (σ − σy)/(γ/hc).
The rationale behind this redefinition is that for the fluid to
flow, the applied viscous stress σ needs to be larger than the
fluid yield stress σy. The viscous stress is then weighted by the
capillary pressure in the meniscus region where a typical length

scale is h. To use this definition, we estimate the shear rate γ at
the transition as Vc/hc first, and using the flow curves for the
emulsion (obtained using a rheometer), we obtain the applied
stress σ. The yield stress σy is also obtained from the fluid flow
curves. This definition of the critical capillary number gives
roughly constant values near 10 × 10−3 for all of the velocities
examined between 50 and 400 μm/s and for the two systems
used (the surface tensions used are 20 mN/m for the castor oil
emulsion and 20 mN/m for the silicone oil emulsion).
This criterion for the transition to film deposition of yield

stress fluids can be tested using other yield stress fluids. We
have used Carbopol suspensions at different concentrations to
vary the rheological properties of the fluid. We have carried out
similar spreading experiments as for the emulsions studied
above and found similar behavior. In order to form a
homogeneous film of the Carbopol solutions, a critical height
and a critical velocity are needed for spreading to occur. The
capillary numbers for the transition are reported in the inset of
Figure 3 along with the data from the two emulsion systems.
Here again, the use of a redefined capillary number seems to
indicate that the transition occurs at a roughly constant
capillary number as for the emulsions used. While the data
obtained do not show a perfect plateau for the transition
capillary number, the variation of this number turns out to be
much smaller than using the usual definition of Ca which does
not take the yield stress into account. Also, the Carbopol
solutions seem to give a transition at a slightly smaller capillary
number than the emulsions, but this is probably due to
differences in contact angles between the two systems.
A simple redefinition of the capillary number seems to give a

relatively well defined criterion for the dynamic wetting
transition observed here for yield stress fluids; however, it is
possible that other effects need to be taken into account to fully
understand this phenomenology. A possibility is that to spread
the emulsion as a thin homogeneous film, the drops need to
deform to enter the meniscus region formed by the continuous
phase with the substrate. Recent work has shown that
additional features related to the deformation of the drops
through a capillary contribution need to be taken into
account.26 However, including such a phenomenology in the
transition from partial to complete wetting in the case where a
large number of drops is present remains to be done. Also, for
certain yield stress fluids, large slip velocities may occur near
the scraper end, and our redefinition of the capillary number
does not take this into account. The region at very small
velocities (the dashed region in Figure 2) for which no critical
height could be found is probably a signature of this slip at the
surface. Measurements of the velocity profile under the scraper
show that our estimate of the shear rate is slightly higher (by
about 10%) than what is measured, again indicating the
possibility of slip, but the error in the estimated shear rate
remains small. Another possibility is that the apparent yield
stress may depend on the height of the blade,27 especially when
this height is small (or comparable to emulsion drop
dimensions), and this effect may influence the transition.
Nonetheless, the fact that a simple redefinition of the capillary
number gives reasonably constant values for the critical
capillary number for the transition may indicate that such
effects are small and probably within the precision of our
experiments.

B. Meniscus Region and Emulsion Inversion below
the Spreading Transition. Besides the spreading criterion,
discussed above, which is different from the simple Newtonian

Figure 3. Capillary number for the transition to film formation versus
plate velocity. The capillary numbers shown are for the two different
systems and with or without taking the yield stress into account. The
inset shows similar data along with transition capillary numbers
obtained using Carbopol dispersions at different concentrations and
therefore different rheologies.
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case, the meniscus region formed by the emulsions near the
scraper for heights and velocities smaller than hc and Vc exhibits
complex dynamics. For very small velocities (the dashed region
in Figure 2), a clear meniscus region delimiting the emulsion
from the substrate is clearly visible in the photographs of Figure
2, but small drops of the continuous phase (water) are
entrained from this region by the translation of the substrate.
For intermediate velocities below the spreading transition, the
photographs in Figure 2 and 4 show that while the contact line

remains well defined and clearly visible for the silicone oil
system, the castor oil droplets get deformed and coalesce with
each other, leading to a destabilization and inversion of the
emulsion in the meniscus region. Despite the quiescent
appearance of the contact line region of the silicone oil
emulsion, a closer look shown in Figure 5 indicates that drops
may disappear by coalescence with the substrate. Both
emulsion systems are therefore unstable near the contact line,
giving rise to a complex meniscus. The destabilization of the
emulsion in this region is not the same for the two emulsion
systems. The castor oil system is destabilized by the
deformation of drops and the coalescence of neighboring
drops in a thin emulsion layer. The silicone oil system is
destabilized by the coalescence of drops with the glass
substrate. The two different mechanisms lead to the formation
of an oil film containing the continuous phase in the form of
small droplets or more complex structures as seen in Figure 4
for the two different systems. Both emulsion systems undergo a
phase inversion in this meniscus region where the dispersed
phase (oil) forms a layer on the substrate and the aqueous
phase forms dispersed drops or patterns. The patterns for the
castor oil emulsion turn out to be more complex as compared
to the patterns formed by the destabilization and inversion of
the silicone oil emulsion. Fluorescent images of this layer are

shown in Figure 4, where small water drops are clearly visible
for the silicone oil system while an intertwined printed network
of water ligaments characterizes the castor oil system.
Clearly, the two systems do not behave similarly with respect

to the destabilization and eventual inversion of the emulsion
near the contact line. The differences between the two systems
can be observed clearly in Figure 5 where for the silicone oil
system drops seem to disappear without any coalescence with
their neighbors. Once a few drops have disappeared from the
imaged area, a spot devoid of emulsion appears. This spot
increases in size rapidly. We believe that this spot is made of oil
which wets the glass substrate, causing the water based
emulsion to dewet. On the contrary and for the castor oil
emulsion, the drops grow in size mainly by coalescence with
neighboring drops, leading to an eventual breakup of the large
drops to end up forming an oil film on the substrate.
In the case of silicone oil emulsions, the water ends up as

small drops in the oil film (Figure 4) whereas for the castor oil
emulsion, the water is in the form of a network of ligaments
connected to each other. This network eventually relaxes to
give rise to large patches of water in the form of films and
drops.
The differences between the two systems are due to different

factors: the water/castor oil surface tension is lower than that
for the water/silicone oil interface (0.55 and 1.65 mN/m
respectively), allowing the drops to deform more easily for the
castor oil and be entrained in the thin layer near the meniscus
region.26 Also, the wetting of the silicone oil on the glass
substrate is more favorable, leading the emulsion oil drops to
coalesce with the glass. The measured contact angles are given
in Table 1 and show that the contact angle of the silicone oil
(20°) is smaller than that of water (52°) or water with
additives. The meniscus region for emulsions is therefore host
to complex dynamics leading to the deposition of the
constituent phases (oil or water) well below the transition to
homogeneous emulsion film formation.

C. Coalescence Dynamics for the Castor Oil Emulsion.
As outlined above, the emulsion inverts in the meniscus region
for both systems under study. In general, emulsion inversion
may occur following different scenarios. An emulsion will
generally lose its stability when the volume fraction of the
dispersed phase increases above a threshold value known
empirically (roughly 90%). In a recent paper, a drying stress
was found to lead to phase inversion via a coalescence front or
through a nucleation and growth mechanism.29 Drying in this
case increases the local volume fraction and leads to the
coalescence of droplets. In our case and below hc, not only is
the castor oil emulsion confined in the meniscus region, causing
the drops to deform due to their low surface tension, but also
evaporation of the continuous phase in the thin layer near the
meniscus may cause the surface fraction of the drops to
increase, leading to emulsion inversion. We have tested the role
of evaporation through a change in the humidity in a few
experiments and noted that when the humidity rate is large
enough (typically above 85%) the front was much less prone to
destabilization, indicating that evaporation is playing an
important role. However, we did not disentangle the role of
meniscus deformation from the role of humidity.
As mentioned above, both emulsions undergo an inversion in

the vicinity of the blade near the contact line between the
emulsion and the glass substrate. In general, the drops enter
this meniscus region, which becomes thinner and thinner as the
distance from the scraper increases (fluorescence intensity

Figure 4. Observation (downstream of the scraper) of emulsions
deposited on a glass substrate for h < hc. Photographs A and B are for
the castor oil emulsion, and C and D are for the silicone oil emulsions.
(A) Emulsion break up at a well defined front where oil droplets
coalesce and give rise to an oil layer. The continuous water phase is
visible as either droplets or elongated ligaments. Image B shows the
same type of front but in fluorescence imaging where water appears
bright and oil is dark. Images C and D are for the silicone oil emulsion.
Note that whereas the front is visible its properties are different: there
is no visible coalescence between droplets (which actually merge with
the substrate). Oil is still deposited on the substrate, with water drops
clearly visible in the fluorescence imaging shown in D.
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measurements indicate a decrease of the intensity versus
distance from the scraper, indicating the presence of a thickness
profile), they flatten out and get deformed. This deformation
gives an apparent drop size increase. Then, these deformed
drops either coalesce with each other or with the glass substrate
depending on the type of emulsion used. In the first case, the
drop area increases rapidly in time before the drops merge with
the oil film downstream whereas in the second case no
apparent increase is observed.
Let us now focus on the coalescence of drops with each other

in the castor oil case and examine how the apparent size of the
drops increases in time, leading to an inversion of the emulsion.
Note that this cannot be carried out for the silicone oil
emulsions as no coalescence is observed in this case. To gauge
how deformation and coalescence lead to phase inversion, we
measured the apparent area of the drops as they get entrained
away from the deposition zone. The tracking of individual oil
droplets from near the scraper end to the demixing front shows
that the droplet size grows slowly at first with no apparent
coalescence with neighboring drops: this growth is probably
due to the deformation of the drops as they enter the thin
meniscus region. We cannot exclude at present coalescence
with smaller drops which are not easily visible. Coalescence
between neighboring drops then clearly occurs in a second
region farther upstream. This coalescence ends up inverting the

emulsion completely. The initial growth of the projected drop
area appears to be roughly linear at first as shown in Figure 6A
(upper panel) and the inset of Figure 6A, but then the growth
is more rapid, leading to a larger increase in the drop size in a
finite time before merging with the oil film upstream. Examples
from several drops are shown in Figure 6A (inset). Note that
drops of different initial sizes show roughly similar growth.
Also, different deposition velocities give rise to roughly similar
growth dynamics. To analyze how this growth proceeds in time,
we have carried out two different analyses. In the first analysis,
we normalize the drop size by the initial drop area. In order to
proceed further, we average, for each deposition velocity, the
dynamics from a large number of drops. Now and in order to
collapse data for different deposition velocities, we normalize by
a characteristic time τ (shown in the inset of Figure 6A) for
each velocity (roughly the transit time from scraper to front
end), which amounts to setting a similar initial growth rate for
all of the runs. This then collapses all of the growth dynamics
for different velocities and different volume fractions on a single
master curve as Figure 6A illustrates.
The dynamics are well represented, at least for late times, by

a functional form

τ
=

− α
⎜ ⎟
⎛
⎝

⎞
⎠

A t
A

t t( )

0

c

(1)

Figure 5. Destabilization of the emulsions. (A) Contrary to the silicone oil emulsion, the castor oil drops coalesce with each other to form larger
droplets which end up breaking to form an oil deposit on the substrate. (B) Silicone oil emulsion. Note that certain drops in these photographs taken
using fluorescence imaging (the water appears bright and the oil dark) simply disappear from view as they coalesce with the bottom glass plate. In a
later stage, the emulsion ends up dewetting the substrate because oil has been deposited on the surface. Schematic view of the destabilization
mechanism for each emulsion with lateral drop coalescence for the castor emulsion and the disappearance of drops through coalescence with the
glass slide for the silicone system.
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where A(t) is the projected drop area and A0 is the initial drop
area. Here tc is the estimated time for which the drop size
becomes infinite as the drop joins the oil layer downstream and
is given by tc ≃ τ. The exponent α = −1 gives a reasonable fit to
the data shown in Figure 6A where different volume fractions
and different deposition velocities are used. The inversion of
the emulsion proceeding via droplet coalescence seems to
undergo a scaling reminiscent of finite time singularities
according to this analysis. The exact reasons for this scaling
are not clear to us at present. However, a study of emulsion
drop coarsening in monodisperse emulsions28 does indicate
that the drop diameter D grows in time as

ω= −
D D

C t
1 1

2
0

2
(2)

where D0 is an initial diameter, t stands for time, ω is a
frequency of coalescence per unit surface area, and C is a
numerical constant. This model therefore shows that drop size
may diverge at a finite time. The value of α = −1 that we find
above is consistent with the proposed linear scaling. A variant
of this model for our case may consider a coalescence frequency
per unit length instead of unit surface if we assume that our
drops are actually thin disks as they are flattened in the
meniscus region. The scaling of the growth of the diameter in
this case would read

ω= −
D D

C t
1 1

0 (3)

Although our data are not extensive enough to distinguish
between the two scalings as shown in Figure 6B and its inset,
the late time dynamics may be consistent with this latter
scaling. Note that a test of these two scalings is presented in
Figure 6B: if we identify A with D2, then we expect α = −1 if eq
2 is valid or α = −2 if eq 3 is valid. The inset of Figure 6B plots
(A/A0)

1/2, so a linear dependence in this inset is indicative of
the validity of eq 3. A curious feature coming out of these two
graphs is that the more dilute sample seems to follow the same
variation as the more concentrated samples at first before
showing a faster coalescence rate. This observation probably
indicates that the early time dynamics and the late time
dynamics are not the same: early times are dominated by
deformation, and late times are dominated by coalescence.

D. Emulsion Destabilization and Pattern Formation
below and above hc. The meniscus region below the
spreading transition is subject to evaporation, and phase
separation occurs. This is also true above the transition where
the homogeneous film is prone to evaporation. This emulsion
layer becomes unstable (due to evaporation and eventual
coalescence between drops or with the substrate). Along with
this destabilization, an oil film forms on the substrate
containing the continuos phase in the form of drops, ligaments,
or more complex structures. Such structures are also obtained
for smaller heights as well. We now describe the different
patterns obtained and contrast the two different systems.
First, let us focus on the castor oil emulsion system. As

mentioned above, this system is unstable through the
coalescence of drops in a thin layer. This occurs both below
and above hc. Below hc, the inversion of the emulsion occurs at
a certain distance from the blade, giving rise to a demixing front
which ends up engendering an intertwined pattern of water
ligaments embedded in an oil film. This also occurs above hc
when the homogeneous emulsion film breaks up through the
presence of a drying front propagating toward the blade and
leading to an oil film containing water ligaments. The ligaments
are of variable sizes and heights. In both cases, the inversion of
the emulsion gives rise to an interconnected random network
of water ligaments as shown in Figures 4b and 7A in the initial
stages. This may be of practical use because it indicates that this
system may give rise to a percolated network of water channels
useful for depositing thin conducting films, for example. The
reason behind the existence of this network is related to the
wetting properties of the different components of this system:
the continuous phase is more favored at the glass surface. For
long times, these water ligaments spread out (Figure 7A) on
the glass surface and end up giving rise to a roughly

Figure 6. Dynamics of coalescence and destabilization for the castor
oil emulsion for h < hc. (A) Average droplet size normalized by the
initial size versus normalized time for different spreading velocities and
different volume fractions. The upper left inset shows images of the
front with a marked drop undergoing an increase in size. Lower left
inset: different drop sizes are represented for a single translation
velocity and volume fraction. The main figure shows the average
evolution obtained from averaging the dynamics of several drops. The
time τ turns out to be a few seconds (see inset) and is of the same
order of magnitude as the transit time of the drop as it is advected
from near the scraper to the demixing front. The red line represents a
fit to the data according to the functional form for A (eq 1) following a
power law and given in the main text. (B) Different analysis of the data
using the inverse of the drop size normalized by the initial size versus
time. Different volume fractions and velocities are used. The line
indicates a linear decrease versus time as expected theoretically (eq 2).
The inset shows an analysis for a two dimensional layer (eq 3).
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homogeneous layer of the aqueous phase as shown in Figure
7B. One can still notice variations in thickness of this layer
because the fluorescence is not homogeneous throughout.
For the silicone oil emulsion, the patterns are different and

depend on the translation velocity as well as on the presence of
glycerine in the continuous phase. As mentioned above, low
velocities give rise to a pattern of drops deposited randomly

either on the bare substrate or in an oil film as shown in Figures
4c,d and 8A. As the velocity increases, larger and larger patches
of emulsion start detaching from the meniscus region, leading
to the formation of an oil film containing multiple drops: water
drops (bright in the images of Figure 8) with small oil drops
inside (dark in the images of Figure 8). The water drops
generally grow in size as the velocity increases or as the height

Figure 7. Deposits created by the spreading of the castor oil emulsion. Several photographs are shown for different heights h and different translation
velocities. Panel A shows the temporal evolution of the pattern at two different heights (h < hc and a velocity of 70 μm/s and h < hc and a velocity of
60 μm/s). Note the presence of a drying front propagating toward the blade (to the left of the image) in the second image from the left for h > hc. In
panel B we show patterns after a long waiting period in fluorescence for different velocities and two different heights: a roughly homogeneous layer
of water ends up coating the substrate, but variations in thickness (fluorescence intensity) are still visible.

Figure 8. Deposits created by the spreading of the silicone oil emulsion. Several photographs are shown for different heights h and different
translation velocities. Panel A shows the temporal evolution of the pattern at two different heights (h < hc and a velocity of 20 μm/s and h > hc and a
velocity of 120 μm/s). Note the presence of a nucleation and growth phase for h > hc. Panel B shows patterns after a long waiting period in
fluorescence for two different heights and different velocities: drops of the continuous phase (bright) are observed which contain oil drops for the
large ones, i.e., multiple emulsion drops are obtained after the inversion.
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of the blade increases. Large water drops containing several oil
drops can be seen in the photographs of Figure 8. Although no
time evolution is seen for the deposits at heights smaller than
hc, temporal evolution is clearly visible for heights greater than
hc for which the layer becomes unstable through a nucleation
and growth phase (Figure 8A), leading to the gradual formation
of emulsion patches which then give rise to drops of the
continuous phase with or without oil drops inside. The
formation of multiple emulsions is common upon catastrophic
emulsion inversion.30

These patterns change when glycerol is added to the
continuous phase. Instead of oil drops inside large water drops,
a complex pattern of water drops can be obtained. Photographs
of these patterns are shown in Figure 9, where images taken in
fluorescence and in bright field are shown. Note that the drops
have an additional structure whose shapes and sizes vary. The
drops of the continuous phase seem to be made up of two
different domains: a bright one and a less bright one. In fact, the
continuous phase with added glycerine phase separates into a
phase rich in surfactant and containing most of the fluorescent
dye and a phase poor in surfactant and containing a smaller
amount of dye. Although this phase separation is barely visible
in the stable emulsion, once demixing occurs, phase separation
occurs rapidly within the drop of the continuous phase.
Different patterns can be obtained either as small drops within
larger ones or as more elongated domains. Note also that this
pattern is nontrivial because the surfactant layers need to adopt
specific configurations for such patterns to exist. For example,
when a surfactant rich patch is adjacent to a water patch, a
bilayer of surfactant separates the two phases. However, when
oil is adjacent to water or the surfactant rich phase, a monolayer
of surfactant separates the two domains. The bilayers of
surfactant are more stable in the presence of glycerine and for
large amounts of soap because these patterns are observed only

at high soap concentrations (20%) and for large quantities of
glycerol (50%).

IV. DISCUSSION

Spreading an emulsion on a solid surface using a rigid blade
turns out to be a complex process leading to a variety of
situations. First, the transition from partial wetting to
homogeneous emulsion film deposition is different from its
Newtonian counterpart and seems to depend on the fact that
these fluids possess a yield stress. A redefinition of the capillary
number to take into account this aspect seems to give a
reasonable criterion for this transition to occur. Previous work
has already pointed out the importance of the yield stress in
setting the thickness of yield stress fluids in dip coating
experiments.10

Perhaps the most striking aspect of these experiments is the
complex nature of the contact line between the emulsion and
the substrate: the destabilization and eventual inversion of the
emulsion in the meniscus region with the solid surface seems to
be common to both systems studied here. This inversion
follows well defined dynamics for the drop size increase before
inversion occurs following coalescence between drops in the
contact line region. Our analysis suggests that the dynamics
may be viewed as singular when the drop size increase is
measured with respect to the time the inversion occurs. Our
analysis seems to be consistent with previous results suggesting
the existence of a constant coalescence frequency per unit
surface. It is possible that a modification of this scaling using a
constant coalescence frequency per unit length is more relevant
to later times when the drops are flattened in a thin layer.
The inversion of the emulsion is also very sensitive to the

wetting properties of the constituents of the emulsion with the
solid substrate. To that end, we have tested two different
systems where in the first one the continuous aqueous phase is
favored on the substrate whereas in the second it is the

Figure 9. Deposits created by the spreading of a silicone oil in water emulsion with glycerol (water/glycerol 50% and concentration of surfactant
NP7 20%) for different velocities. Note the phase separation within the droplets and the different patterns left behind as the soap or glycerol
concentration changes.
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dispersed oil phase which is favored. In the first case, the
printed pattern after the inversion is that of a continuous and
interconnected network of water ligaments on the surface. In
the second system, water drops or assemblies of drops are
printed on the substrate.
Finally, and for sufficiently large heights or sufficiently large

velocities, a homogeneous film is deposited. The destabilization
of the emulsion film under the action of evaporation of the
continuous aqueous phase occurs via a drying front propagating
toward the blade in one case or through a nucleation and
growth mechanism in the second case. In previous work it was
found that drying stress may lead to either destabilization
mechanism depending on the critical pressure necessary to
destabilize the emulsion. High critical pressures favor a drying
front whereas low critical pressures favor nucleation and growth
in the bulk of the emulsion.29 In our case we believe that the
differences in wetting properties of the dispersed phase may
also be responsible for the differences between the two systems
because in the silicone oil emulsion the oil is favored at the
substrate and coalescence of the drops with the glass may favor
nucleation. For the castor oil system it is the continuous phase
which is favored at the glass surface, and coalescence occurs
near the front where evaporation is strong. The patterns
obtained after the destabilization on the surface are also
dependent on the emulsion properties. Interconnected net
works or multiple and complex drop patterns can be obtained.
Perhaps the most striking pattern is obtained when glycerine is
included in the aqueous phase. Here complex drops of water
and soap rich regions are dispersed in oil. As the continuous
phase undergoes phase separation, additional structure within
the drops can be obtained. Such additional structure can be
useful for making Janus like particles, as has been shown
recently.31

V. CONCLUSIONS

This study shows the rich phenomenology of a simple act:
spreading an emulsion on a plate using a blade. Different
phenomena occur, namely, emulsion inversion, coalescence and
droplet growth, complex pattern formation, and eventual
deposition of a thick emulsion film under relatively well
defined conditions. We have put forth these different cases by
doing a systematic study of the coating process at different
speeds and different blade heights and by using two different
emulsion systems. The relative wetting of the dispersed and
continuous phases was shown to have an important impact on
the emulsion destabilization and inversion as well as on the
deposited patterns. The velocity of the deposition process was
also shown to influence the end result through a transition to a
thick film as expected for Newtonian fluids, but here the yield
stress and the shear thinning character of the fluids have to be
taken into account. Not only is the non Newtonian character of
the fluid important, but the fact that it is a two fluid dispersion
turns out to be crucial.
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