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Influence of Bénard–Marangoni instability on the
morphology of drying colloidal films

Benjamin Sobac, *a Pierre Colineta and Ludovic Pauchardb

The drying of colloidal suspensions is a very complex process leading to a sol–gel transition induced by

solvent evaporation. The resulting film can even crack and delaminate. In this study, we investigate the

drying process of a colloidal suspension with a highly volatile solvent and we show for initially

millimeter-thick layers that the resulting pattern of delaminated plates considerably differs from what is

usually observed for aqueous colloidal suspensions. Visualization using an IR camera reveals that

hexagonal convection cells can develop during the drying of suspensions with a highly volatile solvent

and may persist until the film consolidation. This leads to the formation of non-homogeneous films

presenting surface corrugations. Thus, we highlight the importance of the hydrodynamics during the

first phase of strong solvent evaporation and its consequences for the following drying steps. A criterion

predicting whether or not Bénard–Marangoni instability effectively occurs will be discussed. Finally, we

report a non-classical delamination mode generating fragments with convex surfaces, whereas buckle-

driven delamination usually results in concave shapes.

1 Introduction

Film formation by drying of colloidal dispersions is a widely
used process in many industrial applications,1,2 and in particular
coating engineering. A thin layer of a colloidal dispersion is poured
onto the surface of a material and a dry solid film is obtained
through the evaporation of the volatile liquid, modifying the
material surface properties. The success of the coating process
depends on the properties of the final deposited film, because it
determines essential functions of the material such as optical
properties (reflectance or absorption), chemical resistance (against
corrosion or dissolution), strength or other physical properties
appropriate for a particular application. Generally, applications
require homogeneous, smooth surfaces. However, the control (and
the understanding) of the drying of colloidal dispersions is highly
challenging because of the complexity of the process which
involves several intricate physico-chemical phenomena, such as
solvent evaporation, transport of matter and heat (diffusion,
convection), a sol–gel transition, mechanical stress development
in the consolidated film, etc. The final quality of the coating can
be strongly affected by instabilities that develop during the
evaporation. It has been reported in many studies that the
stresses, when too great, are released through (often detrimental)
mechanical instabilities such as creases,3 shear bands,4,5

cracks6–10 and film delamination11–13 offering a surprising
variety of patterns, as partially illustrated in Fig. 1.

Most of the fundamental studies concerning the drying of
colloidal dispersions consider aqueous dispersions. However,
in addition to its fundamental interest, for industrial and
technological perspectives the use of highly volatile solvents
could be relevant to accelerate the drying rates, and hence to
decrease the production times. As this question is still open, we
here investigate the influence of the solvent volatility on the
drying of colloidal films by considering the drying of millimeter-
thick layers of a colloidal dispersion made of isopropanol, a
highly volatile solvent. The observed behavior is compared to
the one of a classical water-based dispersion used as a reference.
We highlight that the phase change kinetics strongly influences
the formation of the film by affecting the underlying hydro-
dynamics. The drastic consequences for the following drying

Fig. 1 Images of various morphologies of films resulting from the drying
of an aqueous colloidal dispersion. The development of mechanical stress
can lead for instance to shear bands (left), channeling cracks (center) or
delamination (right). The left image is reproduced from Phys. Rev. Lett.,
2015, 115, 088302.5 Copyright 2015 American Physical Society.
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steps, from the film consolidation to the final morphology of
the films, are reported. Finally, a criterion for avoiding the
development of Bénard–Marangoni instability and the hetero-
geneous consolidation of colloidal films is discussed. The
present study complements the previous work of de Gennes,14

Bassou and Rharbi,15 and Doumenc et al.16–18 concerning the
occurence of convective instabilities during the drying of poly-
mer suspension systems. However, it is a thermal (and not a
solutal) instability which is at play in the present case.

2 Materials and methods

The experiments consist of drying films of colloidal suspensions
in ambient air at rest (T = 20–25 1C, P = 1 atm and H = 55%).
A schematic of the experimental set-up is provided in Fig. 2(a).
Two colloidal suspensions of different volatilities are used in
this study. Both suspensions contain silica particles (SiO2) of
diameter 2Rp = 25 nm with an initial mass fraction rw0

= 10–15%.
The main difference between the suspensions lies in the solvent.
One suspension is composed of water (Ludox TM-50 from the
company Sigma-Aldrich) whereas the other one is based on

isopropanol (SiO2 nanoparticle dispersion in 2-propanol from
the company US Research Nanomaterials, Inc.), a highly volatile
liquid. The Ludox TM-50 is provided with an initial mass fraction
of 50% and is consequently diluted with pure distilled water to
reach the same initial mass fraction as the other suspension.

An experiment starts by pouring a certain amount of a
colloidal suspension into a circular container to form a layer of
desired thickness. Millimeter-thick layers are mainly considered in
this study. During the drying process, the mass, m, is measured
using a precision scale (Sartorius CPA10035). The initial film
thickness h0 is deduced from the initial weight considering
h0 = (m0 � mmen)/rs0

S, where mmen is the mass of the liquid
meniscus against the internal cylinder wall, rs0

= f0rp + (1 � f0)r‘
is the initial colloidal suspension density, S is the container surface
area and f0 is the initial particle volume fraction. rp and r‘ are the
densities of the particles and the solvent, respectively. The particle
mass and volume fractions are related according to fw = (rp/rs)f.
More precisely, mmen is theoretically estimated assuming
that the meniscus is in its hydrostatic equilibrium state. The
evaporation rate, dm/dt, is extracted from the mass measurements.
Simultaneously, the morphological evolution of the film is recorded
either with an optical camera (Nikon D3100) or an infrared camera
(Thermosensorik, InSB 640 SM) looking at the sample from above.
The IR camera enables visualizing potential thermal fluctuations
that could show up as a result of a Bénard-type instability, therefore
also revealing the presence of convective flows (see e.g. ref. 19).

After the complete drying of the layer, the resulting dried
film is analyzed using a 3D confocal microscope (Keyence VK-X200
series) in order to characterize the shape of the final solid deposit.
The final film thickness hf is estimated from the initial mass of the
film according to hf = rw0

(m0 � mmen)/(rpfcpS) where fcp = 0.64 is
the random close packing volume fraction for spherical particles.

Various containers have been used in order to detect any
potential influence of the material and of the size of the substrate
on our results: a glass petri dish (height H = 1.3 cm and inner
diameter d = 3.4 cm), a plexiglass dish (H = 1.3 cm and d = 8.5 cm)
and a PVC cylinder glued to a black aluminium plate (H = 1 cm and
d = 3.4 cm). The latter is mainly used combined with the IR camera
because of its emissivity e = 1 that allows better IR visualization.

The height of the container walls can be easily tuned by
extending the borders with a PVC cylinder (of the same diameter)
and wrapping them with scotch tape in order to avoid any vapor
leaks. Changing the vapor transfer distance H–h in the gas allows
us to vary the evaporation rate (see eqn (1)) and to investigate the
influence of the drying kinetics on the presence of convective
flows. Using additional cylinders of various heights permits us to
set H to 1 cm, 2.4 cm, 3 cm, 4 cm and 5.4 cm.

3 Experimental results
3.1 Drying of an aqueous colloidal suspension

The drying kinetics of an aqueous colloidal dispersion is shown
in Fig. 3(a) where the time variations of the mass, m, and of the
drying rate, dm/dt, are reported. One classically observes that

Fig. 2 (a) Experimental setup (side view). A colloidal suspension is deposited
in a circular container and allowed to dry. During evaporation, the colloidal
film is weighed with a mass balance and visualized by either an optical or an
infrared camera. The solvent evaporation from the free surface induces
consolidation of the film. The region shown in the dashed rectangle is
sketched in (b). The series of sketches illustrates the structuration of the layer
during the drying. The first regime, I, the constant rate period (CRP), is
characterized by the presence of a continuous liquid network through the
layer. The dispersion evaporates as a pure solvent while the particle volume
fraction increases over time. When a close packed array of particles is
formed, further evaporation leads to a second regime, II, the first falling rate
period (FRP1), where the liquid recedes inside the pores of the solid network.
Finally, the remaining liquid patches still trapped in the solid matrix continue
to evaporate during regime III, the second falling rate period (FRP2).
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the drying process is separated into three stages, with which
different physical processes are usually associated.8,20,21

Initially, a constant rate period (CRP) takes place. In this
regime, the evaporation rate is constant, close to the evaporation
rate of a pure solvent. Indeed, this regime is associated with the
presence of a continuous liquid network through the layer (see I in
Fig. 2(b)). Hence, the evaporation is mainly controlled by the vapor
diffusion into air and depends on the external conditions of
relative humidity and temperature of the surroundings. While
drying, the film consolidates. Indeed, when the solvent evaporates
at the free surface, the film thickness decreases and the volume
fraction of particles increases in time.2,3,22–24 Thus, the particles,
mainly transported downwards by the receding motion of the free
surface and by their own diffusion, progressively build a solid
network inside a uniform flat film saturated with solvent. The
consolidation mechanisms are further discussed in Section 4.2.

When the solid network reaches a close packed array state
and shrinkage stops, further evaporation drives a progressive liquid
recession into the porous medium formed by particles (see II in
Fig. 2(b)). Then, a non-linear drying rate period, namely the first
falling rate period (FRP1), follows when the drying rate decreases
with time because of the increasing diffusional resistance to evapora-
tion from the liquid–air interface to outside the porous structure.

Finally, at some point the liquid phase breaks up into separate
fractions (see III in Fig. 2(b)) and the drying process enters into a
second falling rate period (FRP2) completing the drying. The asso-
ciated drying rate is much slower than those of the two first regimes.

During the drying, capillary forces that are generated by the
development of liquid–air menisci at the free surface apply a
compressive stress on this network, which usually relaxes
through the propagation of cracks within the solid layer. As a
result, cracks invade the plane of the layer, thus dividing this
plane into polygonal adjacent cells, i.e. fragments, adhering on
the substrate (see Fig. 3(b)). The cracks usually occur for aqueous
dispersions at the end of the CRP.8 The fragment size has extensively
been described as a function of the thickness in various systems and
increases with the thickness.10 Since the fragments themselves are
even more compressed on the drying face, differential shrinkage in

the film takes place. A delamination process generally follows
when the stored elastic strain energy overcomes the adhesion
energy of the gel attached to the substrate.11 This results in out-
of-plane deformations which lift the edges of the cell and
generate concave surfaces, as sketched in Fig. 3(c).

This description corresponds to the usual behaviour encountered
during the formation of films from waterborne colloidal dispersions,
in a wide range of solid layer thicknesses. Below a critical thickness
of about 1 mm, layers appear to be free of cracks.10 The delamination
process occurs for layer thicknesses above a critical thickness25

of about 8 mm for layers made of Ludox TM-50 particles.

3.2 Drying of an isopropanol-based colloidal suspension

The drying kinetics of the isopropanol-based dispersion (see
Fig. 4(a)) is similar to the one of the aqueous suspensions. A
faster evaporation period with a constant rate is followed first by
a drastic decrease of the evaporation rate in a second phase, and
finally by the second falling rate period completing the drying in
agreement with the usual picture provided in the previous
section. However, two main differences can be observed. First,
the magnitude of the evaporation rate is higher by about four
times due to the higher volatility of the isopropanol. Second, the
dimensionless evolution of the evaporation rates (using the
characteristic drying time defined below eqn (2) as the timescale)
shows the CRP ends faster by about 20%.

As illustrated in Fig. 5(a–g), the succession of the main
mechanisms usually reported during the drying of a colloidal
suspension still occurs here, i.e. evaporation of the solvent,
consolidation of the layer, crack formation and delamination.
However, during the beginning of the constant rate period, the
visualization of the sample with an IR camera highlights in this
case the existence of thermal fluctuations with a hexagonal-like
pattern. Such an observation is typical of the development of
thermal Bénard–Marangoni instability (cf. Section 4.3). Interestingly,
in such a situation, a preferential accumulation of particles and
then consolidation of the layer is observed at the liquid–air
interface at the border of the hexagons. It most likely results
from the particle transportation by the convective flow to the

Fig. 3 Drying of a layer of an aqueous dispersion of silica particles (Ludox TM). (a) Variations of the mass, m, and the evaporation rate, dm/dt, over time.
Three periods are emphasized: (I) the constant rate period where the dispersion evaporates similarly to a pure solvent, (II) the first falling rate period
corresponding to a liquid–solid transition and (III) the second falling rate period where the remaining liquid bridges/patches finish evaporating to
complete the drying. (b) Image of the resulting solid film. The final pattern reveals the presence of cracks. The solid fragments delaminated as evidenced
by the interference fringes in (b) and confirmed by the 3D scan image in (c). The edges of the solid fragments are lifted, generating concave surfaces as
illustrated by scheme (d) in a side view. Here, the substrate is in glass, h0 = 2.36 mm and hf = 195 mm.
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stagnation points. Further evaporation leads to the complete
consolidation of the layer leading to a non-homogeneous film
presenting a corrugated surface. Whereas initially the preferen-
tial consolidation can form well-ordered hexagons at the film
surface, the shape of the consolidated interface evolves during
the drying of the layer leading at the end to an interface
presenting what seems to be arbitrary corrugations.

Surprisingly, after the crack invasion of the layer plane, an
unusual delamination occurs generating fragments with convex
surfaces, as shown in Fig. 4(c) and 5(i). The curvature of the
dried fragments appears to be reversed compared to what is
usually observed.

Fig. 6 provides a spatio-temporal picture revealing the
morphological evolution of the drying layer. It shows the whole
process from the consolidation with a corrugated free surface
on the left side to the final pattern composed of delaminated
convex solid fragments on the right side.

Note that the present observations concerning the drying of
the millimeter-thick isopropanol-based colloidal dispersion
were reproducible on the various substrates investigated: glass,
smooth plexiglass and rough aluminium.

4 Discussion
4.1 Film evaporation

Consider a liquid layer of thickness h with a flat interface
evaporating into a vapor–air gas mixture taken as ideal. Assuming

the total pressure of the gas phase pg to be constant and uniform,
and that the evaporation is limited by diffusion in the air, the
layer evaporates at a rate (see, e.g. ref. 19 and 26):

dm

dt
¼ �DvaMvS

RTi

@zpv
1� Xi

����
z¼hðtÞ

(1)

where Dva is the vapor–air diffusion coefficient, Mv is the molar
mass of the vapor, pv is the partial pressure of the vapor in the
gas phase, X = pv/pg its mole fraction, R is the ideal gas constant,
T is the temperature and S is the liquid–gas interfacial area
that can be considered equal to the cylinder cross section, as a

Fig. 5 (a–g) Infrared snapshots of the drying of a layer of an isopropanol dispersion of silica particles with an initial thickness h0 = 1.34 mm on an
aluminum substrate. (a and b) A hexagonal cellular pattern resulting from the thermal Bénard–Marangoni instability develops and evolves over time.
(c and d) The particles preferentially accumulate at the border of the convective cells and the layer consolidates with a corrugated surface (e) that will
crack (f) and delaminate, resulting in the final pattern given in (g). (h and i) Direct visualization of the final solid film (top view) and of a solid fragment
revealing a convex geometry (side view), respectively. The inner diameter of the container is 3.4 cm.

Fig. 6 Image of a layer of a colloidal suspension of SiO2 particles in
isopropanol drying on a tilted plexiglass substrate. This tilt allows one to
visualize at the same time the drying of a film of variable thickness, with a
thickness that is thicker on the left side and thinner on the right side. The
drying time depends on the thickness; the image gives an impression of
observing the morphological evolution of the layer from a consolidation
step with corrugated surface on the left side to the final pattern composed
of delaminated convex solid fragments on the right side, as if the time was
running from left to right.

Fig. 4 Drying of a layer of an isopropanol dispersion of silica particles. (a) Mass and evaporation rate evolutions. Three periods are observed as for the
drying of an aqueous colloidal dispersion (see Fig. 3(a)). The arrow indicates the time of crack formation for the film. (b) Observation of the final solid film
evidences the presence of cracks. (c) The 3D scan reveals a different shape of the solid fragments in this case. Convex surfaces are observed as illustrated
by the scheme in panel (d). Here, the substrate is made of glass, h0 = 2.72 mm and hf = 195 mm.

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
5 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
2/

15
/2

01
9 

3:
11

:4
3 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8sm02494d


This journal is©The Royal Society of Chemistry 2019 Soft Matter

first approximation. The subscript i denotes a quantity evalu-
ated at the layer free interface.

During the first phase of the drying of a colloidal suspension
(CRP), the evaporation kinetics is identical to that of a pure
liquid (the presence of particles is assumed not to have any
effect on the solvent partial pressure, and they are supposed to
be completely wetted by the liquid). Indeed, the evaporation
rate remains constant (as corroborated by Fig. 3(a) and 4(a))
and the film thickness decreases linearly over time according to

hðtÞ ¼ h0 þ
1

r‘S
dm

dt
t: (2)

From eqn (2), a characteristic drying time tev = h0/VE can be

derived where VE ¼ �
1

r‘S
dm

dt
is the drying velocity in m s�1.

4.2 Consolidation of a drying colloidal film in the absence of
convective instabilities

The solvent evaporation at the free surface leads to the con-
solidation of the drying layer. Indeed, the particle volume
fraction, f, increases as the film thickness decreases, the total
amount of particles being unchanged. If no bulk flow occurs,
the time and spatial variations of the particle volume fraction
are usually described by a one-dimensional diffusion equation
for f(z,t):3,22–24,27

@f
@t
¼ @

@z
DðfÞ@f

@z

� �
(3)

where D(f) is the collective diffusion coefficient that in general
depends on the particle volume fraction.22 Boundary conditions
on eqn (3) express that the flux of particles at the film bottom
vanishes, while at the liquid–air interface it matches the recession
due to evaporation (i.e. the particles do not cross the interface):

@f
@z
¼ 0 at z ¼ 0 (4)

DðfÞ@f
@z
¼ fiVE at z ¼ hðtÞ: (5)

fi(t) = f(0,t) is the particle volume fraction at the receding inter-
face. Eqn (3) under the boundary conditions (4) and (5) and the
initial condition f(z,0) = f0 can be solved numerically. The
solution provides the evolution of the particle volume fraction
profile across the drying layer.

The distribution of particles is known to be controlled by a
Péclet number,22 Pe = h0VE/D0, quantifying the relative importance
of interface recession and diffusion on particle transport. D0 =
kBT/6pm‘Rp is the Stokes–Einstein diffusion coefficient, where kB

is Boltzmann’s constant, m‘ is the solvent viscosity and Rp is the
particle radius. Hence for Pe { 1, diffusion is strong and
uniform particle profiles are expected, while for Pe c 1, large
gradients in volume fraction are expected. An estimation for our
experiments leads to Pe 4 1. As a consequence, a region of close
packed particles builds up at the top surface first and then
progresses into the film. As time goes on, the entire flat film
tends towards close packing, as sketched in Fig. 7(a).

Fig. 7 (a and b) Schematic evolutions of the layer thickness and particle volume fraction during the drying of a colloidal layer (a) without and (b) with the
presence of convective cells. Whereas in the first case, the consolidation scenario corresponds to Section 4.2 and leads to the formation of a
homogeneous dry film, in the second case, Bénard–Marangoni instability affects the concentration field leading to the formation of an inhomogeneous
dry film. (c and d) Evolutions of the Marangoni number and of the interface particle volume fraction during the drying of a layer of an isopropanol
dispersion of silica particles with two initial thicknesses: (c) h0 = 400 mm and (d) h0 = 1 mm. In panel (c), Ma0 o Mac, no Bénard–Marangoni instability
develops in the drying film. The suspension at the interface undergoes a glass transition at about 0.22t/tev and reaches a close packed structure at about
0.5t/tev. This scenario is sketched in panel (a). In panel (d), Ma0 4 Mac, Bénard–Marangoni instability develops in the drying film. One observes that the
disappearance of the instability is reached at a time tBM E 0.5tev well after the gelation time of the interface tg E 0.1tev. This scenario leads to the
consolidation of an inhomogenous film, as sketched in panel (b). Note that for isopropanol, VE E 1.86 � 10�7 m s�1 and hc = 520 mm in the cases
illustrated in panels (c and d).
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Assuming D(f) = D0 when f o fcp and since VE = cste in the
CRP, one can obtain an analytical expression of the solution. In
particular, we have an expression for fi(t) as23

fiðtÞ ¼ f0 � 2df0

ðt
0

exp �d2t 0
� �
ffiffiffiffiffiffi
pt 0
p � derfc d

ffiffiffiffi
t 0
p� 	
 �

dt 0 (6)

with d ¼ VE

�
2
ffiffiffiffiffiffi
D0

p� �
. This equation expresses the evolution of

the particle volume fraction at the interface from the initial
volume fraction f0 to the close packing fcp. This solution is
plotted in Fig. 7(c and d) for VE E 2 � 10�7 m s�1 and two
initial layer thicknesses.

During evaporation, colloidal dispersions exhibit different
structural properties, from the fluid-like phase to the wet
aggregated solid, crossing a soft colloidal glass phase where the
medium exhibits a finite shear modulus. Experiments performed
on aqueous colloidal dispersions have clearly shown the existence
of a liquid to solid-like transition at a concentration well below
close packing.3,28–30 Typically, the rheology of silica colloidal
dispersions varies from viscous to elasto-visco-plastic to brittle
when their solvent content decreases.30 The sol–gel transition
appears to occur at a critical volume fraction3,29,30 fg = 0.3–0.35,
which is also indicated on the curves presented in Fig. 7(c and d).

4.3 Bénard–Marangoni instability induced by evaporation

Due to the latent heat needed for evaporation, a layer of volatile
solvent deposited on a substrate is subject to a temperature
variation between the substrate and the free surface. Considering
conductive heat transfer in the layer (and neglecting the heat
coming from the gas phase, since lg { l‘ in general), the
evaporation-induced temperature difference across the thickness
layer can be estimated by

DT ¼ � _mLh

l‘S
(7)

where L is the latent heat of vaporization, while l‘ and lg are the
liquid and gas thermal conductivities, respectively.

It is well known that due to this temperature gradient and
the variation of the surface tension with temperature, the
evaporation can induce the development of Bénard–Marangoni
instabilities in a pure liquid film.19,26,31,32 When the Marangoni
number Ma = �gTDTh/m‘k‘ (where gT is the surface tension
variation with the temperature and k‘ is its liquid thermal
diffusivity) is above a critical value Mac, such instabilities
develop and the layer self-structures into an hexagonal convective
pattern, as sketched in Fig. 7(b). In this situation, the coupling
between thermal fluctuations and resulting surface-tension-induced
flows is sufficiently strong to overcome thermal and viscous
dissipation, resulting in more or less ordered cellular convective
patterns.33 In each ‘‘cell’’, liquid is rising at the warmer center,
flows along the interface from hot to cold, sinks downwards at
the cooler cell periphery, and closes the loop by flowing
towards the center. Note that below Mac, such instabilities
do not appear and the layer remains in a purely conductive
regime.

The modeling of evaporation-driven Bénard–Marangoni
convection in a liquid layer of thickness h much smaller than

the gas phase thickness H, leads to the expression of the neutral
stability threshold19

Mak ¼
16k k cosh½k� þ ak sinh½k�ð Þ 2k� sinh½2k�ð Þ

4k3 cosh½k� þ 3 sinh½k� � sinh½3k� (8)

where k is the dimensionless wavenumber and

a ¼ lg
l‘
þLDvaMv

l‘RTi

p0
sat

Tið Þ
1� Xi

(9)

is a positive dimensionless number that turns out to be an
effective gas-to-liquid ratio of thermal conductivities, accounting
for phase-change-induced heat spreading (due to latent heat
transport by vapor diffusion) through its second term. Note that
eqn (8) is formally identical to the result obtained by Pearson,31

up to a redefinition of the Biot number as Bi = ak, i.e.
wavenumber-dependent.19,26 With this difference in mind, the
critical Marangoni number Mac(a) and the critical wave number
kc(a) are found by minimizing Mak with respect to k. It is
interesting to note that a only depends on the liquid–gas pair,
and increases with the volatility. For isopropanol evaporating
in air at ambient conditions, Mac E 120, whereas for water,
Mac E 90.

Combining the definition of the Marangoni number given
above with eqn (7), a critical layer thickness can be derived

hc ¼ �l‘m‘k‘S
gT _mL

MacðaÞ
� �1=2

: (10)

Indeed, when the initial film thickness h0 4 hc (equiv. to an
initial Marangoni number Ma0 4 Mac), a Bénard–Marangoni
instability develops and hexagonal cells show up in the evaporating
film. During evaporation, the characteristic size of a convective cell,
which is typically of the order of the film thickness, decreases over
time. At some moment, when h o hc, convection cells can not
persist, leading to the conductive regime. Chauvet et al.19

experimentally validated this criterion for pure liquids of
various volatilities, recovering in particular the classical value
Mac C 80 in the weakly-volatile case a { 1.

Note also that the characteristic time after which Bénard–
Marangoni convection stops can be estimated as

tBM = (h0 � hc)/VE. (11)

4.4 Consolidation of a drying colloidal film in the presence of
convective instabilities

When Bénard–Marangoni instability occurs during the drying
of a colloidal dispersion (Ma0 4 Mac), as reported in this paper
for millimeter-thick isopropanol-based dispersions, then convective
transport is superposed onto the diffusion flux, as sketched in
Fig. 7(b). Since the diffusion of particles is slow, the particles are
mainly transported by flows, including the receding motion of
the interface. The combination of these mechanisms leads to an
inhomogeneous distribution of particles in the layer and a
corrugation of the free surface (see Fig. 7(b)). The particles
preferentially accumulate at the stagnation points of the free
surface, located at the edges of the cells (where the temperature
is smaller). Some trace of the concentration field inhomogeneity
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is likely to be ‘‘frozen’’ in the drying film when consolidation
occurs before the convective cells cease, as in Fig. 7(d). The
evolution of the Marangoni number and of the particle volume
fraction at the film free surface is plotted during the drying of a
millimeter-thick isopropanol-based dispersion evaporating into
air under ambient conditions. In such a situation, one observes
that the surface concentration reaches the gelation concentration
at a time significantly shorter than the time needed for the
convective motions to stop.† One can therefore expect the drying
to lead to the consolidation of a distorted free surface followed
after further evaporation by the consolidation of an inhomoge-
neous film presenting surface corrugations, as evidenced in
Fig. 9(a–c). The consolidation of a film with a corrugated free
surface could occur even though the convection has ceased, if the
diffusion time of particles is longer than the time between the
convective cells’ disappearance and the film consolidation.
Ultimately, the solid film is expected to be thicker and convex
where the concentration of particles was highest, and thinner/
concave at locations where it was lowest.

To check the validity of the criteria presented in eqn (10)
for colloidal suspensions, experiments were conducted with
isopropanol-based dispersion layers of various initial thicknesses
and for several evaporation rates (see the Method in Section 2).
The resulting existence phase diagram of thermal Bénard–
Marangoni instability during the drying of our colloidal suspension
as a function of the two parameters is shown in Fig. 8. The
theoretical prediction of the instability onset (eqn (10)) is also
plotted and is found to be in good agreement with the experi-
mental results. When experiments occur with layers of initial

thicknesses h0 below the critical thickness hc (equiv. Ma0 o Mac),
no thermal convective patterns were indeed discernable with
the infrared visualisation, confirming that the drying is occurring
in a conductive regime as revealed by the IR image presented at
the bottom of Fig. 8 that exhibits an homogeneous thermal
field. The present experiments suggest that the rate of solvent
evaporation is an important parameter for the homogeneity of the
resulting film. It is indeed confirmed by eqn (10). High values of | :m|
lead to low values of hc. The Bénard–Marangoni instability
(which occurs for h 4 hc) is favoured by an increase of the
evaporation rate.

However note that the influence of the solvent evaporation
rate does not fully explain the absence of Bénard–Marangoni
instability for aqueous dispersions. Indeed, whereas Marangoni
flows induced by evaporation have been observed in many pure
liquids, their existence for water is dubious.34–37 Despite conditions
where the hydrodynamic theory indicated that it should be present
(Ma0 4 Mac), the observation of Marangoni convection has been
non-reproducible and/or transient. This is generally attributed to
contamination on the surface of the water.34,35,38,39 It was shown
theoretically that the presence of even trace amounts of surface
contamination can stabilize a water layer by mitigating or
suppressing the evaporation-induced thermocapillary flows.38,39

In practice, a tiny presence of contamination at water surfaces
appears to be almost unavoidable, water being easily con-
taminated.36,37 This could well explain why experimental studies
dealing with millimetric thick layers of aqueous dispersions in
general did not report surface-tension-driven convective instabilities.
To the best of our knowledge, only Boulogne et al.40 experimentally
observed convective cells during the drying of aqueous suspensions.

Fig. 9 (a and b) Infrared and (c) direct visualization highlighting (a) the
accumulation of particles at the borders of the convective cells and (b and
c) the consolidation of a film with corrugations at the top surface during
the drying of a colloidal suspension of the isopropanol-based dispersion
on various substrates with h0 4 hc (aluminum substrate (a and b) and glass
substrate (c)). (d) Image of the resulting solid film obtained after the drying
of the isopropanol-based dispersion with h0 o hc. The interference fringes
reveal that in such a situation the solid fragments classically delaminate
with a concave shape, the pattern of interference fringes being similar to
the one observed for aqueous dispersions (cf. Fig. 3(b)).

Fig. 8 Existence phase diagram of Bénard–Marangoni instability during
the drying of a colloidal suspension of silica particles dispersed in
isopropanol as a function of the initial thickness and the evaporation rate.
The bullets correspond to experimental data while the line represents the
theoretical onset of the Bénard–Marangoni instability predicted by
eqn (10). The IR images attest to the presence (top) or the absence
(bottom) of convective flows.

† Note that the evolution of the particle volume fraction at the free surface is plotted
according to eqn (6), which only considers diffusive transport in the film. Consequently,
the time for the particle volume fraction at the free surface to reach the gelation volume
fraction could well be even shorter, with convection cells enhancing the transport, and
the accumulation of particles at the stagnation points.
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However, in their experiments, convection ceases before the film
consolidation leaving time for the film to recover its homogeneity.

As mentioned by de Gennes,14 the instability requires films
to be initially dilute and of low viscosity. Eqn (10) shows indeed
that the suspension viscosity is another important parameter,
of which a high value is unfavourable to the development of
Bénard–Marangoni instability. Since the dispersion viscosity
drastically increases when f gets close to fg,30 a concentrated
colloidal film would imply a very large value of hc. Moreover, if the
drying occurs with f0 close to fg, the layer could in principle even
consolidate before the establishment of the convective instability.

4.5 Crack formation and curled fragments

The formation of a structure induced by the drying requires the
development of a shear modulus of the particle arrangement.
As a consequence, the structure can withstand drying stresses
that progressively build in the solid film. When a threshold
value is reached, the drying stress is released into the solid film
by the formation of successive modes of cracking.10 Classically,
first cracks invade the plane of the film resulting in a connected
network of cracks.41 The size of the resulting solid fragments as
a function of the solid film thickness for both the water-based
and isopropanol-based dispersions is reported in Fig. 10. The
measurements of the average solid fragment size appear to be
well described by the as p h2/3

f scaling law reported in ref. 42.
The standard deviation around the average value of the solid
fragment sizes obtained by statistical analysis of the final crack
patterns is also provided in Fig. 10. Interestingly, one observes
that the standard deviations for the water-based dispersion are

relatively small and almost constant as a function of the film
thickness. It is however not the case for the isopropanol-based
dispersion where the standard deviations reveal an important
contrast between the experiments that occurred below or above
the Bénard–Marangoni onset of instability. In particular, the
standard deviations are higher for experiments for which
convective flows developed during the drying. It highlights a
higher heterogeneity in the fragment size distribution in these
situations likely due to the presence of the corrugations
induced by the Bénard–Marangoni instability. Below the onset
of instability, the analysis of the solid fragment shapes inter-
estingly reveals that delamination results in the usual concave
solid fragment shapes, as seen in Fig. 9(d). This observation
supports the role of the corrugations, and hence of the con-
vective flow, in the occurence of convex solid fragments for
isopropanol-based dispersion layers with h0 4 hc.

The prefactor of the scaling law42 allows us to determine the
elastic modulus of the solid film at the time cracks form.
Rather than considering the values of the elastic moduli that
are not precisely determined due to the difficulty of quantifying
the drying stress, in particular the capillary pressure, we only
consider the ratio between the elastic moduli of the water-based
film, Ew, and isopropanol-based film, Eiso: Ew/Eiso = 0.21 � 0.05.
This ratio shows a stiffer coating for the isopropanol-based
dispersion than for the water-based one.

Once the solid film has cracked, if the fragments are still
compressed on the drying face, differential shrinkage takes place
on both sides of the film thickness. The differential shrinkage is
governed by the variation of liquid pressure in the pore and
results from a stress distribution, si,j, in the thickness of the film,
that evolves during the drying process11,20,43 (the subscripts i, j
refer to the cartesian coordinates in the plane of the film). Hence,
the shrinkage of the drying film is quantified by a force, F(t), per
unit length, and averaged over the film thickness:

FðtÞ ¼
ðhf
0

sx;xðz; tÞdz; (12)

according to Fig. 11. Consequently a bending moment, M(t), per
unit length, develops as

MðtÞ ¼
ðhf
0

z� h=2ð Þsx;xðz; tÞdz: (13)

The maximum stress, sm, reached in the solid film is close to the
capillary pressure given by the surface tension, g‘,air, of the
solvent with the air and the pore size close to the particle size
Rp. Thus, sm B �g‘,air/Rp. The bending moment tends to induce
an out-of-plane displacement which can lift the edges of the
fragments. This process is governed by the competition between
the elastic energy stored in the structure, Uel

/surface, and the surface
energy at the film/substrate interface, Usurf

/surface, responsible for the
adhesion. The elastic energy reaches a maximum value when the
stress in the structure reaches sm. In this way the elastic energy,
per unit surface area of the film, reads

Uel
/surface B sm

2/(2E)hf, (14)

Fig. 10 Fragment size as a function of the final solid film thickness for
water-based and isopropanol-based colloidal dispersions. The bars represent
the standard deviation around the average value. The data are fitted by the
as p h2/3

f scaling law reported in ref. 42. For thicker films, delamination leads to
either concave (water-based) or convex (isopropanol-based) surfaces as
evidenced by the 3D scan images in Fig. 3 and 4. For the aqueous dispersion,
no delamination occurs below a well-defined thickness (blue region). For the
isopropanol-based dispersion, below the Bénard–Marangoni onset (red region),
the drying occurs without the development of convective flows and a delami-
nation leading to usual concave surfaces is retrieved, as evidenced by Fig. 9(d).
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where E is the elastic modulus of the solid film. The surface
energy governing the adhesion of the film on the substrate is
due to several contributions, among which the van der Waals
interactions. However, it has been shown that capillary bridges
between nanoparticles and the substrate significantly contribute to
the adhesion process of drying colloidal coatings.11 Consequently,
the surface energy, per unit surface area of the film, reads

Usurf
/surface B 2g‘,air. (15)

Thus, the simple criterion Usurf
/surface Z Uel

/surface results in
the buckle-driven delamination. Since the structure is more
compressed on the drying surface, a concave surface is generated
as shown in the sketch in Fig. 11(a). The final shape of the
warped fragments is related to the maximum bending moment
Mm by:44

d2z

dx2
¼ 12Mm

Ehf3
(16)

where Mm B smhf
2. The 3D scan of the fragments allows us to

measure the profile of the warped fragments. Fitting the profiles
using eqn (16) is then a way to estimate the elastic modulus of the
final dried fragments. A similar scenario takes place in the case of
isopropanol-based films except that the adhering fragments
present an initial convex upper shape induced by the prior
hydrodynamical instability as sketched in Fig. 11(b). Since
cracks preferentially form at defects, the valleys exhibiting
thinner thicknesses represent a favourable location to propagate
channeling cracks. Then the formation of the crack network is
shortly followed by the delamination process. However, the
initial shape is not in favour of the concave deformation
naturally induced by the bending moment. The shrinkage
induced by the force F(t) (eqn (12)) results in a de-adhesion at
the centre of the fragments together with a convex deformation
induced by a buckle-driven process. The ratio between the elastic
moduli of the water-based film, Ew, and isopropanol-based film

can then be deduced from the fit of the measured profiles using
the theoretical prediction of eqn (16): Ew/Eiso = 0.64 � 0.09. This
ratio still shows a stiffer coating for the isopropanol-based
dispersion than for the water-based one.

5 Conclusion

In this paper, we report experimental observations on the influence
of thermal Bénard–Marangoni instability on the drying of colloidal
dispersions.

Considering millimeter-thick films of a silica particles dispersed
in isopropanol (a highly volatile solvent), we observe using an
infrared camera the existence of a pattern of hexagonal convective
cells, from the early stage of the evaporation and as long as the
dispersion is dilute. A non-homogeneity of the particle concen-
tration is evidenced by a higher concentration of particles at the cell
edges in comparison with the cell center. Together with the solvent
removal induced by the evaporation, this hydrodynamical process
lead to the consolidation of films with surface corrugations.

The present study clearly reveals the importance of the
hydrodynamics during the first phase of fast solvent evaporation
to the film morphology. Thus, the development of hydrodynamical
instability appears to be detrimental for the homogeneity of the
film. A minimal thickness is required to observe this instability.
The instability threshold, previously derived from the hydro-
dynamic theory, is discussed here. This stability criterion also
appears to be satisfied for colloidal dispersions and could help
to better control the final film homogeneity by selecting an
appropriate initial film thickness smaller than the critical value
for the occurence of Bénard–Marangoni instability (here accurately
estimated as function of the liquid volatility).

Finally, after the invasion of the solid film by cracks, a non-
classical delamination mode occurs generating fragments with
convex surfaces, whereas buckle-driven delamination usually

Fig. 11 Buckle-driven delamination of drying films induced by differential stress (hf = 195 mm). (a) Concave final shape in the aqueous-based structure.
(b) Convex final shape in the isopropanol-based structure. (Left) Sketches of the scenarios leading to a concave or a convex buckle-driven delamination.
As a consequence of differential stress in the film, a force F and a bending moment M develop resulting in a partial de-adhesion of the film. (Right)
Experimental measurements of the upper face geometry of solid fragments. The red curves are theoretical shapes of the warped fragments plotted in
accordance with eqn (16).
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results in concave shapes. A potential mechanical explanation
involves a delamination process of a film previously corrugated
by coupled hydrodynamics and consolidation. However, other
aspects can intervene and we hope further studies will elucidate
this intriguing behavior.
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