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Useful films can be formed by drying colloidal dispersions, but the negative capillary pressure
generated often promotes cracks. Complex lateral flows during drying compromised previous measure-
ments of the pressure required for cracking. Here we report data for the onset of cracking, and the
additional cracks that appear at higher pressures, from high-pressure ultrafiltration experiments on
homogeneously compressed films. A comparison of the data with expectations from theory confirms
that cracking is controlled by elastic recovery, though an energy criterion only provides a lower bound.
Our experiments also identify the role of flaws as nucleation sites that initiate cracks.
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Dispersions of colloidal particles in the form of polymer
latices or inorganic oxides, e.g., silica or alumina, are often
coated on substrates to make thin films for various appli-
cations, for example, protective or decorative architectural
coatings, ink jet papers, magnetic tapes, photographic film,
antireflective coatings on lenses, synthetic opals, photonic
crystals, and encapsulated vitamins. During drying,
polymer-liquid, air-liquid (capillary pressure), or
polymer-air interfacial tension may deform the particles
enough to form a void-free film [1,2]. However, at low
temperatures for which viscous deformation does not keep
up with evaporation or with inorganic particles that do not
deform viscously, films of close-packed particles can de-
velop cracks while still saturated with liquid. Cracking
during drying has been studied in a variety of systems,
including ceramic films [3], polymer latices [4,5], and
latex-inorganic mixtures [6]. Often parallel cracks follow
a drying front, propagating from the edge of the film
toward the wetter central regions [3,4,6] with spacing
proportional to the film thickness [7–9]. In uniform films,
there exists a critical thickness below which cracking does
not occur [3,4]. Clearly understanding the mechanism of
cracking in terms of the driving forces and the roles of the
various physical-chemical properties of the colloidal
suspension is essential for avoiding cracking to improve
applications and for controlling the patterns formed by
fractures [7].

In this study, we measure directly the capillary pressure
at which homogeneous films of different thickness, formed
from latex or silica dispersions of different radii, crack.
Within a high-pressure ultrafiltration cell (Fig. 1 left), the
consolidation process is driven by air pressure, rather than
nonuniform evaporation, and involves only fluid flow nor-
mal to the film without laterally propagating drying fronts.
We interpret these measurements through predictions [10],
based on recovery of elastic energy calculated from stress-
strain relations accounting for Hertzian [11] contact me-
chanics for saturated films, for the capillary pressure nec-
essary to open a single infinite crack and the crack spacing
expected at higher pressures.

During drying, evaporation of solvent, assumed here-
after to be water, first concentrates the particles into a
uniform close packing, provided evaporation is slow
relative to diffusion of particles across the layer and inter-
particle attractions are not abnormally strong. Further
evaporation then pulls menisci at the top layer of particles
downward, generating a negative capillary pressure pcap <
0 in proportion to the surface tension of the liquid � and the
curvature of the meniscus. This puts the particle network in
compression normal to the surface and in tension in the
plane of the film, since the substrate prevents deformation
laterally [5]. If the water-air interface recedes into the film
leaving empty pores between particles, lateral gradients in
the capillary pressure can tear the film apart [12]. In this
case, the critical pressure for cracking pcrit

cap would equal the
maximum capillary pressure, for example, �� 5:3�=a in
a dense packing [13], which is inversely proportional to
particle radius a, and independent of film thickness H and
shear modulusG of the particles. When the water-air inter-
face remains at the surface and the film is constrained by
the substrate, cracks can open when the elastic energy
recovered exceeds the increase in surface energy [10].

FIG. 1 (color online). (a) Schematic of pressure filtration cell
with film (gray) confined by O ring � and membrane in hatched
area. (b) A cracked film with the first crack highlighted in white.
Cracks on the left half are highlighted in different gray scales
(color scale) corresponding to the increasing steps in pressure.

PRL 100, 198302 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
16 MAY 2008

0031-9007=08=100(19)=198302(4) 198302-1 © 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.100.198302


Hence, the critical capillary pressure pcrit
cap should be inde-

pendent of particle size and interparticle forces and depend
only on the film thickness H, the shear modulus G of the
particles, and the surface tension �. Dimensional analysis
then specifies only two dimensionless groups and requires
the dimensionless pressure Hpcrit

cap=� to depend only on the
dimensionless modulus GH=�. Therefore, identifying the
cracking mechanism requires measurement of the corre-
sponding capillary pressure as a function of film thickness,
particle modulus, particle size, etc.

Indeed, experiments in the past have focused on the
critical capillary pressure pcrit

cap or the critical thickness
Hcri, below which films do not crack [3,4,6]. The tensile
stress generated in a thin film during evaporation has been
measured via the classical cantilever technique [4,5],
which detects the deflection of the underlying elastic sub-
strate. Unfortunately, drying on a narrow cantilever is
rarely a one-dimensional process with spatially homoge-
neous stresses in the film. Instead, nonuniform evaporation
generates water fluxes from the film center to the edge,
which feed packing fronts that propagate inward as in
directional drying from capillary cells open at one end
[7]. The stresses across the film differ tremendously, caus-
ing the measured deflection, which reflects the average
transverse stress in the film, to depend on the film dimen-
sions and the exact location of the drying front. Even when
the entire film reaches a saturated and close-packed state
before cracking, the nonuniform thickness due to the lat-
eral flow compromises the experiment. Singh and
Tirumkudulu [14] took advantage of this nonuniformity
to determine the critical thickness by spin-coating aqueous
dispersions on glass substrates or silicon wafers and mea-
suring the maximum thickness of crack-free regions in
completely dried films.

In order to maintain a uniform film with no lateral flow
or drying fronts while directly controlling the key varia-
bles, we fabricated a cylindrical high-pressure filter cham-
ber sealed with Teflon O rings (Fig. 1 left). Thin films of
colloid dispersions then were cast on an ultrafiltration
membrane supported by a porous bronze disk. We em-
ployed polystyrene latices with glass transition tempera-
tures well above ambient temperature with diameters (and
polydispersity) of 696 nm (20%), 400 nm (20%), 155 nm
(20%), and 91 nm (5%) and silica particles of 430 nm
diameter and 10% polydispersity, as measured by dynamic
light scattering. The shear modulus and Poisson ratio of
polystyrene [15] are 1:19� 109 Pa and 0.36, respectively,
while those of silica are [16] 1:88� 1010 Pa and 0.25.
High-pressure nitrogen gas introduced into the chamber
slowly pushes the excess water in the dispersion through
the membrane. Water vapor quickly saturates the air inside
the chamber, suppressing further evaporation. A pressure
(50 kPa) much lower than typical critical cracking pressure
suffices to bring particles into close packing. Flow of water
then stops and the film becomes more transparent. A higher
applied pressure deforms the menisci between particles at

the air-water interface, generating a negative capillary
pressure that puts the dispersion in tension. This tension
translates into an interparticle force of O�a�� that easily
overcomes any interparticle repulsion of O�kT=a�, since
a2�=kT � 105 for a� 100 nm and �10 even for a�
1 nm. We then increase the pressure in small steps until
the film cracks, to obtain a direct measure of the critical
stress. Further increases in the pressure generate additional
cracks that are recorded photographically after each step to
determine the dependence of total crack number and aver-
age spacing on excess pressure. Figure 1 (right) provides a
photograph of a cracked film with the first crack, and
additional cracks corresponding to the increasing steps in
pressure, highlighted. Similar cracking patterns were ob-
served and modeled probabilistically in earlier literature
[17]. These phenomena in open films drying from the top
contrast with observations from directional drying of con-
fined films open at one end, which often yield parallel
cracks [7]. At the end, we quickly remove and weigh the
film while wet and then after drying to determine the
volume fraction and thickness. The initial volume factions
varied from 0.10 to 0.40, while the final volume fractions
after cracking were typically 0.61–0.65, i.e., near random
close packing. The films are 64 mm in diameter and gen-
erally uniform and flat, though ultrathin films had some-
what thicker edges due to contact with the O ring.

Figure 2(a) presents the data for the capillary pressure
pcrit

cap at the onset of cracking as a function of film thickness,
particle modulus, and particle size. For the 155 nm poly-
styrene sample, the critical pressure decreases with the
thickness as H�0:4 from 80 microns to 1100 microns.
Furthermore, data for 155, 400, and 696 nm polystyrene
latices fall in a single band, suggesting that the critical
capillary pressure is independent of particle size. Data

FIG. 2. (a) Capillary pressure at which first crack opened pcrit
cap

as a function of film thickness H for dispersions of polystyrene
latices of diameter 155 nm (�), 400 nm (4), and 696 nm (5),
and silica of 430 nm (�). Note that pcrit

cap is independent of
particle size and increases with modulus. (b) Dimensionless
critical capillary pressure plotted against dimensionless modulus
for data from Fig. 1(a) along with additional experiments with
scored O rings for polystyrene latices of diameter 155 nm (�),
silica of 430 nm (�), and polycrystalline 91 nm polystyrene
latices (�) and the prediction from Eq. (1) (solid line).
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from 430 nm silica particles show a similar power law
dependence on film thickness, but are displaced to higher
pressures as expected with the greater modulus of silica.

To better understand these trends, we turn to a recently
published model [10] for the deformation of close-packed
particles in response to capillary pressure at the free sur-
face and tangential forces from the substrate. The theory is
based on a relationship between stress and deformation or
rate of deformation that reflects both the nature of the
packing and the stresses within the particles, improving
on both the classical Biot formulation [18] that assumes
linear constitutive equations for elastic porous media and
the ad hoc approximation of Routh and Russel [2] that
derives a quadratic dependence of stress on strain. By
exploiting the classical result of Hertz [11] relating force
to deformation for elastic spheres and the generalization by
Matthews [19] to viscous spheres, we have constructed a
constitutive relationship for close-packed viscoelastic
spheres in which the stress depends on the 3=2 power of
the strain and rate of strain. Dispersion or van der Waals
forces then are incorporated as contact adhesion due to
particle-air or particle-water interfacial tension and rate of
strain. Coupling these constitutive equations with the con-
servation of momentum allows us to address cracking via
the energy criterion due to Griffith [20]. For this purpose
we linearize about the uniaxially compressed base state
and employ a thin layer approximation to calculate the
relaxation of stress fields, both normal and parallel to the
substrate, upon opening of a crack. The stress in the
packing scales as G"3=2 ��pcap, yielding a recovery of
elastic energy upon opening a crack of G"5=2H2 �

GH2�pcap=G�
5=3 per unit length. Balancing this against

the surface energy expended, �H, sets the scale for the
capillary pressure necessary to open a crack as
G��=HG�3=5. Solution of the equations yields a quantita-
tive lower bound on the capillary pressure necessary to
open a single infinite crack, which increases with decreas-
ing layer thickness as H�3=5 and increasing shear modulus
as G2=5.

 �Hpcrack
cap �1�=� � 2:16��NGH=2��1� ���	2=5; (1)

where N is the number of contacting neighbors, ’ is the
volume fraction of the colloidal packing, and � is the
Poisson ratio, which conforms as it must with expectations
from dimensional analysis as noted earlier. To open addi-
tional cracks, the capillary pressure must increase beyond
that bound to recover sufficient elastic energy in less area.
For parallel cracks with dimensionless spacing w 

W=2H, we found that

 pcrack
cap �1�=p

crit
cap�w� 
 ftanh�w� � w=�11cosh2�w�	g3=5:

(2)

Coupling the minimum capillary pressure for cracking
with the maximum sustainable at the air-water
interface (� 5:3�wa=a) then yields the critical film thick-

ness below which cracking will not occur, as Hcrit=a 

0:049��NGa=2��1� ���	2=3.

Figure 2(b) compares the measurements with the pre-
diction for pcrack

cap �1�withN 
 6 and’ 
 0:64 (solid line).
Clearly, the data from somewhat polydisperse polystyrene
and silica particles do not fall on the same line, and both lie
above our prediction. The latter suggests that the energy
criterion for opening an infinite crack only provides a
lower bound (necessary, but not sufficient) condition for
crack formation, while the former indicates that other
factors must be important. This motivated us to consider
the role of flaws or defects in initiating cracks.

First, we tried highly monodisperse 91 nm polystyrene
spheres with the expectation of achieving crystalline order
and affecting the flaw distribution. As shown in Fig. 2(b),
those data exhibit a similar power dependence on film
thickness but at a lower critical pressure much closer to
our prediction. The dynamics also differ significantly with
the first crack in these films propagating slowly and tenta-
tively across the film, unlike the initial cracks under higher
pressures with the other particles, which raced quickly
across the samples. The SEM images in Fig. 3 reveal a
polycrystalline texture for the 91 nm monodisperse latices
(left) that differs significantly from the random packing of
the 155 nm polystyrene particles (middle), leading us to
suspect that the grain boundaries act as large flaws to nuclei
cracks close to the minimum capillary pressure. To confirm
this hypothesis, we intentionally introduced flaws at the
edge of the films by scoring the Teflon O ring constraining
the colloidal film with a razor blade before the experiment.
The results, shown as solid spheres and solid diamonds for
155 nm polystyrene and 430 nm silica, respectively, in
Fig. 2(b), along with a photograph of the edge of those
films as Fig. 3 (right), clearly demonstrate that flaws pro-
mote cracking at pressures closer to those predicted by our
model.

To quantify the opening of additional cracks above the
critical pressure pcrit

cap, we photographed the film at each
step of increasing pressure. As discussed previously in
Eq. (2), the energy criterion predicts the spacing between
parallel cracks to decrease with increasing capillary pres-
sure as the solid line shown in Fig. 4(a). The horizontal axis
is the actual pressure pcap normalized with the calculated

FIG. 3 (color online). Scanning electron microscope images of
films after the experiments contrasting the polycrystalline order
of the 91 nm polystyrene sample (left) with the disorder in the
155 nm polystyrene sample (middle). A photograph of the edge
of a cracked film with cracks emanating from dark gashes in
Teflon O ring (right).
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critical pressure pcrack
cap �1�, while the vertical axis is the

crack spacing W normalized with twice the film thickness
H. Since the measured critical pressures are generally
2.1 times the calculated critical pressure pcrack

cap �1�, for
comparison, the prediction normalized with 2:1pcrack

cap �1�

is plotted as the dotted line. The actual cracks are not
parallel, but often nucleate at existing ones and propagate
orthogonally, so we track the total length L and number N
of cracks within the area A of the film at each step and
define A=L as the average crack spacing and N=A as the
number density. The data in Fig. 4(a) for 155 nm polysty-
rene colloids show that the average spacing decreases with
increasing stress, as expected, though much more slowly
than predicted. When the film debonds from the substrate,
cracking stops, independent of the extra pressure.
Figure 4(b) presents the total number of cracks divided
by the film area at increasing pressure pcap. Clearly the data
do not follow the predictions for parallel cracks, suggesting
that the available preexisting flaws or ones introduced by
previous cracks limit the nucleation of additional cracks.

In this study, we achieved direct measurements of the
pressure responsible for cracking in uniform films of latex
or silica dispersions containing particles of varying radii by
assembling a high-pressure filtration device. We find the
critical capillary pressure to increase with decreasing film
thickness and increasing particle shear modulus as pre-
dicted, but to consistently exceed the value predicted for
a single infinite crack. Photographs taken at each pressure
step yield the total length of cracks, which can be inter-
preted in terms of average crack spacing that decreases
with increasing stress, as expected, though more slowly

than predicted. Also, additional cracks often open at and
propagate from existing ones, suggesting an important role
of preexisting or newly created defects and flaws, as in
linearly elastic materials. Intentionally introducing flaws at
the edges or imparting polycrystalline order promotes
cracking closer to the predicted critical pressure. Our
experimental results confirm that the elastic energy recov-
ery criterion provides a lower bound (a necessary, but not
sufficient condition) for the capillary pressure at the onset
of cracking, while demonstrating the importance of flaws
to initiate cracks. These results improve our ability to
anticipate the capillary pressure at which the first crack
occurs and the thickness below which colloidal films do
not crack.
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FIG. 4. Data for crack spacing and numbers as functions of the
normalized capillary pressure pcap relative to minimum.
(a) Measured average crack spacing normalized on twice of
the film thickness 224 �m (�), 701 �m (�), and 935 �m
(�) for 155 nm polystyrene and the predicted spacing between
parallel cracks from Eq. (2) [solid line with pcap normalized to
theoretical pcrack

cap �1�; dotted line with pcap normalized to average
observed pcap 
 2:1pcrack

cap �1�]. Note that debonding (�) sup-
presses further cracking. (b) The number density of cracks at
increasing normalized capillary pressure steps.
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