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Introduction

T
he process of drying colloidal dispersions by evapo-
rating the liquid to create particulate solids, porous
coatings, or continuous films is common to a range

of important technologies, e.g., forming polymer coatings
from latex dispersions,1,2 casting magnetic tapes,3 depositing
highly porous coatings on ink jet papers,4 forming sol–gel
glass,5 adding antireflection coatings to eyeglass lenses,6

encapsulating vitamins in beads,7 fabricating photonic crys-
tals from silica sols,8 spray depositing thin film oxide fuel
cells,9 and manufacturing photographic film.10 The objective
varies but is generally to create a layer of specified thickness
and controlled porosity with permeability, strength, optical,
or other physical properties appropriate for the application.
The particles often are polymer latices or inorganic oxides,
e.g., silica, alumina, or zirconia, and the fluid is normally
water, but occasionally is a low-molecular-weight organic.
Processing of such films raises a number of interesting and
difficult issues because of the conflicting constraints and per-
formance properties imposed by the applications.

The technology advanced considerably for several decades
through enlightened and innovative industrial research until
a variety of mechanisms, such as Gordon Conferences, uni-
versity-industry consortia like IPRIME at Minnesota, the
International Polymer Colloids Group, the division of Col-
loid and Surface Chemistry in the American Chemical Soci-
ety, the UK Polymer Colloid Forum, and European Commis-
sion projects that encourage industry-university collabora-
tion, ignited academic interest. This brought into the field
powerful, and expensive, modern experimental techniques,
as well as theorists having expertise with computational and
analytical tools capable of handling multiphase and time-

dependent flows. This perspective seeks to provide a glimpse
into developments of the past couple of decades that address
the process of forming solid materials from fluid dispersions
from the initial evaporation of the liquid through the forma-
tion of the final film.

As the liquid, assumed hereafter to be water, evaporates
the concentration of particles increases but the dispersion
remains a fluid until a gelation, freezing, or glass transition
is encountered. If the process is slow enough, that is the rate
of evaporation relative to diffusion of particles across the
liquid layer is sufficiently small, and the interparticle attrac-
tions are not abnormally strong, dispersions will eventually
reach a random or ordered close packing.11 Further evapora-
tion deforms the menisci between particles at the air–water
interface, generating a negative capillary pressure that puts
the dispersion in compression in the direction of evaporation
and tension in the transverse directions. This translates into
an interparticle force of order ac that easily overcomes any
interparticle repulsion of order kT/a, since a2c/kT � 105 for
a � 100 nm and � 10 even for a � 1 nm; where a ¼ parti-
cle radius, kT ¼ thermal energy, and c ¼ air–water surface
tension. Close packing results in sufficient direct contacts
between neighbors, e.g., 6 for random packing12 and 12 for
perfect hexagonal order, to immobilize the particles and cre-
ate a colloidal solid. Shorter range attractions can sustain
solids at somewhat lower volume fractions.13

As noted by Keddie and Routh,14 scientific study of the
process of latex film formation, a major component of the
field, only began in the late 1980s. Experimental studies
brought an increasing number of modern tools to bear on the
structure of the drying film. Now the temperature gradient
bar that monitors film formation and the cantilever that
detects stresses have been complemented with cryogenic
scanning electron microscopy, environmental scanning elec-
tron microscopy, small angle neutron and X-ray scattering,
confocal microscopy, NMR profiling with ‘‘gradient at right
angles to the field’’, scanning probe techniques, ultrasonic
profiling, and a myriad of others. These techniques, coupled
with classical theory, have elucidated both convective and
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surface tension driven flows while the dispersion remains
fluid (Figure 1a). This stage of the process controls the uni-
formity or nonuniformity of the thickness of the final film
(Figure 1b), and can be manipulated to create spatial patterns
in the plane or structure in the depth of the film. The subse-
quent d’Arcy flow and particle deformation after the par-
ticles become close packed determine the porosity and the
extent of cracking in the final film (Figure 1c).

Effects of convective flows during
evaporation

Convection is inevitable during drying and takes several
forms, e.g., laterally in the plane of the film due to capillary
pressure gradients and toward the air–water interface due to
the evaporation, and has several consequences, such as pack-
ing fronts that propagate horizontally and vertically; growth
of colloidal crystals during slow evaporation; and segrega-
tion of binary mixtures to create spatial patterns.

The first widespread attention to surface tension flows dur-
ing drying was generated by Witten and coworkers,15 who
observed so-called ‘‘coffee rings’’ after the evaporation of a
pool of water. They identified nonuniform evaporation and
capillary flow as responsible for deposition of nonvolatile
components at the periphery. Subsequent analysis by Routh
and Russel16 for concentrated dispersions predicted nonuni-
formities in the film thickness by coupling nonuniform evap-
oration due to thinner boundary layers at the edges with cap-
illary pressure gradients that drive lateral flows in the fluid
dispersion and d’Arcy flows through the close-packed
regions (Figure 1). One important feature of the process is
the ‘‘open time’’ before the edge of the film dries. This hap-
pens when the capillary pressure reaches the maximum sus-
tainable value, �5.3c/a,17 and the air–water interface recedes
into the packing, leaving a dry edge that may not blend with
a subsequent application to extend the film, as in painting.

If the close-packed particles deform quickly enough by vis-
cous flow, the voids close completely as the last water evapo-
rates, leaving a transparent film. With higher viscosities or
faster evaporation, the air–water interface may recede into the
packing, leaving a porous film. With more elastic particles
cracks can open to release tension in the plane of the film

caused by the capillary pressure. Since the lateral dimensions
are generally much greater than the thickness, convection nor-
mally dominates in the plane, while diffusion maintains uni-
formity in the normal direction. In some situations, although,
evaporation is rapid relative to diffusion in the normal direc-
tion as well, producing close packing first at the air-dispersion
interface. That poses the possibility of pores closing at the
interface and creating an impervious ‘‘skin’’.

Theories describing these phenomena have been extended
and tested by elegant experiments employing NMR profil-
ing.18 Keddie and coworkers applied the earlier analysis to
demonstrate the dependence of the dimensionless ‘‘open
time’’, Eto/H, for a circular film of radius R, and thickness,
H, on (1) the characteristic capillary pressure, c/a, scaled by
the nominal pressure drop for d’Arcy flow, lEL2/kH, and (2)
the ratio of the radius to the capillary length, R/L, where
E[m/s] ¼ rate of evaporation, g ¼ dispersion viscosity, l ¼
fluid viscosity, and k ¼ permeability of packing. The capil-
lary length, L ¼ H(c/3gE)

1=4, reflects the balance between
surface tension and viscous stresses within the fluid disper-
sion. Figure 2 demonstrates the dramatic increase in open
time with either the normalized capillary pressure or the R/L.

The distribution of water both laterally and vertically was
probed in another series of experiments by Keddie and col-
leagues.19 At Pe ¼ HE/D0 ¼ 0.2 (with D0 ¼ Stokes–Ein-
stein diffusivity of particles) the volume fraction was homo-
geneous as expected, but for Pe [ 1 vertical gradients
appeared and steepened with increasing Peclet number. At
the higher Pe a density gradient emerged at the air–water
interface, about half way through the drying time, and
evolved into a close-packed layer with / � 0.6 at the air–
water interface about 3=4 of the way through.20 That close-
packed layer eventually extended although the full thickness
and narrowed as the remaining water gradually disappeared.
Under these conditions, latices above their glass transition
temperature Tg may deform into an impervious skin that
retards further evaporation.21 A recent article characterizes
the process more quantitatively.22

Keddie1 noted in his extensive 1997 review of the field
that, ‘‘Surfactants are nearly always present in a latex and

Figure 1. Stages of film formation illustrating (a) packing
fronts propagating in from edges, (b) nonuniform-
ity in thickness of close-packed layer, and (c)
transparent but cracked final film.

Figure 2. Open time as function of capillary length [L/H5 (c/
3gE)

1=4], and ratio of viscous to d’Arcy flow (with per-
mission from Salamanca et al.18).

AIChE Journal June 2011 Vol. 57, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 1379



are known to affect several aspects of film formation’’. Their
surface activity promotes partitioning onto both the particle-
water and the air–water interfaces in equilibrium with the
concentration in the water. Local changes due to fluid con-
vection in the balance between the interfacial area and the
fluid volume alter that equilibrium, thereby generating con-
centration gradients that effect colloidal stability and capil-
lary pressure locally. Spectroscopic measurements have char-
acterized gradients normal to the interface and the effects of
surfactant content and type.23 During drying, while the film
is still fluid, a linear stability analysis revealed unstable
modes with two distinctly different wavelengths, one at the
millimeter scale and the other at microns.24 The dynamics
are driven by evaporation coupled with desorption of surfac-
tant from the air–water interface or the particles. The authors
confirmed the phenomena via direct visualization and atomic
force microscopy, including the dependence on volume frac-
tion, surfactant concentration, and adsorption strength and
the insensitivity to evaporation rate. The short wavelength
instability produces striations in the final film, while the lon-
ger wavelengths evolve into surfactant-rich islands.

The ability to generate close packing of monodisperse col-
loids at a controlled rate has stimulated several creative ini-
tiatives to form specialized materials. While one-dimensional
(1-D) sedimentation of dilute dispersions does form colloidal
crystals, the kinematics lead to polycrystalline, rather than
single crystal, sediments.25 Slow sedimentation onto an

appropriately patterned substrate can yield a single face-cen-
tered-cubic crystal, but stacking faults eventually appear as
the crystalline layer grows.26 For a more practical approach
Colvin and coworkers27 turned to directional evaporation
and succeeded in producing single crystal multilayers, but
here too stacking faults and cracks eventually appeared. This
remains an active field because of the efforts to create opti-
cal band gap materials.28

Another strategy to create structured films exploits the dif-
ferential responses of large and small particles to convection
during the drying process. The simplest approach depends
on evaporation to bring the larger particles into close pack-
ing, first at the air–water interface and then throughout the
layer.29,30 Then the interstitial flows convect the smaller par-
ticles toward the free surface faster than diffusion can dis-
perse them, creating a vertically segregated film. Deforma-
tion of the larger particles closes the voids and quenches this
inhomogeneous distribution.

Lewis and coworkers took the next step by imposing a pat-
terned mask, which localizes the evaporation laterally. Once
the larger particles reach close packing, the localized evapora-
tion convects particles small enough (\1=8 the diameter of the
larger ones) to pass through the remaining pores into a peri-
odic pattern conforming to the mask. Figure 331,32 demon-
strates the final result for two different gaps between the film
and the mask and three different spacings for the holes. Reso-
lution is fine except for the smallest spacing and gap.

Figure 3. Images illuminating fluorescent nanoparticles of binary films dried under masks with gaps of 250 lm (a–c) or 500
lm (d–f ) and center-to-center distance between holes of 2, 5 or 10 times the gap (with permission from Harris
et al.31).
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Film formation

In many applications the objective is to form an impervi-
ous or controllably permeable coating. This requires viscous
deformation to eliminate or shrink pores between close-
packed polymer spheres at temperatures in the vicinity of
the glass temperature. Qualitative understanding has evolved
since the invention of monodisperse polymer latices in the
1950s, which spawned the latex paint technology. In the
1990s quantitative measurements began to appear in the lit-
erature from both industrial11 and academic laboratories and
eventually quantitative theories followed as described by
Routh and Keddie.14 Although wet and dry sintering, driven
by polymer-water and polymer-air interfacial energies,
respectively, can close the pores and form a uniform film,
the dominant driving force is usually a negative capillary
pressure due to inward deflection of menisci at the air–water
interfaces between particles. That puts the packing in com-
pression in the normal direction and in tension laterally.
Clever use of a taut membrane as the substrate allowed
Johannsmann and coworkers33–35 to translate deformation of
the membrane into a clear demonstration of the tensile
stresses acting on the film.

Our recent theory,36 describing the mechanics of this pro-
cess, starts with Hertizian contact mechanics,37 augmented
by a viscous analogue,38 that relates the force F, between
two spheres in contact at orientation n, to the deformation �
and yields

Fþ 2:74pacpa=wn ¼ � 16

3
a2

G

2ð1� vÞZ t

�1
expððt0 � tÞ=sÞ d

dt0
ð�n � e � nÞ3=2n dt0 ð1Þ

with the characteristic time scale s ¼ 2g(1 � m)/G, where g, G,
and m are the viscosity, shear modulus, and Poisson ratio of the
polymer, respectively. Thus, one can discriminate between fast
evaporation (Es/H[1), which triggers an elastic response, and

slow evaporation (Es/H\1) for which the response is viscous.
Volume averaging over doublets of all orientations a la
Batchelor39 yields a nonlinear time-dependent stress–strain
relationship, which for 1-D deformation takes the following
form
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where G ¼ N/G/(1 � m), N ¼ number of neighbors in contact,
and / ¼ packing fraction. Note that the free surface imposes
the zero normal stress.

Integrating Eq. 2 determines the evolution of the density,
setting the time required to close the pores, when � ¼ 1 � /
¼ 0.36, and identifying whether capillary compression, wet
sintering (cwp ¼ water-polymer interfacial tension), or dry
sintering (cap ¼ air-polymer interfacial tension) controls the
process. When evaporation is rapid relative to diffusion and
the particles deform easily, an impermeable skin can form at
the air–water interface sealing off further evaporation. Figure
440,41 maps the various regimes in terms of Eag/Hc, the rate
of evaporation relative to viscous deformation of the packing
driven by capillary pressure, and the Peclet number Pe ¼
HE/Do, for convection and diffusion normal to the interface.
Note that wet sintering controls film formation, when evapo-
ration is slow relative to viscous deformation, while capillary
compression provides the driving force at intermediate evap-
oration rates. Only dry sintering can complete the process
for very rapid evaporation, after the air–water interface
recedes into the film when the negative capillary pressure
reaches the maximum of 5.3c/a. Skinning, i.e., formation of
an impermeable layer at the air–water interface, occurs for
very rapid deformation and slow diffusion, Pe[1 (lower
right in the diagram), in accord with the experiments noted
previously. For polymer latices the controlling process pa-
rameter is the polymer viscosity, which varies exponentially
with the temperature relative to the glass transition of the
polymer. Then the time for void closure for wet or dry sin-
tering increases exponentially with Tg � T.40 For Tg � T
capillary compression closes the pores as the last water
evaporates, at t ¼ (1 � /o)H/E.

The groups of Scriven at Minnesota42,43 and Lewis at Illi-
nois44 first quantified the tensile stress associated with drying
films of a few square centimeters with the classic cantilever
technique. Typically, for latices that deform viscously in
response to capillary pressure, the stress increases as t3/2 af-
ter the dispersion becomes close packed, reaching a maxi-
mum that is proportional to g _E

�
H as the last pores close

(Figure 5).45 Note that the stress (capillary pressure) remains
well below the maximum of 5.3c/a in these experiments.

Cracking and peeling in colloidal films

When particles do not deform viscously, the capillary
pressure produces elastic deformation that stores energy in
the packing and, therefore, is capable of generating cracks in
the films.46 To understand this we turn to the analogous
treatment for thin elastic films,47,48 which invokes the Grif-
fiths criterion that the elastic energy recovered by opening a

Figure 4. Process map distinguishing among dry and wet sin-
tering and capillary compression, as well as skinning,
in terms of the ratio of time scales for viscous flow to
5ga/cwa, evaporation H/E, and diffusion H2/Do.

Symbols indicate experiments conforming to skinning
(black), capillary compression followed by dry sintering
(gray), and dry sintering (open). (Redrawn with permission
from Routh and Russel41)
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crack must match or exceed the surface energy expended.
For saturated films the dominant surface energy is that of the
air–water interface of the crack faces, while the elastic
energy is recovered during the relaxation of the particles
compressed at point contacts in the close packing.

An estimate of the elastic recovery upon the opening of an
infinite crack can be derived by linearizing the general nonlin-
ear stress–strain relation about the 1-D compression and then
either solving the resulting set of partial differential equations
numerically or by integrating in the normal direction a la lubri-
cation and then solving the resulting ordinary differential equa-
tion analytically.49 Setting the total elastic energy recovered
equal to the energy of the new air–water surface determines
the minimum capillary pressure pcrackcap to open a crack as36

� Hpcrackcap

c
ffi 1:3

/NGH
2 1� mð Þc

� �2=5

þ2:9
c

/Ng _E

/NGH
2 1� mð Þc : (3)

Note that viscous deformation increases the capillary pres-
sure necessary for cracking, as does reducing the film thick-
ness. Experiments suggest this to be a reasonable approxima-
tion. For example, measurements of Hmin, the film thickness
below which the air–water interface recedes into the packing
without causing cracking,50 follow the theory (- - -) reason-
ably well for both polymer latices (lower left), and inorganic
oxides (upper right) (Figure 6).

Direct measurements of the capillary pressure at the onset
of cracking for latices demonstrate independence of the par-
ticle size as expected by theory for high Tg polymer latices
(Figure 7), but consistently lie above the prediction. Further-
more, data for the latices do not correlate with that for inor-
ganic oxides. Subsequent introduction of microscopic flaws
(grain boundaries in crystalline packings) or macroscopic
notches in the O-ring bounding the cell (not shown) brought
the data closer to the prediction.51 This suggests that flaws
or imperfections are necessary to initiate cracking in colloi-
dal packings. In retrospect, this should not have been a sur-
prise, as their importance in brittle solids is well known.52

Singh et al.13 adapted the theory to alumina dispersions at
a range of pHs encompassing both fully stable and highly
flocculated conditions. This required measuring or estimating
from correlations in the literature the packing fractions (from
/ � 0.15 near the isoelectric point to � 0.70 for stable dis-
persions), the number of contacting neighbors (N ¼ 1-7),
and the maximum capillary pressure (3c/cos h/a(1 � /)
with h the air–water-polymer contact angle). The corre-
sponding critical cracking thickness varied dramatically from
� 50 lm at stable conditions to � 300 lm near the isoelec-
tric point, reflecting the combination of a lower maximum
capillary pressure and weaker elastic response for the less
dense packing. The critical stress for the onset of cracking
correlated well with N//H2 to the 1=3 to 2=5 power, indicating
a more deformable packing that cracks easier.

Another popular geometry for studying drying of disper-
sions consists of a rectangular capillary open to evaporation
at one end (Figure 8a).53 This produces a well-defined pack-
ing front that propagates into the capillary and defines a uni-
form gradient in capillary pressure from a minimum at the

Figure 5. Tensile stress in films of aqueous acrylic latices as
a function of time over a small range of tempera-
tures, a modest range of evaporation rates, and a
10-fold variation in film thickness, demonstrating
that pores close at rmax � g E/H as evaporation is
complete at t � H(1 2 /)/E (with permission from
Tirumkudulu and Russel45).

Figure 6. Film thickness below which cracking is energeti-
cally unfavorable according to theory (- - - -) and
dispersions of polymer latices (n), and oxides (�)
show no cracks (redrawn with permission from
Singh and Tirumkudulu50).

Figure 7. Capillary pressure at the onset of cracking for dis-
ordered packings of high Tg polystyrene latices
and inorganic oxides and crystalline packings of
deionized monodisperse latices (redrawn with per-
mission from Lawn51).
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open end to zero at the packing front. With nanoparticles the
capillary pressure at the free surface quickly reaches the
limit noted earlier, allowing the air–water interface to recede
into the capillary and introducing an additional mass-transfer
resistance in the form of Knudsen diffusion, which slows
evaporation. Microscopic tracking of cracks revealed ‘‘in-
triguing intermittent motion originating from the deformation
of arrested crack tips and aging of the elastic network’’.

A recent study in the same geometry, but with a novel
means for sensing stresses in the colloidal packing,54

detected failure or delamination between the colloidal pack-
ing and the surface of the capillary. This ‘‘interface crack’’
corresponds to peeling for a free-standing thin film (Figure
8b). The authors tracked the stress and strain fields, deducing
decay as the inverse square root of distance from the crack
tip, consistent with cracking in elastic films. Our subsequent
analysis55 based on the Hertzian mechanics described earlier,
confirms recovery of elastic energy as the mechanism for
debonding, which allows some relaxation of the axial com-
pression driven by the pressure gradient. The theory also
predicts the lag of the delamination front behind the packing
front in qualitative agreement with the observations.

Cracking also occurs during directional drying in thin
films open to the atmosphere.46 As noted earlier, the mass-
transfer boundary layer in the air is thinner at the edges,
allowing more rapid evaporation that initiates packing and
cracking fronts that propagate from the edges into the inte-
rior. In such a situation, a recent study by Goehring et al.56

with charged polymer latices visualize several fronts. First is
a somewhat diffuse jump in concentration from the original
fluid dispersion to an ordered and iridescent, but not close-
packed, solid. Next is a sharp transition to ordered close
packing with particles in mechanical contact. This transition
from loose to close packing signals flocculation, with particles
pushed over the repulsive electrostatic barrier into contact by
the increasing capillary pressure. This was verified by flooding

the film with water and observing that the loosely packed
region redispersed, whereas the close-packed particles
remained a coherent solid. To emphasis this further, parallel
cracks followed the solidification front, albeit intermittently,
consistent with the need for relaxation of elastically deformed
particles in contact to recover elastic energy. None of the
fronts propagated at a steady velocity with the cracks being
most intermittent as observed earlier by others.53

In Closing

Both understanding and implementation of drying proc-
esses have advanced considerably in the past 2 decades,
including a number of facets not addressed here, such as bi-
nary mixtures of soft and hard particles57 and subtle dynam-
ics as the air–water interface recedes into the colloidal pack-
ing.58 The focus of this perspective has been the complex
phenomena that emerge as the process of gas-phase con-
trolled evaporation drives fluid flow in a thin film. Loss of
fluid moves the initially fluid dispersion across one or more
phase boundaries into a dense solid that a rising capillary
pressure then deforms either elastically or viscously. The
former often leads to cracking and peeling, while the latter
produces a pore-free solid. A number of important technolo-
gies noted in the introduction exploit the process and several
other novel applications have been suggested more recently.
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