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We present the results from a Small Angle X-ray Scattering (SAXS) study of lateral drying in
thin films. The films, initially 10 µm thick, are cast by dip-coating a mica sheet in an aqueous
silica dispersion (particle radius 8 nm, volume fraction φs = 0.14). During evaporation, a drying
front sweeps across the film. An X-ray beam is focused on a selected spot of the film, and SAXS
patterns are recorded at regular time intervals. As the film evaporates, SAXS spectra measure the
ordering of particles, their volume fraction, the film thickness and the water content, and a video
camera images the solid regions of the film, recognised through their scattering of light. We find
that the colloidal dispersion is first concentrated to φs = 0.3, where the silica particles begin to
jam under the effect of their repulsive interactions. Then the particles aggregate until they form a
cohesive wet solid at φs = 0.68 ± 0.02. Further evaporation from the wet solid leads to evacuation
of water from pores of the film, but leaves a residual water fraction φw = 0.16. The whole drying
process is completed within three minutes. An important finding is that, in any spot (away from
boundaries), the number of particles is conserved throughout this drying process, leading to the
formation of a homogeneous deposit. This implies that no flow of particles occurs in our films
during drying, a behavior distinct to that encountered in the iconic coffee-stain drying. It is argued
that this type of evolution is associated with the formation of a transition region that propagates
ahead of the drying front. In this region the gradient of osmotic pressure balances the drag force
exerted on the particles by capillary flow toward the liquid-solid front.
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INTRODUCTION

Coatings are often made through deposition of liquid
colloidal dispersions. Common examples are paints, anti-
corrosion coatings and ceramic coatings. In most cases,
the dispersion is applied as a liquid film, and it changes
into a solid film as a result of solvent evaporation. A
variety of deposition patterns can be obtained, depending
on the evaporation profile over the liquid film and on the
flows taking place inside the deposit during drying [1–7].
The two extreme situations are as follows:

(a) Homogeneous film formation: in the simplest case,
there is no lateral flow through the liquid film, and all
volatile components are evaporated locally. The num-
ber of particles at each point of the film is conserved
throughout the drying process. Therefore the deposition
of a uniform liquid colloidal film leads to a final solid
film that has homogeneous composition, thickness and
microstructure. Relatively homogeneous films can also
be obtained through mechanisms where there is a mov-
ing liquid-solid boundary, and there is a flow of liquid
phase near this boundary [8, 9].

(b) Coffee-ring: this process has also been extensively
studied [1, 2]. In this situation a macroscopic flow
throughout the liquid carries nearly all the particles to
the fixed edges of the film, where they pack into a dense
rim. At the end of drying, no film is left in between these
outer rims. Other situations where there are macroscopic
flows have given rise to original ways of shaping deposits

[4, 5, 10, 11].

Strangely, we do not have a simple rule to predict
which colloidal films will yield a uniform solid film, and
which ones will evolve through the coffee-ring effect,
where a flow carries the particles to the rims. To some
extent, this shortcoming originates from the fact that we
do not have sufficient insight into the phenomena that
take place in the liquid regions of the film, for instance
on the changes in film height, particle concentration and
microstructure at every spot in the film, during evapora-
tion.

Previous work has provided a robust description of the
film formation processes during lateral drying [3, 4, 9,
12, 13]. The general observation is that drying fronts
sweep across the liquid film, starting from the edge and
progressing toward the middle. Modeling of these dry-
ing fronts has suggested that 3 distinct transitions take
place: an ordering transition where the particles reach
maximum order, an aggregation transition where they
form irreversible bonds with each other, so that the film
becomes a solid, and a de-wetting transition where the
pores within the film are evacuated (Fig. 1). Local
flows near the liquid-solid transition have been observed,
however there is little information on far-field flows that
would take place away from these fronts. Moreover, other
than one publication on latex dispersions [14], there is a
lack of quantitative information on such basic features as
the volume fraction of particles at various distances from
the drying fronts.
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FIG. 1: A liquid colloidal dispersion (right) dries to form a solid film (left). Evaporation from the surface of the liquid and
from that of the wet solid drive a drying front that sweeps across the film (white arrow). Some liquid flows into the wet solid
(dark horizontal arrow). The thickness, composition, and microstructure at one location in the film are investigated through
scattering from a synchrotron beam of X-rays (red arrow), as the front advances across the fixed beam.

Here we report the results of experiments that were
designed to provide microscopic information in the liq-
uid regions of the film, before the liquid-solid transition.
Specifically, we studied the evolution upon drying of con-
centrated aqueous dispersions of nanometric silica parti-
cles. We deposited very thin films (initially 10 µm thick,
drying to 2 µm thick) of these dispersions through dip-
coating onto flat vertical substrates that were fully wet-
ted by the liquid. Then we used Small Angle X-ray Scat-
tering (SAXS) to determine the microscopic state, the
composition and the thickness of the film at the spot ir-
radiated by the beam, throughout the whole evaporation
process. The results show that the model of directional
drying can successfully be applied to films in this thin
limit, and provide some answers to the following ques-
tions:

(1) Are there significant flows of the liquid phase, ei-
ther in the vicinity of the liquid solid front, or at large
distances from it (i.e.“far-field flows”)?

(2) Are the particles carried by such flows, do they
remain in their original location throughout the drying
process, or do they accumulate at the liquid-solid bound-
ary?

(3) What is the volume fraction of particles ahead of
the front where the liquid-solid transition takes place?

(4) How and when does the liquid-solid transition take
place, and what are the volume fraction and the structure
of the resulting solid phase?

(5) Is the evaporation rate over the wet solid film the
same as the evaporation rate over the liquid dispersion?

Here we show that the SAXS technique can provide
direct answers to questions (1), (3) and (4), and indirect
answers to (2) and (5) through simple modeling of the
transport processes. We show that these answers charac-
terize the drying process in the case of homogeneous film

formation. We then examine whether similar informa-
tion on different films could make it possible to predict
the height profile of dried colloidal films.

MATERIALS AND METHODS

Aqueous dispersions of colloidal silica (Ludox R© HS-
40, Sigma-Aldrich) were used throughout. They were fil-
tered to 0.2 µm (polyethersulfone membrane, VWR) and
dialysed for three days against an aqueous solution of 5
mM NaCl at pH 9. The washed silica dispersions were
then concentrated by further dialysis against aqueous so-
lutions of PEG 35000 (Aldrich) at pH 9 and 5 mM NaCl.
Osmotic equilibrium was reached after 20 days [15]. A
sample of each dispersion was weighed, oven-dried, and
reweighed to measure the silica volume fraction φs. A set
of dispersions was thus produced, with φs between 0.04
and 0.43 depending on the concentration of PEG used.
The dispersion with φs = 0.14 was used for coating ex-
periments; all others were used for calibration.

Colloidal films were produced using the dip-coating
technique (Fig. 2). A thin sheet of mica (40 × 30 ×
0.05 mm) cleaned by water, ethanol, acetone and a bu-
tane torch, was placed in the path of the X-ray beam.
One side of this sheet was covered with hydrophobic ad-
hesive tape in order to prevent film deposition on that
side. The colloidal silica dispersions wet the mica but
not the hydrophobic tape. A tank filled with dispersion
was raised so that the mica sheet was immersed to a
depth of 15-20 mm. The tank was then lowered at a con-
stant velocity of 470 µm/s to just below the lower edge
of the mica, depositing a film on the mica. At this draw-
ing velocity, films with an initial thickness of 10 µm were
obtained. Optical observation of the dried films showed
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FIG. 2: Experimental setup and visualisation, showing the
mica sheet, 30 mm wide, (a) just after film deposition and (b)
60 s later. Lateral drying occurred with a drying front moving
from the top of the sheet to the bottom (white band and blue
arrow). X-rays are projected from the metallic cylinder seen
on the right. A reflected image of this cylinder can be seen
on the film. The reservoir used to dip-coat the sheet is seen
at the bottom of the image.

that their thickness was uniform across the film, except
for the outer edges where small rims had formed.

The film was illuminated with a white lamp, and a
video camera gathered the light reflected by its surface;
images were recorded during film deposition and evapo-
ration, as shown in Fig. 2. Lateral drying occurred with
a visibly white drying front moving from the top of the
film to the bottom.

The relative positions of the X-ray beam and the sheet
of mica were such that the beam passed through the de-
posited film. SAXS acquisition began immediately after
the dispersion tank was stopped. During drying, spectra
were recorded every 3 s, recording the structural evolu-
tion of the film at one fixed point while the drying front
approached and crossed the beam position. In the follow-
ing, time t = 0 is defined as the time of the first recorded
spectrum.

SAXS measurements were done using the ID02 instru-
ment at the European Synchrotron Radiation Facility
in Grenoble, France. The detector was a CCD camera
(FReLoN 4M) with 2048 × 2048 pixels and 10 × 10 cm
area. The beam cross-section was an ellipse with dimen-
sions (full width at half maximum) of 0.07 mm in the
vertical direction and 0.25 mm in the horizontal direc-
tion. The sample to detector distance was 1 m and the
wavelength of the X-rays was 0.1 nm, giving a q-range
extending from 0.1 nm−1 to 4 nm−1. All measurements
were done under atmospheric pressure, at 22◦C and in
ambient humidity (∼50%).

During acquisition, standard corrections for X-ray
beam transmission and flux, detector efficiency and dis-
tortion were applied to the recorded CCD image. SAXS
2-D images were then collapsed by azimuthal regrouping,
while applying a mask to remove faulty regions of the
images, mainly due to the beam stop. The background
scattering from the mica sheet before film deposition was
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FIG. 3: Intensity of X-rays scattered from one point in the
film, during the course of drying. From t = 0 to 90 s, the
peak position gradually shifts to higher q values, as the par-
ticle volume fraction increases. At the same time the peak
intensity drops. At t = 90 s the peak position is fixed, as the
particle volume fraction reaches its upper limit. For a time
(t = 90 to 132 s) the compact film remains saturated with
fluid, and the peak intensity remains constant. Finally, how-
ever, the film loses water (t = 132 to 138 s), the scattering
contrast between the silica and the pores increases, and the
signal rises.

subtracted from the intensity curves. This yielded curves
of intensity Iexp(q) vs. scattering vector q. If the sam-
ple thickness h was known, division by h would yield the
intensity on an absolute scale, Iabs(q):

Iabs(q) = Iexp(q)/h (1)

In the present case, however, we report values of Iexp(q)
and use them to deduce the film thickness h.

Small angle scattering by the films is produced by the
differences in electron densities between silica, water and
air. We used densities of 602 e/nm3 for silica, 334.4
e/nm3 for water and 0 e/nm3 for air. Multiplying by the
scattering length of the electron, 2.82 × 10−15 m yields
the densities of scattering length ρs = 1.70 × 1015 m−2

for silica, ρw = 0.94 × 1015 m−2 for water, and ρ0 = 0
m−2 for air.

RESULTS

Evolution of the scattered intensity during drying

Selected SAXS spectra from a typical drying sequence
are shown in Fig. 3. The main peak changes in position
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FIG. 4: Scattered intensity (circles) of a dispersion of Ludox
HS-40 diluted to a silica volume fraction φs = 0.001. The
solid line is a fit to the theoretical scattering by a dispersion
of homogeneous spheres with a Schulz distribution of radii
with average radius Rp = 8.0 nm and width σR/Rp = 0.14.

and intensity over the course of drying. Initially moving
to higher q values, the peak position becomes fixed at t
= 90 s. Then, between t = 132 and 138 s, there is an
increase of the peak intensity, but its position remains
locked at the same q value. Finally, after t = 138 s, both
the intensity and position of the peak remain constant.

Structure factors

The intensity scattered by a dispersion depends on the
sizes, shapes and relative positions of its particles. For
a dispersion of identical spherical particles, the inten-
sity Iexp(q) is the product of a form factor P (q) that
expresses the interferences between rays scattered by dif-
ferent atoms within a particle, and a structure factor S(q)
that measures the correlations between the positions of
the particles [16, 17]:

Iexp(q) = hφsVp(ρs − ρw)2P (q)S(q) (2)

where h is the film thickness, φs is the volume fraction of
particles in the dispersion, Vp is the particle volume, and
ρs and ρw are the densities of scattering length of silica
and water.

The structure factor S(q) is related to the pair corre-
lation function g(r) of inter-particle distances r by

S(q) = 1 +
φs
Vp

∫ ∞
0

(g(r)− 1)
sin(qr)

qr
4πr2dr (3)
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FIG. 5: Structure factors of a drying film, calculated as the
renormalized ratio of the scattered intensity (Fig. 3) to the
form factor fitted to a dilute dispersion (Fig. 4). The shape
of the main peak reflects the quality of the ordering of the
particles. The position of the main peak is related to the
average nearest-neighbour distance of the particles. Note the
large change in peak height between t= 84 and 90 s, caused by
the aggregation of the particles at the liquid-solid transition,
and the absence of structural changes in the solid, after t =
90 s.

In the case of spherical particles of radius Rp, the form
factor P (q) is

P (q) = 9

[
sin(qRp)− qRp cos(qRp)

(qRp)3

]2
(4)

When the particles are polydisperse in radii, it is custom-
ary to include all effects of polydispersity in P (q), which
is then obtained from the scattering of a dilute disper-
sion. Fig. 4 shows the measured scattering from a very
dilute dispersion (φs = 0.001) and a fit to the theoretical
form factor P (q) of a dispersion of homogenous spheres
with a Schulz distribution for the radii [16].

The classical procedure is to now define the effective
structure factor as the ratio of the intensity to P (q)
[16, 17]. We used the model form factor P (q) shown
in Fig. 4 for all spectra, and extracted S(q) from Eqn.
(2), invoking the condition that S(q)→ 1 at large q val-
ues, as indicated by Eqn. (3). Fig. 5 shows the resulting
structure factors corresponding to the spectra shown in
Fig. 3. They have a primary peak whose position is
related to the average nearest-neighbour distance of the
particles, and whose shape reflects the ordering of the
particles under the effect of their ionic repulsions.
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FIG. 6: The volume fraction of silica particles rises during
the drying of the film. After t = 93 s, the constant volume
fraction is that of the aggregated solid. The horizontal line
shows the final volume fraction φf = 0.68.

Changes in peak position, width, and height

The position of the primary peak of the structure fac-
tor, qpeak, is related to the local silica volume fraction φs.
Using calibration standards of known φs we found good
agreement with the law expected for a face-centred cubic
structure generated by particles with long-range repul-
sive interactions [18–20] (see Supplemental Information)

(qpeak)3 =
36π2

√
3

(2Rp)3
φs (5)

A best-fit of the calibration data is for Rp= 8.15 nm.
Through this relation, we calculated how the silica vol-
ume fraction φs, at the location irradiated by the beam,
evolved over time (Fig. 6). During the course of drying,
this volume fraction rose progressively until t = 93 s.
After this time φs did not change, to within experimen-
tal resolution; an average value of φs = 0.68 ± 0.02 was
found, for all data from t= 96 s onward. The change from
increasing volume fraction to constant volume fraction is
indicative of an aggregation or solidification transition
that was complete by t = 93 ± 3 s.

The height Smax of the first peak of the structure factor
reflects the order of the silica particles. It is known that
for colloidal dispersions of repelling particles, Smax can
rise up to 2.8 as the concentration is increased and the
short range order becomes stronger; beyond this point,
dispersions crystallise if they are not too polydisperse or
if their repulsions are long range [21–25]. For the drying
film, between times t = 0 and 72 s, Smax rose slowly
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FIG. 7: Peak height (filled circles) and half-width-half-
maximum (open circles) of the primary peak of the structure
factor. The initial rise in peak height reflects ordering due
to the ionic repulsions between particles, whereas the drop
starting at t = 72 s indicates a decrease in short-range order,
caused by the onset of aggregation.

from 1.9 to 2.3, indicating that the short range order
was indeed caused by interparticle repulsions, and that
this order increased as the dispersion was concentrated
by evaporation (Fig. 7).

However, between t = 72 s and t = 90 s, the main peak
collapsed rapidly to Smax = 1. This drop was associated
with a rapid increase in the peak width, determined as
the half-width at half-maximum on the low-q side of the
main peak. Both changes indicate a loss of short-range
order [21–27]. This loss of short-range order is in con-
trast to the behaviour of similar silica dispersions when
kept in dialysis bags in equilibrium with PEG solutions:
these were found to nucleate colloidal crystals at volume
fractions exceeding φs=0.3 [28].

After t = 90 s, the peak height stayed constant at Smax

= 1 (Fig. 5), which is much lower than a liquid structure
peak at this volume fraction, and the width of the peak
also stabilized. The stabilization after t = 90 s, and the
simultaneous fixing of the volume fraction (as shown in
Fig. 6) both suggest that an irreversible process was
completed by this time.

According to these changes in the position, width and
height of the peak in S(q), the film passed through three
distinct stages. Until t = 72 s and φs = 0.35, the com-
paction caused by evaporation resulted in a continuously
increasing short range order. After t = 72 s the fast
compaction caused the film to diverge from the equilib-
rium behaviour of the dispersions: we observed a rapid
decrease of short range order that may reflect jamming
[26] or clustering (limited aggregation) of the particles
[27, 29]. The second transition arrived at t = 90 s and φs
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= 0.61. It produced a stabilization of short-range order
and volume fraction, which was complete at φs = 0.68.
The stabilization of order reflects the end of the aggrega-
tion process and that of φs indicates maximal compaction
of the silica particles.

High-q limit of the scattered intensity

The high-q part of the scattering can also be used to
extract information regarding the content of the film at
the location irradiated by the beam. For a system with
only two levels of scattering density, the high-q limit of
the scattering obeys Porods law [16, 17]

lim
q→∞

q4Iexp(q) = 2πh∆ρ2
A

V
(6)

where A is the total area of interface in the volume V of
film that is irradiated by the beam, moreover, here the
contrast ∆ρ2 = (ρs − ρw)2 = 5.69× 1029 m−4.

Since V varies as 1/h (the beam cross-section being
constant), this limit gives access to A. Porods law does
not depend on any assumptions regarding the organiza-
tion of the particles. The only assumption is that there
are only two levels of electronic density, i.e. that the
particles are immersed in a homogeneous aqueous phase.
This is the case for a liquid film or for a wet solid film.
Moreover, Eqn. (6) can be rewritten so that it does not
depend on the beam dimensions:

lim
q→∞

q4Iexp(q) = 2πhφs∆ρ
2Ap

Vp
(7)

where Ap is the surface area of one particle and Vp its
volume. The quantity hφs now appears here, which is
the solid content at the location irradiated by the beam.
We measured the Porod limit by plotting Iexp vs. q−4

and fitting the beginning of this curve with a linear func-
tion, whose slope is the Porod limit. Due to the low
signal/noise ratio at high q, these fits were done over a
q range that extended from 1.2 to 4 nm−1. We note
that even though this method is precise, the restriction
of range leads us to systematically under-measure the
limit; according to fits of the spectra of bulk dispersions,
where the signal/noise ratio is better, the Porod limits
measured for the films are consistently 80 % of the true
asymptotic values (Supplemental Information).

Fig. 8 presents the variation in the Porod limit
throughout the drying process. Surprisingly, it remains
constant for the first 130 s of drying. Accordingly, the
number of particles at the spot irradiated by the beam
was conserved through all these stages of drying.

At t = 130 s the Porod limit of the scattered inten-
sity rises abruptly to approximately three times its initial
value. Since the film was in a solid state at this time, par-
ticles can no longer move or accumulate. Therefore, this
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FIG. 8: Variation of the Porod limit of the scattered intensity,
Iexp, during drying. The constant value up to t = 130 s
indicates that the number of particles at the spot irradiated
by the beam was constant, and that they remained immersed
in water. The jump at t = 130 s is interpreted as an increase
in contrast, resulting from the intrusion of air into the pore
spaces of the film. The horizontal line is traced at the average
value of the Porod limit for the liquid film.

rise must be caused by a change in ∆ρ2, indicating that
water is evacuated from the pores of the wet solid film.
Beyond this point the film is a system with three levels
of scattering density, which we shall describe shortly.

Integral of the scattered intensity

Further evidence of the conservation of the number of
particles in the irradiated volume was obtained by con-
sidering the integral of the intensity over all scattering
vectors, also called the invariant, Q [16, 17]:

Q =

∫ ∞
0

Iabs(q)q
2dq = 2π2〈η2〉 (8)

where Iabs(q) is the scattered intensity per unit volume,
as defined in Eqn. (1), and 〈η2〉 is the average fluctuation
of the density of scattering length within the irradiated
volume. For a sample of thickness h with only two levels
of density of scattering length, ρs and ρw, the integral of
the measured intensity Iexp = hIabs is

Qh =

∫ ∞
0

Iexp(q)q2dq = 2π2h〈η2〉 = 2π2∆ρ2hφs(1− φs)

(9)
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FIG. 9: Changes in the invariant Qh of the scattered inten-
sity during drying. During the first 90 seconds, changes in the
magnitude reflect a dependence of the invariant on the water
volume fraction in the film. The flat section between t = 90
s and t = 130 s corresponds to a period of time during which
the film is in the wet solid state. The sudden jump in magni-
tude at t = 130 s corresponds to the dewetting transition, as
the integral is also relative to the contrast in the density of
scattering length. The line gives the expected Qh, calculated
from the volume fraction data in Fig. 6 and the Porod limit
presented in Fig. 8.

Thus, if the number of particles in the cross-section irra-
diated by the x-ray be beam is constant, then Qh should
vary as the water content of the film:

Qh = K(1− φs) (10)

with K a constant. Fig. 9 shows the evolution of Qh as
well as a fit of these data by a curve proportional to the
water content of the film as estimated from the data in
Fig. 6. The excellent agreement between the two sets of
data until t = 132 s once again points toward a constant
number of particles in the irradiated volume.

It is now possible to calculate the values of the film
thickness h from the fit of the invariant according to Eqn.
(10), which yields the value of the constant K, and then
inverting Eqn. (9) to obtain hφs:

hφs =
K

2π2∆ρ2
(11)

From the fit we find K = 1.61± 0.1× 10−2 nm−3. Using
the values of φs determined from the peak position (Fig.
6), we find that the initial thickness of the film (φs =
0.14) was hinit = 10.1 µm, the thickness at t = 0, the
time of the first spectrum (φs = 0.16), was h0 = 8.8 µm
and the final thickness of the solid film (φs = 0.68), was

hf = 2.1± 0.2 µm.

At t = 132 s, the integral of the intensity over all scat-
tering vectors increases by a factor of 3.2 ± 0.1, as ob-
served in Figs. 8 and 9. Again, this is interpreted as
an increase in contrast, resulting from the intrusion of
air into the pore spaces of the film. In the case of three
levels of electronic density, ρ0 (air), ρw (water) and ρs
(silica) the expression of the average fluctuation of the
electronic density is (Supplementary Information):

〈η2〉 = (ρ0−ρw)2φ0φw +(ρw−ρs)2φwφs +(ρs−ρ0)2φsφ0
(12)

Using the known electronic densities of silica and wa-
ter, the final silica volume fraction φs = 0.68 ± 0.02, and
the relation φs + φw+ φ0 = 1, we can now determine φ0
and φw through the measured ratio

〈η2dry〉
〈η2wet〉

=
Qdry

Qwet
(13)

A resolution of Eqns. (12) and (13) with Qdry/Qwet =
3.2 ± 0.1 yields a final air volume fraction φ0 = 0.16 ±
0.01 and a water volume fraction φw = 0.16 ± 0.01.

Scattering from cracks

During additional experiments to those described
above, the detector distance was increased from 1 m
to 10 m, allowing observation of larger features in the
films. Scattering patterns could now resolve anisotropic
streaks, radiating away from the beam, as shown in Fig.
10. These streaks, suggestive of film cracking, appeared
immediately after the solid volume reached its final pack-
ing, and when the transparency of the film changed (as
in Fig. 2). The extension of these streaks (to q = 0.03
nm−1) indicates that their characteristic size, 1/q, is ap-
proximately 33 nm. At a film thickness of 2.1 µm, this
would represent a crack opening strain [30] of at least
0.03. Similar strains were seen by electron microscopy
for cracks in fully dried silica. The appearance of cracks
at this time confirms that the packed region behaves as
a solid, and is capable of transmitting stress.

Observations through the video camera

Images of the whole film were taken throughout the
drying process, in order to assess the movement of the
drying front with respect to the spot irradiated by the
X-ray beam. Initially, the liquid film appeared smooth
and transparent. As the film dried, an opaque band grew
from the top edge of the film, and descended toward the
bottom edge. At the time where the SAXS results in-
dicated that the silica particles had aggregated in the
region irradiated by the beam, the images taken by the
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FIG. 10: Anisotropic scattering from cracks. Shown is the
difference between two 2D spectra, captured 3 s apart, which
highlights the sudden appearance of low-q structures. At this
time the silica volume fraction becomes fixed, and the camera
shows a decrease in the transparency of the film. The rings
originate from the short-range order of silica particles. The
streaks in the centre of the image, next to the beam-stop, are
interpreted as scattering from cracks.

video camera indicated that the opaque area had reached
approximately the same region. Since the SAXS scat-
tering from cracks was observed immediately after the
aggregation of silica, we concluded that the scattering
of light by the rough surface of the cracked solid film
reduced its transparency. By tracking the position of
the front of this opaque area, we could thus measure the
velocity, v, of the drying front. After a gradual, ini-
tial acceleration, this velocity remained within 100 ± 10
µm/s from approximately 50 s onwards, throughout dry-
ing. This allows us to convert the information we ob-
tained over time, at one point, into a description of the
spatial structure of the travelling drying fronts. For ex-
ample, noting that aggregation and pore-opening were
separated, in time, by 42 s implies that the pore-opening
front lagged approximately 4 mm behind the aggregation
front.

DISCUSSION

Three transitions

Briefly, we observed three transitions in the structure
of a drying colloidal film, as a result of evaporation, and
interactions between particles. The initially disperse sil-

ica particles first ordered (until t = 72 s), then aggregated
into a rigid solid (from t = 72 s to t = 90 s), and then this
aggregate structure was infiltrated by air (at t = 132 s)
(Fig. 11). These changes were expressed as drying fronts,
which propagated across the film at some speed v, as have
been previously reported [3, 4, 12, 31, 32]. Observing at
one point, the transitions were seen as occurring at differ-
ent times, as the fronts successively passed through the
beam. Here, we shall explore the implications of our re-
sults, and relate them to the transport processes at work
during the drying of a thin colloidal film.

hφs is conserved

The volume of silica per unit area, hφs, in the path of
the X-ray beam, was conserved throughout the diverse
stages of drying. This was established by two indepen-
dent methods. First, the relative intensity of the high-q
scattering signal remained constant throughout drying,
until the contrast change introduced by pore-opening.
Second, the evolution of the integrated scattered inten-
sity Q agreed with that predicted from the peak position
(and hence φs), on the assumption of a fixed volume of
silica in the beam path.

A situation of constant hφs is in sharp contrast to
the so-called coffee-ring effect, which involves large-scale
transport of solid material towards the edge of a drying
dispersion [1, 2, 10, 11]. Our result implies, instead, that
there was no net flow of particles into or out of the area
irradiated by the beam. Either the particles are immo-
bile, despite any other transport of water, or any particle
flow out of this area is compensated for by another flow
that keeps the number of particles constant. We will now
demonstrate that there was no such flow.

No far-field flow

Sufficiently far ahead of the drying fronts, the film be-
haves as a still fluid, with evaporation off its surface. We
can consider what would be the implications of a far-field
flow of speed w in the film, as indicated in Fig. 11. Dur-
ing a short time ∆t, a region of the dispersion, of width
∆x = v∆t, will have solidified. In addition to the silica
initially present in this region, with a volume per unit
breadth of hφs∆x, the flow would also deposit a silica
volume of whφs∆t. A mass-balance on the solid phase
thus implies that a far-field flow would lead to accumu-
lation at the aggregation front, such that

hfφf = h0φ0(1 + w/v) (14)

where h0 and φ0 are the initial height and solid vol-
ume fraction, respectively. The high-q limit of q4Iexp(q),
shown in Fig. 8, is proportional to hφs. Before aggre-
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FIG. 11: Sketch of the drying dynamics of a thin colloidal film. As a liquid, the film thickness h and solid volume fraction φs

evolve with time, reaching final values hf and φf , respectively, after aggregation. Evaporation over the dispersion, at a rate E,
and the wet solid region, at a rate Ef , drives flow in the film. This can generate a far-field velocity w, a dispersant velocity u,
and a front velocity v, of the aggregation and pore opening fronts.

gation, averaged from 0 to 87 s, this limit is (2.37 ±
0.03)×10−3 nm−4, while between aggregation and pore
opening (averaging 90 to 129 s) it is (2.32 ± 0.06)×10−3

nm−4. Thus there has been no accumulation at the dry-
ing front, and therefore drying does not induce a signifi-
cant far-field flow (i.e. w � v) over the lengths of a few
mm that occur in this experiment.

The transition region

As it dries, evaporation off the film causes the film
thickness h to decrease, and the silica volume fraction,
φs, to rise from 0.14 to 0.68. Consider now a simple
model of evaporation with no net flow of either particles,
or water, into or out of the area irradiated by the beam.
With a constant evaporation rate E = −dh/dt, and a
constant volume of silica per unit area, hφs, we would
predict

Et = h0 − h(t) = h0 −
h0φ0
φs(t)

(15)

The data for φs are re-plotted in Fig. 12 against this
prediction. For the first 50 s, water is removed at a con-
stant evaporation rate of 60 ± 6 nm/s. This is of the
same order as a typical value of 3 mm/day = 35 nm/s for
evaporation off pure, still water at room temperature and
ambient humidity [9]. After this point, however, there are
systematic deviations, which indicate that water is being
drawn out of the irradiated area at a faster rate, prior
to solidification at 90 s. It is only in this limited transi-
tion region that drying and transport are affected by the
directional drying fronts.

Within the transition region water is being drawn
out at an increased rate, through capillary suction, ul-

timately to balance evaporation over the wet solid film.
This can be accounted for by allowing the water phase to
take a superficial fluid speed (or volume flux) of u(x, t),
while continuing to assume no net movement of the sil-
ica particles, which have reduced mobility due to their
repulsions and high volume fraction (φs > 0.35). The
mass balance at the point of the beam is now

dh

dt
= −E +

d(uh)

dx
(16)

where the additional term accounts for height changes
caused by flow of water out of the region, and the positive
sign accounts for the difference in direction between the
flow u, and the motion of the drying front, v. Relying on
the relation v = dx/dt, and assuming that u is initially
zero, integration of Eqn. (16) yields

Et = h0 −
h0φ0
φ

(
1− u

v

)
(17)

Fig. 12(b) shows the ratio u/v inferred from this model.
The water accelerated from rest to approximately 0.45 of
the front speed, at the point of solidification. The error
on this ratio is considerable, and cannot be estimated
rigorously with the given data, but a range of ± 0.15 is
likely to be sufficiently conservative. The influence of the
drying front decays away quickly, with a characteristic
length-scale of the transition region of order 1 mm.

At this point we remark that we can define the tran-
sition region according both local and non-local criteria.
From a non-local point of view, it is the region where de-
viations from Eqn. (15) occur, and therefore where the
height and volume fraction of the film are not uniform
(outside this region, they are). The gradient in volume
fraction is associated with a gradient in osmotic pressure.
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FIG. 12: The evolution of the silica volume fraction (see Fig.
6) reveals transport mechanisms. For a constant evaporation
rate, and volume of silica per unit surface area, the film height
should vary linearly with time, as shown by the straight line,
which has been fitted to early-time data. Deviations occur
near the aggregation front, which can be used (insert) to de-
termine the ratio of the water velocity u to the front speed
v. Here, positions are calculated using v = 100 µm/s, with
aggregation occurring at 90 s.

This gradient compensates for the drag force created by
the capillary suction and allows the movement of the fluid
to become different from that of the particles.

This situation is quite similar to the formation of a
polarization region in dead-end filtration [33, 34]. The
difference with dead-end filtration is that, since hφs re-
mains constant, this higher volume fraction is compen-
sated by a lower thickness h. Thus the transition re-
gion can be visualized as a polarization wave that travels
ahead of the drying front. In a travelling wave, where
the total number of particles in the transition region is
constant (although particles will be both entering, and
leaving), there is no accumulation. This leads to the for-
mation of a homogeneous film, as in the present case. If
the transition region is growing (as near the film edge),
or shrinking (as near the center of the film, or when it
meets some barrier), accumulation/coffee-ring behavior
can occur, and the natural length scale over which this
behavior is expressed will then be the width of the tran-
sition region.

From a local point of view, the transition region is the
region where the evolution of the first peak of the struc-
ture factor (Figs. 5 and 7) shows that the particles have
been jammed by the compaction [26] into a structure with
low short-range order, presumably containing limited ag-
gregates [27, 29]. The cause of this extra compaction is,
of course, the flow of water into the wet solid, and this is

where the two descriptions (local and non-local) meet.

The solid film

After 90 s the dispersion had aggregated into a wet
solid, and the position and height of the peak in the
structure factor S(q) remained constant, indicating a fi-
nal volume fraction φs = 0.68 ± 0.02. This is higher than
the expected volume fraction of 0.64 for a random close
packing of mono-disperse spheres, which may be either
the result of a broad size-distribution or some residual
short-range ordering of the particles. However, the un-
certainty on this measurement remains too large to make
further conclusions about the inter-particle structure.

Immediately after aggregation, we observed cracking.
This demonstrates that the film surface is being stressed,
that the particle packing is capable of transmitting that
stress, and that the stresses are not otherwise rapidly
relaxed. In this case, it is typically argued that the par-
ticles are in intimate (van der Waals-dominated) contact
with each other, with surface stresses generated by cap-
illary forces, acting on the curved menisci between parti-
cles at the film-air surface [3, 9, 31]. The strain relieved
by cracking was not large, approximately 0.03, but this
behavior is consistent with prior observations of drying
silica dispersions [3, 4, 35, 36].

The film remained as a wet solid from 90 to 132 s, a pe-
riod of τd = 42± 3 s. This was indicated by the constant
high-q limit of the scattered intensity, and the invariant,
Q, during this time. However, evaporation continued off
this wet solid, at a rate Ef , balanced by a flow of wa-
ter through the porous particle network, as sketched in
Fig. 11. The superficial fluid velocity should take a max-
imum, u0, at the aggregation front, and decrease slowly
until stagnation at the pore opening front, over a dis-
tance, xd = vτd. Assuming that xd is constant, then this
mass balance is simply [12]

u0 =
Efxd
hf

(18)

from which we can evaluate the evaporation rate over
the wet solid region, and compare it to that over the
liquid film. Using hf = 2.1 ± 0.2 µm, τd = 42± 3 s,
and a ratio of velocities u0/v = 0.45 ± 0.15, we find an
average evaporation rate of Ef = 23 ± 8 nm/s. Despite
the considerable uncertainties here, this is significantly
lower than the evaporation rate of the liquid film. It
is possible that, as the particle network now covers the
majority of the exposed surface, evaporation on the wet
aggregated film is reduced, for example by a factor of
1− φs, below that over the liquid dispersion.

In the final stage of drying, air percolates into the film,
accessing the pore spaces between neighboring particles.
This was observed by a change in scattering contrast.
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This transition appears to have a finite width, although
it is close to our experimental resolution. A considerable
fraction of water, 0.16 ± 0.01, was found to remain in the
apparently dry state, after pore opening was complete.
This residual water content corresponds to a water layer
thickness of 0.6 nm for densely packed spheres of radius
8.15 nm. This amount of residual water is close to the
expected water layer thickness on silica (1 nm at RH =
50 %) [37].

CONCLUSIONS

The full sequence of drying that we have described
here is similar to other reports of drying colloidal films
[3, 4, 12, 29, 32] and extends the applicability of these
ideas into the very thin (∼ 1-10 µm) dip-coating limit.
Moreover, it provides some answers to the questions
raised in the introduction:

(1) The SAXS experiments show that the number of
particles at any given spot in the liquid film is conserved
throughout the drying process. Therefore, at large dis-
tances from the liquid-solid boundary, the film is still,
and there is no far-field flow. Yet, near this boundary,
there must be a flow of the liquid phase into the wet solid.

(2) We find that the number of particles at any given
location is conserved before, during and after the crossing
of the aggregation front. Still, the capillary suction in the
wet solid creates a local flow in a transition region near
the liquid/solid boundary. In this region, a balance be-
tween osmotic pressure, flow and evaporation rate could
explain the conservation of the number of particles de-
spite the flow.

(3) In very thin films containing repelling particles, the
normal evaporation causes the particle volume fraction to
rise progressively. As the aggregation front approaches
the point of measurement, the flow of water toward the
wet solid film accelerates the compaction of the particles.
At the end of this transition region, the volume fraction
reaches that of a random dense packing of these particles
at the liquidsolid boundary (0.68).

(4) In our experiment, the film behaves as a solid from
the time that aggregation is complete, as indicated by the
coincidence between the onset of cracking and the time
when the maximum silica volume fraction is reached.
However, it seems that aggregation starts significantly
sooner, suggesting that solidification takes place by the
growth of small clusters of aggregated particles. The solid
is dense, but it has a low degree of short-range order.
This may be due to the aggregation process and to the
size distribution of the particles.

(5) The evaporation rate over the solid film is about
one-third that over the liquid film. This may be due to
the fraction of surface area that is obstructed by the par-
ticles. This evaporation from the wet solid is contrast to
the case of the coffee-stain evaporation pattern. Indeed,

when the liquid film is not surrounded by a wet solid, the
evaporation rate diverges near the boundary of the liquid
[1, 2, 7]. In the present case there is also an excess loss
of liquid at the boundary of the liquid, but it is due to
evaporation from the wet solid.

The information available in (1)-(5) characterizes the
drying process in the case of homogeneous film forma-
tion (hφs constant, implying conservation of the number
of particles in any given spot). The same type of ex-
periments could be performed on different films that are
more susceptible to far-field flows: films of liquid disper-
sions with a lower particle concentration, or with weaker
interparticle repulsions, or thicker films. Crossing over
to the coffee-stain mechanism would make it possible to
quantify the respective role of the different parameters
and predict which deposits will evolve to the formation
of a homogenous solid film, and which ones will show
macroscopic transport.
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