
Interplay of Consolidation Fronts and Cracks in Drying Colloidal
Coatings and Its Application in Controlling Crack Pattern Formation
Zhaoxia Niu, Han Gao, Masao Doi, Jiajia Zhou, and Ye Xu*

Cite This: Langmuir 2022, 38, 13880−13887 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cracks are frequently observed in drying colloidal
coatings. Although a rich collection of crack patterns has been
reported, the systematic study on how cracks grow into the final
morphology during the drying process remains elusive. In this
work, we use directional drying channels with wedge-shaped edges
of different angles to study the interplay of advancing consolidation
fronts and propagating cracks. We found that although the shape of
the advancing consolidation fronts is altered by the drying edge, the
growth direction of the following cracks remains perpendicular to
the consolidation fronts during the whole drying process, resulting
in cracks with a large curvature. We rationalize the evolution of
consolidation fronts with the distribution of capillary pressure
revealed by a Laplace model. Further, the growth direction of
cracks can be explained by the fracture mechanics mechanism that the main orientation of internal tensile stresses developed during
the consolidation determines the crack growth direction. Utilizing this understanding, wavy crack patterns are generated in
rectangular drying channels with an alternating temperature field, demonstrating a feasible method of designing and controlling
drying-induced crack patterns for micro-/nano-fabrication applications.

■ INTRODUCTION
Colloidal particle coatings are widely used in various
applications including protective paints,1 varnishes,2 photonics
crystals,3 and optical functional coatings.4,5 These coatings are
typically fabricated using a drying process, which transform a
complex fluid containing dilute colloidal particles into a solid
film with consolidated particles. In this drastic fluid−solid
transition, the build-up of internal stresses inside the colloidal
coatings can often lead to cracking.6,7 A rich collection of crack
patterns, including circle cracks,8 arch cracks,9 wavy cracks,10

spiral cracks,11 radial cracks,12 and strip cracks,13 have been
reported in different colloidal materials under various drying
conditions.
Depending on the requirement of particular applications,

these drying-induced cracks either should be avoided to prevent
the failure of the coating or can be utilized as templates for
surface patterns. For protective coatings, many methods,
including mixing of hard and soft particles,14−17 introducing
polymeric plasticizers,18 and sequential deposition of multiple
layers,19,20 have been developed to avoid the cracking for the
mechanical and functional integrity. On the other hand, colloidal
coatings with well-controlled regular cracks can be utilized as
micro-/nano-templates12,21,22 or microchannels23 for surface
patterns. This approach provides a facile and convenient
alternative to conventional micro-/nano-fabrication techni-
ques.24−27 However, the precise control of crack appearance

and propagation remains as a major technical challenge in
designing crack patterns on demand.
It is relatively well-understood that the initiation and growth

of cracks are closely related to the consolidation of colloidal
particle coatings during the drying process. In the consolidated
region, where colloidal particles become closely packed upon
drying, in-plane tensile internal stress can be built up due to the
compression by the capillary pressure and the constraint of the
solid substrate. Once the internal stress exceeds the critical value,
it will result in the cracking of colloidal coatings.28,29 It has been
reported that cracks usually propagate in an intermittent manner
with the crack tips following the advancing consolidation front,
which is the boundary between the consolidated and dilute
regions, with a sharp gradient in the volume fraction of colloidal
particles.13 It has also been observed that the path of crack
growth can be affected by the shape of consolidation fronts.22,30

In a few early studies, the shape of cracks has been related to the
orientation of the internal stress tensor or the direction of the
maximum energy release rate.10,31 However, a direct correlation

Received: August 3, 2022
Revised: October 21, 2022
Published: November 3, 2022

Articlepubs.acs.org/Langmuir

© 2022 American Chemical Society
13880

https://doi.org/10.1021/acs.langmuir.2c02088
Langmuir 2022, 38, 13880−13887

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 M

A
IN

Z
 o

n 
D

ec
em

be
r 

30
, 2

02
2 

at
 1

4:
11

:5
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoxia+Niu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masao+Doi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiajia+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ye+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.2c02088&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02088?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02088?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02088?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02088?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02088?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/38/45?ref=pdf
https://pubs.acs.org/toc/langd5/38/45?ref=pdf
https://pubs.acs.org/toc/langd5/38/45?ref=pdf
https://pubs.acs.org/toc/langd5/38/45?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


between the morphology of consolidation fronts and cracks has
still not been systematically investigated.
Herein, we use a directional drying setup with wedge-shaped

drying edges to study the drying and cracking processes of
colloidal suspensions. The morphologies of advancing con-
solidation fronts and the crack patterns are quantified for wedge
edges of different angles to study the effect of the drying
boundary. The experimental results are also correlated with the
Laplace model, using which the distribution of water pressure is
calculated. By analyzing the geometrical relations between the
crack growth path and evolution of the consolidation front, we
propose that the principal direction of the internal stress tensor
developed during the consolidation is responsible for the
direction of crack propagation. Based on these understandings,
we utilize a temperature gradient to control the direction of
drying-induced cracks and generate wavy crack patterns in a
straight drying channel. Our work demonstrates the feasibility of
designing and controlling crack patterns for potential micro-/
nano-fabrications.

■ EXPERIMENTAL SECTION
Colloidal Suspension. Aqueous suspensions of monodisperse

colloidal silica nanoparticles (LUDOX AS-40) were purchased from
Sigma-Aldrich. The particle diameter is about 24 ± 3 nm, and the size
distribution is shown in Figure S1. The initial concentration is 40 wt %
(∼22 vol %). About 0.2% yellow−green fluorescent particles (0.1 μm,
carboxylate-modified, Molecular Probes) were added to the suspension
to enhance the contrast and facilitate visualizationwhen observed under
the fluorescence microscope. The addition of the fluorescent particle in
the colloidal silica suspension has no visible effect on the crack patterns,
as shown in Figure S2. The prepared dispersion was then put in an
ultrasonic bath for 5 min to ensure thorough mixing.
Setup and Methods. The directional evaporation setup is shown

in Figure 1a. The glass slides are cleaned ultrasonically with ethanol for
30 min and then dried in a clean stream of nitrogen to remove any

residual ethanol. For the preparation of different drying edges,
polypropylene (PP) sheets (a thickness of about 300 μm) are cut
into wedge-like shapes with different angles (60, 90, 120, and 180°) on
one of the sides. The PP cover and the glass slide are then attached
together using two strips of spacers, resulting in a thin channel with a
height of 80 μm, a width of 4mm, and a length of 40mm.We exploit the
capillary force to load the colloidal suspension into the channel from the
angled edge. After that, the samples are kept in a clean room with the
temperature of 22 °C and the humidity of 50% until the solvent is fully
evaporated. During the drying process, the colloidal suspension inside
the channel is observed using an inverted microscope (Eclipse Ti2-E,
Nikon) with a 4× objective lens (NA = 0.13) under blue fluorescent
light (FITC filter). The whole drying process is recorded at 1 s intervals
using a digital camera (Prime BSI, Photometrics). The individual field
of view (FOV) is approximately 3.3 × 3.3 mm2 with the pixel size of
1.62 μm. The features shown in the recorded images are extracted and
analyzed using the image processing toolbox of MATLAB software. For
all the analyses in this work, the coordination system is shown in Figure
1a, and the origin is set at the tip of the angled drying edge.

■ RESULTS AND DISCUSSION
Morphology of Consolidation Fronts and Cracks. The

drying process and evolution of cracking in channels with
different drying edges are recorded and analyzed as shown in
Figure 1b,c. After the colloidal suspension starts drying from the
filling end, the evaporation of water drives the colloidal particles
to pack and consolidate continuously on the angled drying edge,
where the three-phase contact line is pinned. The region with
consolidated particles appears much brighter due to the
increased concentration of fluorescent particles, and this
consolidation region continues to grow during the drying
process, as shown in Figure 1b. The consolidation front, defined
as the boundary between the consolidated and fluid regions,
evolves from a shape that mimics the wedge-shaped drying edge
into a straight line as it advances smoothly into the channel.
Closely following the advances of the consolidation front, an

Figure 1. Observation of the advancing consolidation fronts and cracks in directional drying setups with angled drying edges. (a) Schematic of the
directional drying experiment setup with a wedge-shaped drying edge. The origin of the coordinate system is set at the tip of the angled drying edge, and
the directions are indicated by the arrow. (b) Fluorescence microscopy images at different drying times with three drying edges of angles θ = 60°, θ =
90°, and θ = 120°, respectively. (c) Magnified images of the yellow boxes of (b) at different drying times for three drying edges of angles θ = 60°, θ =
90°, and θ = 120°, respectively.
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array of cracks occurs and continuously grows toward the newly
formed consolidation region. For all three setups with wedge-
shaped drying edges, cracks first appear as two arrays of parallel
lines perpendicular to the drying edge, similar to those observed
in directional drying setups.32,33 As cracks initiated from two
sides of the angled drying edges grow into each other, the cracks
start to deviate from straight lines into curved paths, as if they
would like to avoid crossing each other. These two arrays of
crack eventually emerge into a single array of parallel straight
lines. The curved paths of propagating cracks are shown in the
magnified images in Figure 1c.
To quantify the evolution of consolidation fronts and cracks,

we extract the consolidation fronts at various drying stages and
the final crack pattern from the micrographs recorded during the
drying process. These extracted profile lines of consolidation
fronts and cracks are fitted into polynomial functions to calculate
the curvature at each location. The profiles and local curvature
for consolidation fronts and cracks are shown in Figure 2a,d,g
and b,e,h, respectively. As an example, Figure 2a shows a series of
consolidation fronts, recorded at a time interval of 60 s, with the
local curvature color-coded. Due to the sharp 60° angle of the
drying edge, the consolidation fronts at the early stage exhibit a
large curvature, particularly in the center of the drying channel.
With the advance of the consolidation front, its curvature
gradually decreases until it becomes almost a straight line. The
evolutions of the consolidation fronts in drying channels with 90
and 120° drying edges show similar trends, as shown in Figure
2d,g. Because of the larger angles at the drying edges, the
curvature of the consolidation fronts in those two setups appear
smaller at the initial stages. The curvature of cracks are also
affected by the angled drying edges, as shown in Figure 2b,e,h.
Similar to those of consolidation fronts, the maximum curvature
shown in cracks also increase with the sharpening of the wedge-
shaped drying edge. The maximum curvature of both

consolidation fronts and cracks for different drying edges are
shown in Figure S3. In addition, the dynamic evolution of
consolidation fronts and the propagation of cracks in drying
channels with different angled edges can be found in Movies S1,
S2, and S3 in the Supporting Information.
Our experimental results show that the evolution of

consolidation fronts and final crack patterns are affected by
the angled drying edges. This finding is similar to the
observations reported in an earlier study that investigated the
crack patterns in silica suspensions dried in channels with
multiple openings.10,34 In order to better understand the
evolution of consolidation fronts in drying setups with angled
drying edges, we develop a theoretical model to understand the
flow and pressure distribution in directional drying setups with
angled edges as the boundary conditions for evaporation. In the
region between the consolidation front and the drying edge, the
colloids are nearly close-packed, and the water fraction remains
almost constant.13 The transport of the water to the drying edge
is due to the pressure difference induced by evaporation. At the
drying edge, the pressure is negative due to the concave shape of
the meniscus formed among solid particles, , where rM
is the radius of curvature of the meniscus. For close-packed
spheres, this can be as small as the minimum pore radius, rMmin ≈
0.15a (a is the radius of particles). On the solution side, the
pressure is constant along the consolidation front, and its value is
almost zero with the atmosphere pressure, as given in ref 32. The
water flow is given by Darcy’s law

(1)

where k is the permeability depending on the colloidal fraction
and η is the viscosity of water. Inside the drying channel except
the drying edge, the volume of water is conserved; therefore, we

Figure 2. Comparison of consolidation fronts and cracks extracted from experiments with equal pressure lines from the Laplace model. (a,d,g) are
extracted consolidation fronts in the angled drying channel θ = 60, 90, and 120°, respectively, at different drying times. The time increases gradually
from right to left with an interval of 60 s. The color bar represents the curvature of the consolidation fronts. (b,e,h) are extracted final crack patterns in
the drying channel with the drying edge θ = 60, 90, and 120°, respectively. The color bar represents the curvature of the cracks. (c,f,i) are equal pressure
lines solved from the Laplace models of angled drying edges of θ = 60, 90, and 120°, respectively. The color bar represents the relative pressure.
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have ∇•J = 0. Since the colloidal fraction is almost constant in
the solid region, the permeability is also constant; therefore, the
pressure satisfies the Laplace equation

(2)

Ideally, one needs to solve the Laplace equation in the solid
regions for every instance, then update the consolidation front
for the next time step based on the pressure gradient at the
boundary, and repeat this process to obtain the time evolution of
the consolidation front. Alternatively, since the consolidation
front is also an equal-pressure line, one might solve the Laplace
equation with fixed boundary conditions (one at the evaporation
front and the other at the far away solution side), and the equal-
pressure lines of the solution correspond to the consolidation
front at different times. The exact time that one specific equal-
pressure line corresponds to can be calculated from the
evaporation rate (Figure S4). These equal-pressure lines with
different angled drying edges in Figure 2c,f,i also evolve from the
arrow-like shape to nearly straight lines, which display a similar
morphology to the consolidation fronts in Figure 2a,d,g. This
comparison shows that the angled drying edge can affect the
pressure distribution of water inside the drying channel, which
will in turn affect the evolution morphology of consolidation
fonts.
Geometrical Relation between the Crack Growth

Direction and Consolidation Fronts. To better understand
the interaction between the consolidation fronts and the cracks,
we further quantify the relationship of the growth direction of
cracks and profiles of consolidation fronts. As an example, the
extracted consolidation fronts at the time interval of 60 s (blue
lines) and the final crack pattern (red lines) in the drying
channel with the 60° angled drying edge is shown in Figure 3a.
The cross angle, γ, between the growth direction of the crack and
the consolidation fronts can be then extracted from these two
sets of lines, as marked in Figure 3a. The statistical results of
about 1200 measurements of cross angles, together with those
extracted from the samples with 90 and 120° angled drying
edges, are shown as the histogram in Figure 3b, and the data of
each drying edge are fitted by a Gaussian distribution. Despite
the different appearances of crack patterns, the distributions of
extracted cross angles for the three different drying setups are all

centered at 90° with very similar distributions. The mean values
and standard deviations of the three sets of angles are 89.1° ±
6.2°, 90.7° ± 4.2°, and 90.0° ± 4.6°, respectively. This means
that the cracks have a strong tendency to be perpendicular to the
consolidation front, even if this requires changing propagation
directions.
From the distribution shown in Figure 3b, we notice that there

remains still a fraction of measured cross angles that deviate from
90°. We hypothesize that these deviations are related to the part
of cracks with a high curvature. Therefore, we quantify these
deviations, , and plot these values versus the local
curvature of the cracks where the cross angle was measured.
These scattered data points are then averaged over a range of
curvature of 1 × 10−4 μm−1, and the mean values and standard
deviations are plotted as the error bar lines in Figure 3c. The
results for all three drying channels with different angled edges
exhibit the same trend that δ increases with the curvature of
cracks. This trend is also confirmed by correlating the evolution
of δ and the local curvature of individual cracks as they grow
(Figures S5−S7 in the Supporting Information). These results
suggest that while the cracks tend to grow along the direction
perpendicular to the consolidation front, they appear to
increasingly deviate from this direction when they are already
heavily curved.
The relationship between the consolidation front and

propagating cracks can be understood from the spatial
distribution of capillary pressure and the fundamentals of
fracture mechanics. During the directional drying of colloidal
suspension, water flows continuously to the drying edge to
replenish that lost by evaporation.13 This convection flow
deposits and compacts the colloidal particles near the drying
edge, resulting in a growing area of the consolidated region. The
capillary force further compacts the consolidated particle
network, which leads to the accumulation of tensile stresses
inside the colloidal coating. When the accumulated stress
exceeds the fracture limit of the colloidal coating, the quasistatic
cracks will start to grow intermittently and follow closely behind
the moving consolidation front.35 As reported in previous
studies, the water pressure gradient is closely related to the
distribution of internal stresses developed in the consolidated
region.10,36 Specifically, the direction of the maximum tensile

Figure 3. Statistics of cross angles between the consolidation fronts and cracks. (a) Overlay of consolidation fronts at a time interval of 60 s and the final
crack pattern with the drying edge of angle θ = 60°. γmarks the cross angles between the consolidation fronts and cracks. The inset is the schematic of
the internal stress and crack growth paths. (b) Statistic frequency of cross angles γwith different drying edges (θ = 60, 90, and 120°) (circle points) and
the corresponding Gaussian fitting distribution (solid lines). (c) Deviation of the cross angle γ from 90° vs the local curvature of the cracks (scatter
points: blue, green, and red for drying edges of angles θ = 60, 90, and 120°, respectively) and mean values and standard deviations over a range of
curvature of 1 × 10−4 μm−1 (error bar lines: blue, green, and red for drying edges of angles θ = 60, 90, and 120°, respectively).
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stress, σmax, is perpendicular to the direction with the gradient of
the water pressure, as shown in Figure 3a. In our experimental
setups, the angled wedge-shape edge affects the water pressure
distribution and the shapes of the consolidation fronts inside the
drying channel, as shown in Figure 2c,f,i. This suggests that the
direction of the maximum internal stress is parallel to the
consolidation front and perpendicular to the gradient of the
water pressure. According to the principle of fracture mechanics,
the crack will propagate in the direction perpendicular to the
direction of maximum tensile stress.9,31 Therefore, the cracks in
the drying colloidal coatings grow along a path perpendicular to

the consolidation fronts, which results in curved crack patterns
that are not commonly observed in failed materials.
Guiding the Crack Growth Direction by Controlling

the Advancing Consolidation Fronts. Based on the analysis
about the correlation between the consolidation front and the
propagation direction of cracks, we explore the approach for
controlling the crack pattern by changing the morphology of the
consolidation front. We modify our drying channel by adding
two strips of ceramic heating plates to each side of the channel.
These two heating plates can be individually controlled to
generate a temperature gradient along the y-direction near the

Figure 4. Controlling advancing consolidation fronts and crack patterns with a temperature gradient. (a) Schematic of the directional drying
experimental setup with the tunable temperature field. (b−d) Fluorescence microscopy images at different drying times with a uniform temperature
field. (e) Extracted consolidation fronts at different times at the interval of 60 s and the final crack pattern of the uniform temperature field. (f−h)
Fluorescence microscopy images at different drying times with a gradient temperature field created by turning on the top heating plate. (i) Extracted
consolidation fronts at different times at the interval of 60 s and the final crack pattern of the gradient temperature field. Snapshots of thermal infrared
images to the left of (d,f) are also shown for the uniform temperature field (top) and the gradient temperature field (bottom), respectively. The white
dashed boxes indicate the location of the drying channel.

Figure 5. Generation of wavy crack patterns with alternating temperature gradients. (a) Fluorescence microscopy image of the final wavy cracks. The
red, green, and yellow lines represent the positions of the consolidation front at drying times of t = 1021 s, t = 2930 s, and t = 4400 s, respectively. (b−d)
In situ fluorescence microscopy image during the formation of wavy cracks at drying times of t = 1021 s (e), t = 2930 s (d), and t = 4400 s (c),
respectively. The color of consolidation fronts is consistent with that in (a). (e) Evolution of the x position vs the drying time of the two positions of
consolidation fronts: y1 and y2 [yellow point shown in (a)]. The thermal infrared images represent the ON/OFF state of the heating plates on both
sides of the channel at three different time periods. The location of the drying channel is indicated with the white dotted lines.
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drying edge, as shown in Figure 4a. The temperature
distribution across the drying channel is recorded using an
infrared camera (FLIR T420 IR) and is shown in Figure 4. A
temperature gradient in the range of 5 ± 3 °C/mm can be
established by this asymmetric heating.
The consolidation fronts and cracks can exhibit distinct

morphologies with a uniform temperature field or gradient
temperature fields. For experiments at a uniform temperature
gradient without heating plates, the consolidation front form
and advance parallel to the flat drying edge (θ = 180°) in the
drying channel, followed by an array of cracks that grow in the
direction perpendicular to the consolidation front, as shown in
Figure 4b−e. However, when one heating plate is turned on,
resulting in a temperature gradient near the drying edge, the
consolidation front advances faster on the side with the higher
temperature due to the higher evaporation rate. This uneven
evaporation leads to the deflection of the consolidation front
that is no longer parallel to the drying edge. During this process,
the deflection angle of the consolidation front (β, as shown in
Figure S9) gradually increases and then remains stable at around
20°. The statistical frequency of cross angles between
consolidation fronts and cracks in the two temperature fields
in Figure S8 shows a very narrow distribution. As a result, cracks
also change their propagation direction to remain perpendicular
to the consolidation fronts, as shown in Figure 4f−i.
Furthermore, more complex wavy crack patterns can be

achieved by varying the temperature gradient near the drying
edge, as shown in Figure 5a. We alternate the “on” and “off”
states of two heating plates, and the temperature distribution of
different states is shown in the thermal infrared image in Figure
5e. Different colors of the background in Figure 5e indicate
different stages of heating. The morphology of consolidation
fronts and cracks in response to the temperature gradient in
every state is shown in Figure 5b−d. When the bottom heating
plate is off and the top one is on at the beginning of the drying
process, the consolidation front line rotates clockwise and the
array of cracks deflect downward in response to the temperature
gradient. At t = 1061 s, we turn on the bottom heating plate and
turn off the top one, resulting in a temperature gradient with the
opposite direction. Soon after that, the consolidation front
rotates counter-clockwise and the cracks deflect upward. After
alternating the temperature gradient for three times, an array of
wavy cracks are successfully generated in Figure 5a. The
advancing position x of consolidation fronts in the drying
process at different y-positions in Figure 5e shows the
morphology deflection process of the consolidation fronts.
The movie and the photo of the whole drying process with
alternating temperature gradients can also be found in the
Supporting Information (Movie S4 and Figure S10). This
generation of wavy crack patterns demonstrates the feasibility of
designing and producing complex crack patterns by controlling
the evolution of consolidation fronts, which can be achieved by
applying other external fields to modify evaporation rates. By
utilizing the dependence of the crack propagation on the
advancing consolidation fronts, we are potentially able to
customize the morphology of drying-induced cracks, which can
be used for micro-/nano-fabrications. For example, the cracks of
colloidal coatings can be used as the templates for a metal
conductive grid,21 the microchannels for supramolecular
structures,37 and a method to obtaining the centimeter-scale
rods assembled by colloidal particles.22 With a better control of
the growth path of cracks, more complex crack patterns can be

generated and used in these micro-/nano-fabrication applica-
tions.

■ CONCLUSIONS
In summary, we employ a directional drying channel setup with
wedge-shaped drying edges of various angles to investigate the
intriguing interaction between the consolidation of colloids and
the following cracks. We found that the drying edge can affect
the morphologies of consolidation fronts, and this phenomenon
is explained by a Laplace model built for water pressure
distribution inside the drying channel. Moreover, the measure-
ments of cross angles between the consolidation front and the
cracks clearly show that the cracks tend to grow in the direction
perpendicular to the consolidation front, in spite of the slight
deviation of this geometrical relation for cracks with a high
curvature. By combining experimental observation and the-
oretical modeling, we propose that the orientation of the main
tensile internal stress developed near the consolidation front
determines the direction of crack propagation. This finding is
within the framework of fracture mechanics and is also
consistent with other observations of complex crack patterns
in different colloidal systems.9,10,31 Based on this understanding,
we utilize the effect of the gradient temperature field on the
morphology evolution of the consolidation front to control the
growth path of cracks and produce an array of wavy cracks inside
a rectangular drying channel. Our crack control strategy
provides a new direction to design and produce specific crack
patterns, which can potentially be applied in the micro-/nano-
fabrication field.
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1. Supplementary Movies 

MovieS1: Time-lapse fluorescent images of consolidation fronts and cracks in 

directional drying channels with drying edge of angle 𝜃 = 60°. The movie is accelerated by 

240 times. 

MovieS2: Time-lapse fluorescent images of consolidation fronts and cracks in 

directional drying channels with drying edge of angle 𝜃 = 90°. The movie is accelerated by 

240 times. 

MovieS3: Time-lapse fluorescent images of consolidation fronts and cracks in 

directional drying channels with drying edge of angle 𝜃 = 120°. The movie is accelerated by 

240 times. 

MovieS4: Time-lapse fluorescent images recorded during the formation of wavy cracks 

in directional drying channels with alternating temperature gradients. The movie is 

accelerated by 480 times. 

1. Supplementary Figures 

Colloidal suspension 

The size distribution from the DLS (dynamic light scattering) of the aqueous suspensions of  

monodisperse colloidal silica nanoparticles (~0.3vt%) is shown in the Fig. S1(a). The morphology 

and particle size can be obtain from TEM and SEM, as shown in the Fig.S1(b-e).  

To facilitate the visualization of consolidation fronts, we added a slight number of 0.1μm 

fluorescent particles into the silica colloidal suspension at the number ratio between them of 

approximately 1:10000. In order to exclude the effect of fluorescent particles on the crack patterns, 

we observe the crack pattern in the colloidal particle coatings with and without the fluorescent 
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particles. In the colloidal coatings containing fluorescent particles, the volume fraction of the 

fluorescent particles is about 0.2%. The crack patterns in both cases are shown in Fig.S2. All 

experiments were performed under the same evaporation conditions (about 22℃,50%RH). The 

results show that the crack patterns with and without fluorescent particles have similar morphology. 

The addition of the fluorescent particle in the colloidal silica suspension has no visible effect on 

the crack patterns.   

 

Figure S1: Particle size distributions, TEM and SEM micrographs of silica. (a) particle size 

distribution from dynamic light scattering (DLS). The average of the particle size and standard deviation 

are 23nm and 3nm, respectively. (b) TEM micrograph. (c) Particle size distribution from the TEM 

micrograph. The average and the standard deviation are 26nm and 3nm, respectively. (d) SEM 

micrograph. (e) Particle size distribution from the SEM micrograph. The average and the standard 

deviation are 24nm and 3nm, respectively.  
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Morphology of consolidation fronts and cracks 

To display the curvature of the consolidation fronts and cracks in channels of different 

angled drying edges, the maximum curvature is given in Fig. S3. The maximum curvature is 

calculated by averaging five percent of the high curvature data. The result shows that the 

maximum curvature of consolidation fronts and crack patterns decreases as decreasing of the 

angle of drying edge. 

Figure S2: Comparison of crack patterns in the particle coatings with and without florescent 

particles. (a), (c), (e) and (g): White light microscopy images of colloidal particle coating with 

fluorescent particles in directional drying setups with drying edges of angel 𝜃 = 60°, 𝜃 = 90°, 𝜃 =

120° and 𝜃 = 180°, respectively. (b), (d), (f) and (h): White light microscopy images of colloidal 

particle coating without fluorescent particles in directional drying setups with drying edges of angel 

𝜃 = 60°, 𝜃 = 90°, 𝜃 = 120° and 𝜃 = 180°, respectively. 
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Geometrical relation between the crack growth direction and consolidation fronts. 

The deviations between the cross angles 𝛾 and 90° and the local crack curvature along a single 

crack can further confirm the slight deviation of the cross angles for cracks with high curvatures. 

The absolute value of the deviation of cross angles from 90° (𝛿 = |𝛾 − 90°|) and the curvature 

along a single crack with the length of the crack growth with drying edge angle of θ=60°, θ=90° 

and θ=120° are shown in Fig.S5-S7, respectively. These plots show that the deviation 𝛿 and the 

local crack curvature with the length of crack growth display the same trend, which can confirm 

Figure S4: The area evolution of the consolidation region over time. The blue, green, and red   dots 

represent the evolution relationship in the drying setups with drying edge angle of θ = 60°, θ =

90° and θ = 120°, respectively. The consolidation region is meaning the region between the drying 

edge and the consolidation front.The slopes of the three curves meaning the evolution rate of the 

area of consolidation region over time are 7.28 × 10−3𝜇𝑚2/𝑠 , 7.96 × 10−3𝜇𝑚2/𝑠 , and 

6.67 × 10−3𝜇𝑚2/𝑠 respectively 
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the phenomenon that the slight deviation between the cracks and the direction perpendicular to the 

consolidation fronts appear to increase when the curved cracks form. 

 

 

 

 

 

Figure S5: The evolution of deviation 𝛿 and the local curvature versus the length of crack 

propagation for a single crack with drying edge angle θ=60°. (a)(c)(d) The evolution of the 

deviation 𝛿 = |𝛾 − 90°| with the length of crack growth (blue curve) and the evolution of crack 

curvature with the length of crack growth (orange curve). The number on the top of the plot 

represents the corresponding crack in the plot (b). (b) The label numbers of cracks with edge 

angles of 60°. 
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Figure S6: The evolution of deviation 𝛿 and the local curvature versus the length of crack 

propagation for a single crack with drying edge angle θ=90°. (a)(c)(d) The evolution of the 

deviation 𝛿 = |𝛾 − 90°| with the length of crack growth (blue curve) and the evolution of crack 

curvature with the length of crack growth (orange curve). The number on the top of the plot 

represents the corresponding crack in the plot (b). (b) The label numbers of cracks with edge 

angles of 90°. 
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Guiding crack growth direction by controlling advancing consolidation fronts 

The statistical results of cross angles 𝛾 between the growth direction of the crack and 

the tangent of the consolidation fronts in a channel with flat drying edge under uniform 

temperature field and gradient temperature field is shown in Fig. S8. The result shows a 

much narrower distribution than the cross angles in the channel with angled drying edge. 

The curves are fitted to a Gaussian distribution. The average of cross angles under 

Figure S7: The evolution of deviation 𝛿 and the local curvature versus the length of crack 

propagation for a single crack with drying edge angle θ=120°. (a)(c)(d) The changes of the 

deviation 𝛿 = |𝛾 − 90°| with the length of crack propagation (blue curve) and the changes of 

crack curvature with the length of crack propagation (orange curve). The number on the top of the 

plot represents the corresponding crack in the plot (b). (b) The label numbers of cracks with edge 

angles of 120°. 
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uniform temperature field is about 88.22° with the standard deviation 4.67° and the 

average of cross angles under gradient temperature field is 89.20 ± 0.3° with the standard 

deviation is 2.19 ± 0.5°. The result shows that the cracks tend to grow along the direction 

perpendicular to the consolidation front whether under the uniform or gradient 

temperature field. Therefore, the growth of cracks can be guided by consolidation fronts.  

The evolution process of the consolidation front morphology under gradient temperature 

field is shown in Fig.S9. The evolution morphology of the advancing consolidation front 

keeps stable after about three minutes. When the direction of the temperature gradient field 

changes, the deflection morphology of consolidation fronts changes and the cracks deflect 

upwards.  

 

Figure S8: The statistical frequency of cross angles between consolidation fronts and cracks 

under uniform (blue) and gradient temperature gradient field (red). Scatter points represent the 

experiment data and the line shows the fitting of Gaussian distribution. 
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Figure S9: The deflection angle of consolidation front at different drying time. The inset indicates 

the deflection angle of consolidation front. 

Figure S10: The evolution process of the consolidation front morphology under gradient 

temperature field at different time. The green line represents the consolidation front. 


