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ABSTRACT: Cracks are common in nature. Cracking is known as an irreversible and uncontrollable process. To control the
cracking patterns, many researchers have proposed methods to prepare notches for stress localization on films. In this work, we
investigate a method of controlling cracks by making microscale pyramid patterns that have notches between the pyramids. After
preparing pyramid patterns consisting of colloidal particles with organic residue, we annealed them to induce volume shrinkage and
cracking between the pyramids. We studied the effect of film thickness on cracking and the generation of rectangular fragments
consisting of multiple pyramids. The area of rectangular fragments was in good agreement with the results of scaling analysis. The
concept of controlling cracks by imprinting notches on a film and the relationship with the film thickness can guide the study of

cracking phenomena.

B INTRODUCTION

Cracks can be found in mud, paint, ceramics, and skin."™*
They generally produce irregular forms by releasing stresses
originating from volume shrinkage during the drying
process.” Recently, the control of the crack formation has
received attention because it can be used for device
applications such as ultrasensitive sensors inspired by the
spider’s sensory system or membrane electrode assemblies for
high-performance fuel cells.”® Many studies have been
conducted to understand crack mechanisms’~'* and control
crack shapes'”'* or patterns.">”"” Trregular fragments have
their own patterns, such as spiral cracks, and are functions of
the film thickness,"*™" humidity,”> and volatility of the
liquid* in cracks formed during drying. To control the crack
generation, the guidance of crack formation by using
prepatterned surfaces, notches, or applying lateral tensile stress
to an elastomeric substrate coated with thin metal films has
been reported.”***™** Among the methods, the notch effect
showed the highest controllability to generate cracks by stress
localization because it can be used as an initiation point for
cracks. Notches have been prepared by microfabrication,
coating colloidal films on patterned substrates and imprinting
notches on colloidal films. In particular, we demonstrated
cracking at tapered edges between pyramids to prepare
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microscale pyramidal particles in the previous work.”® The
relationship between the film thickness and the cracked area or
the spacing between fragments™'”*” has been studied
experimentally,”™** theoretically,””**> and by simulations.**
This relationship can be used to predict paint film thicknesses
in ancient paintings”> or to understand desiccation patterns in
sessile blood drops.***’

In this work, we investigate the effect of notches and film
thicknesses by imprinting pyramidal shapes on colloidal films.
We used a soft imprinting method on a wet TiO, paste to form
microscale pyramids in a film.”**® After calcination steps,
which eliminated all the organic compounds in the TiO, films,
crack-induced fragments were generated by tensile stress due
to volume shrinkage. When the film thickness is thin, there is
no cracking in the film because the stress did not sufficiently
accumulate. As the film thickness increases, the stress
localization can work to generate cracks, and it depends on
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Figure 1. (a) Schematic illustration of controlled crack manipulation by the soft molding of pyramidal structures. (b) Single pyramids isolated after
cracking when the residual thickness is thin (~12 ym), and (c) multiple pyramids isolated after cracking when the residual thickness is thick (~34

um).

the notches and the size of the microscale pyramids. When the
film thickness is much higher, the accumulated stress is much
higher than the localized stress on the notches prepared by soft
imprinting. By using pyramidal shapes, we can generate
rectangular fragments, and the size of the fragments depends
on the film thickness. We analyzed the relationship between
the fragment sizes and the film thickness by using the scaling
theory, and the results showed good agreement with and
without the pyramid patterns. The formation of rectangular
fragments by cracking films with pyramid patterns can guide a
new analysis method to study cracking phenomena.

B METHODS

Fabrication of Patterned PDMS Molds. Pyramid patterned
master molds prepared using a micromachining technique were used
as the basic molds. The homogeneous mixtures of the multifunctional
acrylated prepolymer and acrylate-functionalized polysiloxane (PUA,
MINS 301 RM) were poured onto the master mold, and a short
ultraviolet (UV) exposure (~10 s) was applied through transparent
poly(ethylene terephthalate) films to prepare replica molds. The
precured PUA replica was carefully detached from the master mold,
and a post-UV treatment was applied for 2 h to fully cure the PUA
surface. The polydimethylsiloxane (PDMS) (Sylgard 184 silicon
elastomer, Dow Corning) prepolymer mixture with a weight ratio of
10:1 (precursor/curing agent) was poured onto the PUA replica
master and thermally cured at 80 °C for 6 h. After full curing, the
PDMS was cut into patterns to obtain each mold.

Fabrication of TiO, Flat Films with Different Thicknesses. A
paste composed of 20 nm TiO, was purchased from Dyesol (DSL
18NR-T). A wet, flat, thin film was fabricated by the doctor blade
coating method, and two different spacers (Kapton tape for 35 ym
and Scotch tape for 60 ym) were used to control the thickness. To
make a uniformly thick film, we introduced a method of layering thin
films one-by-one. A thin film was coated using one spacer and
annealed at 60 °C for 90 min to evaporate approximately 40 wt % of
the solvent to solidify the film. Then, the same procedure was
repeated by increasing the number of spacers one-by-one. The TiO,
film thickness was controlled by the number of spacers.

Fabrication of Crack Initiation Notches and Cracking in
TiO, Films. A PDMS mold with a pyramid pattern was stamped onto
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a wet film and detached after drying at 60 °C for 30 min. The film was
sintered at 500 °C for 20 min with a controlled heating rate (10 °C/
min) to decompose all the remaining organic binders. Finally,
controlled cracks were formed at the patterned edges depending on
the conditions.

FEM Analysis. Conventional finite element method (FEM)
software [COMSOL Multiphysics v. 5.6, structural mechanics
module, physics-controlled mesh (basic auto mesh)] was used to
simulate the deforming shapes of the wet TiO, paste after shrinkage.
The structure was designed in a three-dimensional (3D) shape by
using 3D Max and imported into COMSOL. The isotropic solid
model of a linear elastic material in the solid mechanics module was
used for the physics. We applied a strain of —20% to pyramid
structures consisting of the wet TiO, paste and fixed them inside the
structures patterned by the square shapes consisting of solidified
TiO,. The Poisson’s ratio and Young’s modulus of the wet TiO, paste
material were set to 0.27 and 288 GPa, respectively. The geometry of
the structures was the same as that of our pattern.

Characterization. The film thickness and crack formation were
analyzed by scanning electron microscopy (SEM) using a field
emission scanning electron microscope (JSM-6701F, JEOL) at an
accelerating voltage of 10.0 kV. The NIH Image] program was used
for image processing and analysis.

B RESULTS

Figure la shows a schematic illustration of crack fragmentation
in films imprinted with a micropyramid pattern when the
residual film thickness is thick or thin compared to the size of a
micropyramid. Flat wet TiO, colloidal films on a substrate
were prepared by the doctor blade method with a commercial
TiO, nanoparticle (NP) paste (18NR-T, Dyesol) containing
organic compounds and ~20 nm TiO, NPs. We varied the
thickness of the films by controlling the number and thickness
of spacers during the doctor blade method. We prepared three
micropyramidal PDMS molds with different widths (S , 10,
and 30 um) replicated from masters (Figure S1), placed them
on wet TiO, films, and applied slight pressure to fill the wet
paste into the voids of the PDMS mold. Then, we annealed the
sample at 60 °C to remove the solvent and detach the PDMS
mold from the dried TiO, film. To remove all the organics
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Figure 2. (a) Cross-sectional SEM images of crack generation in films with different residual thicknesses for flat, S ym square pyramid and 10 ym
square pyramid TiO,. The scale bars indicate S ym. (b) Diagram of the relationship between the film pattern and the residual layer thickness in
crack generation. The stress distribution as a result of volume shrinkage of the paste during the sintering step was simulated for different

micropattern sizes of (c) 10 and (d) 30 um.

remaining in the film, TiO, films with solidified micro-
pyramidal structures were calcinated at 500 °C. During the
calcination process, the sharp edges of the pyramids played the
role of notches to generate cracking. When the film thickness
was approximately 12 um (a relatively thin film thickness
compared to the pyramid height), all pyramidal fragments were
separated by controlled cracking (Figure 1b) because cracks
propagated at all the notches. When the film thickness was
approximately 34 um (a relatively thick film thickness),
however, cracks propagated only at some of the notches, and
large rectangular fragments consisting of multiple pyramids
were generated (Figure lc).

In our system, there were two processes resulting in tensile
stress, namely, the annealing process for the removal of the
solvent at 60 °C and the calcination process at 500 °C, in
which volume shrinkage occurred due to the elimination of all
the organic compounds. To understand the mechanisms, we
conducted thermogravimetric analysis (TGA). During the
annealing process (60 °C), a weight loss of ~64% occurred
(Figure S2a,b) due to the evaporation of most of the residual
solvent in the paste. In the solidified film obtained after the
annealing process, no cracks were observed because the PDMS
mold held the TiO, paste and prevented the deformation of
the pattern. Instead, crack initiation notches at the edges of the
pyramid patterns were produced in both thin (Figure S3a,c)
and thick (Figure S3b,d) films. During the calcination step, the
remaining organics were completely eliminated, causing a
weight loss of ~40% (Figure S2a,b) and a volume shrinkage of
~20% in the film (Figure S2c). We assume a shrinkage of
~20% as the strain for the generation of the cracks. The
volume contraction in the open condition triggered crack
propagation at the notches, although the degree of crack-
induced fragmentation varied and was a function of film
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thickness. Note that we performed the experiments under two
conditions. First, a thin TiO, film (~100 nm) was coated on
the wafer as an adhesion promoter between the silicon wafer
and the TiO, paste to ensure a no-slip boundary condition
between the substrate and the film during cracking. Second, we
coated the TiO, paste multiple times to obtain a high thickness
to ensure film uniformity. When we tried to coat a thick film
(thicker than 20 um) in one application, the thickness in the
edge area was much higher than that in the center region. We
coated a thin TiO, layer using a doctor blade and removed the
solvent at 60 °C for 90 min without placing a PDMS mold on
the paste. We added a spacer to increase the thickness, and
then we applied a TiO, paste coating again. We repeated the
process to obtain the desired thickness. The relationship
between the thickness and the spacer combination is
summarized in Table S1.

While the colloidal film was being dried, the solvent-air
menisci created capillary pressure on the top of the film during
solvent evaporation. At the same time, volume shrinkage of the
film occurred during calcination, leading to the development of
tensile stresses in the film. These tensile stresses were released
by crack generation when the film thickness exceeded the
critical cracking thickness.””~*" To investigate the effects of the
notch and the size of the pyramid patterns on cracking, we
conducted experiments on the cracking of films without
patterns and with pyramid patterns of two different sizes.
Figure 2a shows cross-sectional SEM images of a flat film and
films imprinted with pyramidal shapes of two sizes (S and 10
um in period). The flat film is stable when the film thickness is
12.2 pm and cracks when the film thickness is increased to 16.0
pum. In the case of a film imprinted with pyramidal shapes, the
film is not cracked when the residual thickness is 7.9 ym (S pm
in period) and 2.5 gm (10 ym in period) and cracked when
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Figure 3. SEM images of flat TiO, films without crack initiation tips and micropatterned films with crack initiation tips consisting of square
pyramids of two sizes (10 and 30 ym) after cracking at different residual layer thicknesses: for flat, (a) ~12, (b) ~34, (c) ~47, and (d) ~77 pm; for
30 ym micropatterned pyramids, (e) ~12, (f) ~34, (g) ~47, and (h) ~78 um; and for 10 #m micropatterned pyramids, (i) ~11, (j) ~20, and (k)

~33 pm. The scale bars indicate 100 pm.

the residual thickness is 11.2 ym (S ym in period) and 6.6 ym
(10 pm in period), as shown in Figure 2a. The cracking events
versus the residual thickness are plotted as a function of the
pyramid pattern size in Figure 2b. The stress caused by volume
shrinkage occurs randomly throughout the flat film, and cracks
start to be generated at random positions above a film
thickness of ~16 ym. However, in the micropyramid patterned
films, the stress localizes at the edges of the pyramid pattern,
and the strain energy required for crack generation is reduced
due to stress localization. As a result, a relatively thin film
thickness (~11.2 pm residual layer thickness for S um
micropyramid patterned films) is sufficient to generate cracks.
When the pyramid period is increased to 10 um, the critical
thickness further decreases, as shown in Figure 2a,b. Cracks are
generated when the residual layer thickness is ~6.6 ym, which
is much lower than the critical thickness when the film is
imprinted with 5 gm micropyramid patterns.

We analyzed the stress localization on pyramid patterns of
different sizes with FEM simulations (Figure 2c,d). The stress
is localized on the pyramid edges, which are notches, and it
increases as the size of the pyramid increases. We note that the
notch angle of pyramids with a width of 10 ym is slightly
sharper (86°) than that of pyramids with a width of 30 ym
(92°), which means that the size effect is high enough to
overcome the notch effect. When the residual thickness is
much higher than the critical thickness for cracking, the stress
accumulation in the film is higher than the stress localization.
Figure 3a—d shows the experimental results of fragmentation
without the formation of crack initiation notches for various
film thicknesses. When the residual film thickness is ~12 um,
no cracks are observed in the films after the calcination process
(Figure 3a). The flat film is cracked at random and divided
into small polygons of various sizes at a film thickness of ~34
um (Figure 3b). The sizes of the polygons increase as the film
thickness increases to ~47 pm (Figure 3c) and ~77 um
(Figure 3d). When we formed crack initiation tips by soft
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lithography with micropyramid patterns, cracks propagated in
the horizontal or vertical direction, and rectangular fragments
were obtained. Figure 3e—h shows the formation of rectangular
fragments by cracking at various film thicknesses when using a
30 pm pyramidal mold. When the residual film thickness is
~12 um, every notch (the valley between pyramids)
propagates, creating cracks, during the calcination step, and
the cracks divide pyramids one-by-one (1 X 1 blocks) (Figures
3e and S4a). Cracks are partially generated at the notches
between the film thicknesses of ~12 ygm and ~20 pym (Figure
S4b). When the film thickness is increased from ~34 um
(Figure 3f) to ~78 um (Figure 3h), the size of the rectangular
fragments is also increased (Figure 3f—h). We note that some
cracks propagate out of the lattice when the film thickness is
higher than 47 ym (red arrows in Figure 3gh). A similar
phenomenon is observed when the size of the micropyramid
pattern is reduced to 10 pm, but multiple pyramids are
separated by cracks at a lower residual layer thickness. When
the film thickness is increased from ~10.7 ym (Figure 3i) to
~32.8 um (Figure 3k), the size of the rectangular fragments
increases (Figure 3i—k).

We obtained the fragment area (A) from the image analysis
program after conversion into black-and-white representations,
as shown in Figure 4a—h. The calculated average areas for each
film thickness were 24,708, 42,822, and 90,906 um?> for
fragments consisting of polygons; 4609, 7602, and 20,676 um*
for fragments consisting of 30 ym multiple pyramids; and 890,
1443, and 4532 um® for fragments consisting of 10 um
multiple pyramids, respectively. Figure 4i—k shows SEM
images of cracked films with various coating thicknesses
without any prepattern. The average crack spacing increases
from 14.1 to 21.0 and 25.8 um when the film thickness
increases from 33.8 to 46.9 and 72.1 um, respectively. Because
the orientation of cracks is random, the standard deviation of
the spacings is large (4.3—9.2 ym). In the case of the formation
of tips by imprinting micropyramids, the cracks are straight and
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Figure 4. Black and white images of each figure were converted using image analysis software for films in different residual layer thicknesses: for flat,
(a) ~12, (b) ~34, (c) ~47, and (d) ~77 um and for micropatterned pyramids, (e) ~12, (f) ~34, (g) ~47, and (h) ~78 um. The scale bars
indicate 100 ym. The SEM images show the spacing between cracked fragments at different film thicknesses: for flat, (i) ~33.8, (j) ~46.9, and (k)
~72.1 ym and for micropatterned pyramids, (1) ~12.0, (m) ~33.9, and (n) ~78.2 ym. The scale bars indicate 10 ym. (o) Plot of the fragment area
(\/A) vs film thickness. (p) Plot of the spacing between fragments as a function of film thickness. The green lines show a slope of 2/3.

easier to measure. The SEM images shown in Figure 4l—n
represent the crack spacings when the film has pyramid
prepatterns. The average crack spacings with 30 ym pyramid
patterns are 4.3, 11.1, and 21.9 um when the film thickness is
12.0, 33.9, and 78.2 um, respectively. In the case of the
pyramidal shape, the cracks are controlled, and the standard
deviation of the cracks is reduced to 1.1—-7.1 ym. In addition,
the average crack spacings with 10 ym pyramid patterns are
2.9, 4.3, 5.4, and 9.2 um when the film thickness is 10.7, 14.8,
19.9, and 32.8 um, respectively. When the size of the pyramid
pattern is reduced, the standard deviation of the cracks is
further reduced to 0.5—1.7 um.

To discuss the relationship between the cracked area and the
film thickness, we investigated the relationship between the
fragment area (A) and the film thickness (h) (Figure 40). The
plot of the square root of the average fragment area (A'/?) for
all the experimental conditions and the film thickness (h)
shows a linear relationship. The line in Figure 40 shows the
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scaling relationship between the cracked area and the film
thickness in a flat film, A ~ h*3, which was reported as the
scaling relation in drying films.”"** As shown in Figure 4o, the
scaling relation between the fragment area and the film
thickness is in good agreement with the experimental results.
In the case of the relationship between the spacing and the film
thickness, we assumed that the strain (&) is constant in all the
directions as follows

a, — a

= & = constant
o

(1)
ay and a are the length of the side of a fragment before and
after cracking, respectively. The spacing (D) is the change in
the fragment size during cracking, and the length is the square
root of the area when the fragment is square.

D =2(a, — a) = 2ea, = 26 JA, ~ h*/? 2)
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Figure 4p shows the relationship between the spacing and
the film thickness, and the experimental results also follow the
derived scaling relation. We note that the scaling results, even
for rectangular fragments, can be strong evidence of the
relationship between the fragment size and the film thickness.

B CONCLUSIONS

We cracked colloidal films into rectangular fragments
consisting of square pyramids. In this study, we examined
the effect of notches and the thicknesses on the generation of
cracks. Notches can guide crack initiation by stress localization,
and the increase in thicknesses showed the effect of the
mitigation of the notch effect. Under thin film thickness
conditions, crack propagation occurs at all the notches,
resulting in single, separate pyramids because the stress
localization is dominant. Under thick film thickness conditions,
the accumulation of film stress overcomes the stress local-
ization, and only some of the notches can work for cracking.
This can generate large rectangular fragments consisting of
multiple pyramids. In our system, cracks in films with
micropyramids are controllable and formed in straight lines,
which is advantageous for measuring the size of the fragments
and the crack spacing. Our cracking system with square
pyramid patterns can provide a useful method for analyzing
crack phenomena. Moreover, the system can provide a method
for the preparation of controllable rectangular blocks in various
sizes.
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