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ABSTRACT Thin silicate sol-gel films with four different crack patterns were created
reproducibly by controlling the film deposition parameters. The crack geometry, peri-
odicity, and amplitude were studied experimentally as a function of the film thickness,
curing time, and temperature. Direct evidence was found that the physical interplay be-
tween stress relief through film cracking and stress relief through film warping results
in sawtooth, spiral, closed loop, or straight line crack trajectories.

PACS 61.43.Er; 62.20.Mk; 68.35.Gy; 68.37.-d

1 Introduction

Fascinating crack patterns
and the puzzle of their origin have long
occupied the thoughts of scientists from
various fields. The problem of crack
pattern formation has theoretical [1-4]
as well as practical significance in me-
chanics, physics and the chemistry of
materials [5—12], and can be a subject of
study in the physics of self-organizing
phenomena as well. Here, we discuss
our experiments with silicate sol-gel
films as they relate to crack patterns.
In a controlled and reproducible man-
ner we were able to create four dis-
tinct types of crack patterns: straight-

FIGURE 1
1.2 pum film on glass
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line cracks, curved closed-loop cracks
(Fig. 1), crescent (sawtooth) periodic
cracks (Fig. 2) and spiral cracks (Fig. 3).
Through these experiments, we have
found a relationship between the geo-

metrical parameters of the cracks and
some of the properties of the films. We
suggest a phenomenological explana-
tion based on film warping due to stress
non-uniformity created in the drying
stage of the sol-gel materials [13].

2 Experimental

To begin the experiments, the
films were deposited on glass and pol-
ished metal substrates by spin-coating
of silicate sol (Filmtronics Inc) using
a spin coater manufactured by Specialty
Coatings Systems Inc. The film thick-
ness was controlled by the rotational
speed of the spin-coater. The structures

FIGURE 2 Curved, periodic crack patterns: a and b Crescent periodic crack in a 2.04 um-thick film
on polished metal. ¢ A network of periodic cracks in a 2.04 pum-thick film on glass. d Coexistence of
spiral and periodic cracks in a 2.04 pum-thick film on glass
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FIGURE 3  Spiral cracks in a 2.04 jum-thick film on glass: a and b A single-arm spiral. ¢ A double-arm
spiral. d Graph of the spiral radius vs the polar angle for the spiral crack shown in b. In the inset of this
graph, the same data with a linear fit of the logarithm of the radius vs the polar angle are shown

studied were composed of two layers,
deposited and dried in two consecutive
steps. The combined thickness of the
layers was not greater than 2 pm. In
these experiments, the deposition pa-
rameters of the second layer were kept
constant.

Sol-gel films are very suitable for
promoting spiral and curved periodic
cracks because of their distinct physi-
cal properties, related to the high degree
of shrinkage of the gel network during
the drying stage [13]. This allows condi-
tions to be set for creating differences in
the shrinkage rate from surface to cen-
ter even in relatively thin films. In our
experiments, depositing a second layer
after the drying stage of the first layer
causes high non-uniformity in the con-
traction of the film as a whole. The spin
speed, the temperature of drying and the
time duration of drying of the first layer
were varied in a systematic manner. The
cracks in the films were studied by op-
tical microscope, and the images were
digitally recorded and analyzed.

3 Results and discussion

On a single slide, we ob-
served crescent periodic crack patterns
(Fig. 2), differing in amplitude and
wavelength (period). All types of cracks

discussed here were through the whole
film and reached the substrate. This was
confirmed by imaging the crack with
an atomic force microscope and meas-
uring its depth. The amplitude was the
span of the crack perpendicular to the
general direction of the crack propaga-
tion. The amplitude of the cracks could
be as low as 10 uwm, and as high as
800 pwm. The period of the sawtooth pat-
tern also varied over a wide range. The
crack pattern wavelengths could be as
low as 35 wm and as high as 840 pm.
Empirically, there was a linear propor-
tionality between the amplitude of the
crack pattern and its period for films
of the same thickness. The slope of the
best linear fit to the amplitude vs period
data points depended on the thickness of
the film — the thicker the film was, the
smaller was the slope. When compar-
ing the minimum observable period (the
“wavelength threshold”) of the crack
patterns to the film thickness, it was ob-
vious that the thicker the film was, the
higher was the wavelength threshold.
When comparing samples with the first
layer deposited at the same spin speed
and dried at the same temperature, but
with increasing drying time, there was
a tendency of decreasing wavelength
threshold. This tendency was more pro-
nounced in thicker films (deposited at

smaller spin speeds) than in thinner
ones. When increasing the drying tem-
peratures, there was a decrease in the
wavelength threshold with temperature
in samples deposited at the same spin
speed and dried for the same drying
time.

Spiral cracks (Fig. 3) were observed
on the same samples where the periodic,
crescent-type cracks occurred (Fig. 2d).
This is the first reporting of a double-
arm spiral crack (Fig. 3c). Usually the
crack started from a defect in the film,
such as an inclusion or a high stress
point, and continued outward along
a spiral trajectory. In the experiments
of Neda et al. [4], film delamination
proceeded from the outside in, result-
ing in spirals that propagate inward. The
conical spiral crack that formed during
the shrinkage of a silica-based sol-gel
sheet of material has been described
by Hull [9]. These cracks had diam-
eters similar to the cracks we observed;
about 1 mm. However, they were de-
veloped due to the internal stress in
amuch thicker specimen compared with
our 2 pum films, and they started from
the periphery and created a spiral prop-
agating inward. In contrast, our cracks
always propagated from the center out-
ward. The speed of the tip of the crack
varied. The tips tended to slow down as

FIGURE 4
ing of the film. The film thickness is 2.04 pum, the
substrate is glass and there is a 10 nm gold film
between the film and the substrate to increase the
interference contrast. a Straight cracks propagate
as long as there is no warping of the film. b Coex-
istence between curved and straight cracks

Interference patterns showing warp-
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the radius of the spiral increased, or they
propagated in jumps covering 180° after
considerably decreasing their speed.

The spirals could be interpreted as
being either linear or logarithmic. The
equation of an equiangular (or logarith-
mic) spiral in polar coordinates is r(6) =
roe®’, where r is the distance from the
origin, 0 is the angle from the x-axis, and
r, and k are constants. The dimension-
less constant k characterizes the tight-
ness of the spiral, and it is related to the
angle between the tangent and the radial
line at a point of the spiral, ¥ = cot™! k.
The spiral radius r, as a function of the
polar angle, 6, for the spiral shown in
Fig. 3b, is plotted in Fig. 3d. In the in-
set, the linear fit of the logarithm of the
radius versus the polar angle is shown.
The slope of the line through the points
gives the constant k of a given spiral,
which in our experiment was between
0.08 and 0.18 for various spirals. Our
experiments showed a tendency for k to
decrease with film thickness, contrary
to Neda et al. [4], who observed spiral
cracks with constant k between 0.06 and
0.08, and independent of the layer thick-
ness. Since the power of the exponent
was relatively small, it was possible for
the data to be fitted with a linear func-
tion as well. We analyzed the data from
20 spirals, and we found that the qual-
ity of the linear and the exponential fits
on average differed by not more than 2%
both ways.

All experimental data and observa-
tions can be explained if curved crack
formation due to local warping of the
film is assumed. As long as the film
stays flat and attached to the surface, the
cracks propagate along straight lines,
as seen in Fig.4b. A crack can start
from a defect and can propagate along
a straight line, but further on, the crack
can promote detachment followed by
buckling of the film. The latter can pro-
mote curving of the crack itself. Such
feedback stimulates the development of
rather organized, periodic and symmet-
rical crack patterns. Interference fringes

observed in the area of the crack tips as
soon as they start to curve (Fig. 4a) con-
firm the suggested mechanism of crack
formation. Interference fringes are due
to the thin layer (not more than 1 wm of
air between the film and the substrate.
The density and the shape of the fringes
are an indication of the curvature and
the distance between the substrate and
the detached film. Spiral cracks are a re-
sult of bowl-shaped curving of the film.
Crescent periodic cracks (Fig. 2) might
be due to cylindrical buckling (wrin-
kles) of the film. The general direction
of propagation of such cracks is along
the axis of the cylinder.

The difference in shrinkage rate be-
tween the two surfaces of the film was
the cause of so-called drying stress. The
drying stress was considerably larger
than the stress in the film created by the
difference in the thermal expansion co-
efficients of the film and the substrate.
The fact that the same crack patterns
were observed regardless of the type of
the substrate on which the film was de-
posited is an experimental proof that
the adhesion of the film and its thermal
mismatch with the substrate are small
effects in comparison to the effect of
the drying stress. The shrinkage of the
network determines properties of the
film, such as porosity and permeabil-
ity, which in turn determine the stress
distribution in the film [13]. The asym-
metry of the stress distribution forces
the film to warp. The thickness of the
film determines the maximum possible
curvature (the smallest radius) when
buckling occurs. In turn, the maximum
curvature in the area of buckling deter-
mines the wavelength threshold of the
periodic cracks and the constant of the
spiral cracks. The linear proportionality
between the amplitude and the wave-
length of the periodic crescent cracks is
another proof of the idea that buckling
promotes these types of crack. The dry-
ing regime of the first layer controls to
a great extent the non-uniformity of the
film contraction, which in turn affects

the curvature of warping. Increasing the
drying time at a given temperature leads
to larger warping curvatures. Increasing
the drying temperature while maintain-
ing the same drying time has a similar
effect. Experimentally, the effect of the
increased drying rate on the first layer
is demonstrated by reducing the wave-
length threshold in the periodic crescent
cracks.

4 Summary

In a controlled and repro-
ducible manner, we were able to create
four distinctive types of crack patterns.
Their geometric characteristics were re-
lated to the thickness of the film and
the deposition parameters. There is evi-
dence that the observed curved periodic
crack patterns are a result of local warp-
ing of the film caused by the stress non-
uniformity created at the drying stage of
the sol-gel material.
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