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Straight cracks are observed in thin coatings under residual tensile stress, resulting into the classical
network pattern observed in china crockery, old paintings, or dry mud. Here, we present a novel fracture
mechanism where delamination and propagation occur simultaneously, leading to the spontaneous self-
replication of an initial template. Surprisingly, this mechanism is active below the standard critical tensile
load for channel cracks and selects a robust interaction length scale on the order of 30 times the film
thickness. Depending on triggering mechanisms, crescent alleys, spirals, or long bands are generated over a
wide range of experimental parameters. We describe with a simple physical model, the selection of the
fracture path and provide a configuration diagram displaying the different failure modes.
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Nanometer to micrometer thin film coatings are ex-
tensively used in material science to protect and function-
alize surfaces [1], from traditional thermal barriers [2],
mechanical or chemical protection, to more recent appli-
cations in biomedical [3] or stretchable electronics [4].
However, deposition processes, thermal expansion mis-
match, or simply mechanical loading generally result into
compressive or tensile residual stresses that induce two
main types of failure of coatings. Compressive stresses
commonly induce the formation of wrinkles [5] and blisters
[1,6] whereas tensile stresses leads to straight channel
cracks across the film thickness [7]. Once triggered, these
fractures propagate along a straight trajectory, being only
deflected in the close vicinity of a previous fracture path,
where they tend to connect perpendicularly to the free
boundary. In the case of a stiff substrate, this interaction
distance is on the order of the thickness of the coating. Such
familiar hierarchical disordered patterns are, for instance,
observed in dry mud [8,9], in the glaze of ceramics, or even
in plant venation and urban networks [10]. Delamination
may eventually occur after the previous fracture pattern has
been established [11].

This scenario is observed in our experiments with
thick coatings of commercial spin-on glass (SOG) trime-
thylsiloxane when adhesion is enhanced by a plasma
treatment of the substrate. In such coatings, which are
commonly used for adjusting the optical index of buffer
layers in laser cavities, residual biaxial stresses result
from a sol-gel process. However, unexpected crack mor-
phologies [Fig. 1(a)] are observed in the case of moderate
adhesion (I'~0.5 J/m?). Decreasing the density of
defects (e.g., by filtering the SOG solution prior to
reaction) leads to intriguing patterns. Archimedean spirals
[Fig. 1(b)], crescent alleys [Figs. 1(c)-1(d)], or parallel
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bands [Figs. 1(e)-1(f)] grow spontaneously after the sol-
gel condensation reaction on a silicon wafer as the sample
is removed from the reacting chamber (see movies S1, S2,
and S3 in the Supplemental Material [12]). These cracks
are triggered by sporadic defects in the coating but can
also be induced locally by the operator (e.g., several
fractures randomly initiate from the scratch of a sharp

FIG. 1 (color online). Unusual cracks in thin film moderately
adherent to a substrate (scale bar 100 gm). Numerous nucleation
spots lead to complex patterns (a). Self-replicating cracks
triggered by scarce defects (see the supporting movies S1, S2,
S3 in the Supplemental Material [12]): Archimedean spirals (b);
regular alleys of crescents (c),(d); and parallel bands (e) follow an
initial arch, loop, or line, at a fixed distance W,. (f) Pairs of cracks
simultaneously follow each other path leading to isolated bands.
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blade). As they propagate, cracks tend to follow a previous
cut at a fixed distance. Crescent alleys, spirals, and series
of parallel bands thus correspond to the self-replication of
an initial arch, loop, or line, respectively. The growth of an
isolated band can also be viewed as a pair of cracks
following simultaneously each other’s path.

These patterns are strikingly different from usual crazing
glaze figures, but they are not specific to the SOG system
studied in this Letter. Indeed, similar crescent alleys or
spiral patterns have been mentioned in different areas of
material science [13-20]. However, the corresponding
fracture mechanism remains mysterious.

We carried experiments on SOG layers with different
thicknesses and adhesion properties (deposition and char-
acterization of the coating are described in the Supplemental
Material [12]). We present in Fig. 2 the characteristic length
scale of the patterns observed with SOG on silicon. More
precisely, this length scale corresponds to the crack repli-
cating distance W in the case of spirals and crescent alleys,
and to the width W, of isolated bands (see inset images in
Fig. 2). We extend these data with measurements extracted
from the literature and with additional experiments con-
ducted with macroscopic layers of varnish. As a striking
result, the scale of the patterns is proportional to the
thickness of the film 4 over 4 orders of magnitude. We
indeed obtain W, =32h and W, = 25h, which is large
in comparison with the interaction length of the usual
channel cracks (on the order of /). The robustness of these
patterns observed with very different types of coatings and
deposition methods, such as sol-gel [13—-16], magneton
sputtering [18], or evaporation [17] suggests that their
characteristic width is independent from both loading
conditions or material properties and only depends on the
thickness of the film. This robust size selection clearly
indicates that these patterns are different from other spiral or

(a) (b) 10°
350 . 10 W 1
. silicate
300 Jaz 4 O metal
y L 10 0 paint
250 A varnish
5 200 + 2 =
- 3 -
g 150 +" § 10 T (Jm™?)
100 ;4 ,
10
50
Unknown
0
0 10
o 2 4 6 8 10 10 10 10" 10°  10°

h [wm] h [um]

FIG. 2 (color online). (a) Width of the delaminating front in
SOG films with different adhesion energies ') (color coded) as a
function of the thickness % of the film for different morphologies:
pitch of the spiral or wavelength of the crescent alleys (W, open
symbols) and width of paired cracks (W,, filled symbols). Lines
correspond to linear fits of the data. (b) Generalization to a wider
range of systems including data from the literature (other silicate
films [13-15,20], metal films [17-19]) and macroscopic mea-
surements on varnish or paint.

oscillating fracture paths observed in systems involving
thermal gradients [21], drying fronts [22], or tearing with a
blunt object [23].

Our experimental system also allows for live observation
of the quasistatic crack dynamics using a reflection micro-
scope. Interferences fringes show that the film simultane-
ously delaminates as the crack propagates. Field emission
gun-SEM imaging shows that the fracture fully extends to
the bottom of the debonding layer (see the Supplemental
Material [12]). The film may eventually readhere to the
substrate far from the crack front. Delamination is thus not
always obvious in postmortem images of the cracked
coating, although it actually takes place during propagation
(as confirmed by AFM images [12]).

Before describing these peculiar cracks, we first recall
the case of classical channel cracks propagating through a
thin film under an isotropic tensile stress o. Following
Griffith classical criterion, fracture propagates if the elastic
energy released per unit length overcomes the fracture
energy,

2yhe > G.h, with e = ho*(1 —v)/E, (1)
where e is the elastic energy in the film per unit surface
(h, E, and v are, respectively, the thickness, Young
modulus, and Poisson ratio of the film), and G, is the
fracture energy per unit area. The coefficient y depends on
the mismatch in elastic properties between the film and the
substrate and is of order 1 for the relevant case of
comparable rigidities [7]. In physical terms, yh gives the
lateral size over which fracture allows stresses to relax in
the bonded coating. Equation (1) shows that classical
channel cracks are expected to propagate above a critical
thickness &, = G.E/2yc*(1 —v). Surprisingly, the non-
standard crack patterns displayed in Fig. 1 are observed
below A, confirming a different fracture mechanism. In
fact, fracture and delamination collaborate here, releasing
residual stresses in the large delaminated area surrounded
by free boundaries.

We now present a simple theoretical framework for this
new collaborative mode, which explains the robustness of
the fracture path geometries, and provide a general diagram
for its domain of existence. We first focus on the simpler
case of an isolated band, i.e., a pair of cracks propagating
simultaneously [Fig. 1(f)] and then describe path-following
cracks [Figs. 1(b)-1(e)].

We consider a pair of cracks propagating in a local
direction # along a symmetric, but arbitrary, path with
curvilinear length s [Fig. 3(a)]. In addition to the energy
released along the edges 2yehs, which would drive the
propagation of isolated channel cracks [Eq. (1)], debond-
ing an area A is expected to completely release the
residual energy eA, except in the vicinity of the debonding
front where boundary conditions maintain strains parallel
to the front. This incomplete release extends in an area
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FIG. 3 (color online). (a) Delaminated symmetric band with
imperfect release of stress o, close to the debonding front. (b) The
spontaneous tilt of the band releases stresses o, ahead of the
debonded zone. (c)—(e) Comparison of experimental crack paths
with the prediction from energy minimization with (a = 0.0251,
p = 1.26) starting from an initial crack represented by a thick
black line. The debonding front is drawn in dashed blue line.

proportional to W? leaving a residual energy aeW?
[Fig. 3(a)]. Nevertheless, the delaminated film is also free
to tilt up along the debonding front, releasing stresses
perpendicular to the delamination front [Fig. 3(b)]. This
effects extends on a distance of order i ahead of the
front, corresponding to an additional energy release fehW.
Summing the different terms finally gives the released
energy

E, = e(A—aW? + BhW + 2yhs), (2)

where a, f, y are nondimensional constants. This expres-
sion is in agreement with experimental measurement of
the strain fields obtained from image correlation and with
finite element calculations conducted on a parallel band cut
from a prestrained film adhering to a substrate (see the
Supplemental Material [12]).

Following Griffith’s criterion, symmetric cracks should
propagate by ds along a given direction & when adhesion
and fracture energies, (I'W cos 6 + 2G_.h)ds, are balanced
by the released elastic energy d&,, i.e., for

e[Wcos @+ 2yh —2(2aW — Bh) sin 6]
=TWcos0+2G,h, (3)
where we have used the geometrical relations dA =
Wdscos@ and dW = 2dssinf. In addition, cracks are

expected to propagate in the direction that maximizes
the energy release rate [7,24],

eWsin0 + 2e(2aW — ph)cos@ =T'Wsin6.  (4)

Combining Egs. (3) and (4) finally leads to

e

c—ve

sind = —

(2aW/h = p), (5)

which predicts that the propagation is straight (6 = 0) for a
specific intercrack distance

p

W, = 2ah. (6)
The sign of € in Eq. (5) tends to compensate any deviation
from W, and leads to a stable mode of propagation for
self-peeling bands with constant width. In physical terms,
this width optimizes the energy released [Eq. (2)], by
balancing the surface energy (a term) which penalizes large
W, with the line energy (f term) dominant at small W.
Because the optimal width is set by elasticity alone, it is
independent from the magnitude of loading, adhesion, or
fracture energies, as observed in experiments (Fig. 2).
A numerical estimate of the parameters @ and f, and the
study of stress intensity factors, provide a predicted width
W, =23.7h in quantitative agreement with experiments
(see the Supplemental Material [12]).

Although the geometry of the bands is similar for all
systems, the condition for propagation does depend on the
magnitude of adhesion. Indeed, the propagation of a strip is
energetically possible [Eq. (3)] if the adhesion energy is
exactly I' = I'5, with

Ezl_z(i—y)i. (7)

Experimental measurements of the adhesion energy show
that I depends on the speed of propagation (see the
Supplemental Material [12]). Starting from a minimum
equilibrium value I'y, the adhesion energy I' is found to
increase with the velocity of the front, as observed in
similar systems where water activated delamination is
limited by diffusion kinetics [25]. As a consequence, the
propagation of a pair of parallel cracks is only possible if
I', > Ty, andT'(v) = T, prescribes the propagation speed v,
which typically ranges from 1 to 50 gum/s in our experi-
ments. Note that although G. is also expected to depend on
v, we did not include this effect which only changes the
numerical value of the selected velocity.

We extend previous arguments to the case of crescent
alleys or spirals, where a single crack follows an older
fracture path of arbitrary geometry, assuming the same
expression for the energy released. We derive the inclina-
tion of the debonding front (assumed straight), and obtain
general analytical equations for the crack trajectory and
the conditions for propagation (see the Supplemental
Material [12]). The resolution of these equations provide
an excellent prediction of the experimental path [see
Figs. 3(c), 3(d), 3(e)]. Some particular analytical solutions
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are worth mentioning. In the case of a crack interacting with
a previous straight cut, we obtain a stable width,

_ph (1 G.e-y
nn(Emtm) o

corresponding to a debonding front tilted by an angle of 45°
This relation explains the robust tendency to replicate a
crack path at a well-defined distance observed in experi-
ments [Fig. 3(c)], although the quantitative dependence of
W, with G./e is difficult to capture [Fig. 2(a)]. The
propagation velocity is now set by I'(v) = I'}, with

Do (G) ik o

e Wl'

In the case of a crack rotating around a point (or around the
tip of a straight segment), we obtain a circle of radius equal
to the width W, of the symmetric band. Crack velocities are
also identical, given by I'(v) = T’,. Since in our system
I, < Ty, cracks rotating around a tip, or paired parallel
cracks, propagate at lower velocities than cracks following
a straight cut. A crack following a parallel band thus
catches up with the paired cracks as illustrated in Fig. 3(d)
(see also movie S4 in the Supplemental Material [12]).
More importantly, in the case where adhesion energy is
high enough (I'y > I';), rotation around a sharp turning
point (such as the extreme point of the crescent path) is not
energetically possible, and the front stops. In experiments,
we observe that a secondary delamination front then slowly
develops and triggers the propagation of the returning
branch, leading to a crescent alley [Fig. 3(e) and movie S2
in the Supplemental Material [12] ].

Three main physical ingredients dictate the different
crack patterns: the residual energy density per unit surface
e, the fracture energy of the film G., and the adhesion
energy for vanishing speed I'y. In our experiments with
silicate coatings, e and Iy could be varied independently
by, respectively, adjusting the thickness of the film and the
chemical treatment of the substrate, while G, was set by the
system. In Fig. 4, we present the morphologies of the cracks
structures as a function of the two nondimensional param-
eters, ye/G,. and e/I.

In the classical picture, isolated channel cracks propagate
when ye/G, > 1/2. Delamination is energetically favor-
able when the residual elastic energy overcomes adhesion
energy, e > 1y, but this mode of failure requires free
boundaries to propagate and the damaged zone is usually
confined within limited regions along defects or between
channel cracks. The boundaries corresponding to these
classical conditions are drawn as straight lines in Fig. 4, and
the pink colored domain is therefore expected to be stable.
However, the collaborative mechanism occurs within
this region usually recognized as safe. Two additional
limiting boundaries are introduced to describe these modes:
I'y =T, which sets the condition to obtain parallel paired
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FIG. 4 (color online). Experimental observations of patterns in
the (ye/G., e/T) plane: cracks following a previous cut (open
circle, spiral or crescent) and paired cracks leading to self peeling
strip (solid square). Two borders ye/G. > 0.5 (pink line) and
e/Ty > 1 (yellow line) classically define the regions where
isolated channel cracks and delamination are, respectively,
impossible. However, collaborative delamination cracks are
observed within the light pink domain. The different patterns
are observed for I', > I’y (paired cracks above the brown curve),
I'; > I’y (spirals and oscillating crescents above the black limit).
Different patterns are observed for the same range of physical
parameters, depending on nucleation geometries. We observe
crescent patterns with larger amplitude closer to the black limit.

cracks (brown line), and I’y = I''; for follower cracks (black
line). These conditions are compatible with our experiments
(circles and squares represent the patterns experimentally
observed) although experimental uncertainties do not allow
quantitative determination of the boundaries. Crescent and
paired cracks are also observed in the domain where isolated
cracks are possible. Different states can indeed coexist for
the same set of parameters depending on nucleation. While
spirals are triggered by localized defects, crescent alleys
require relatively long initial cracks to develop and parallel
bands are found along rough boundaries. More complicated
interacting structures can also be observed when the density
of defects is increased [Fig 1(a)]. Nevertheless, we do not
expect any fracture when I’y > I'y, which defines a new,
reduced domain for the stability of coatings (in darker pink
in Fig. 4). Systems where residual stresses increase pro-
gressively (for instance, as drying takes place) follow a
straight line in this diagram starting from the origin. The first
failure mode encountered is therefore either classical iso-
lated cracks or the collaborative modes if I'j/G,. < y. This
condition quantifies the fact that when adhesion energy is
weaker than fracture energy, delamination collaborates with
transverse fracture into a cooperative failure mode.
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Although cracks are usually viewed as a failure, the
extreme robustness of the self-replicated patterns induced
by the collaborative mode presented here can turn fracture
into a design tool. The patterns form spontaneously along
a path determined completely by the geometry of the
initiation spot independently from inhomogeneities of
adhesion properties (often difficult to control perfectly).
Recently developed micropatterning techniques allow the
control of the geometry of initiation [26]. Our study
provides the operating conditions for these robust patterns
through a physical description of the phenomenon sup-
ported by numerical and experimental tests.
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