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Abstract –Crack patterns in coatings present various morphologies as a signature of the matter to
external stresses. Brittle films generally show a network of connected cracks due to a hierarchical
formation process. On the contrary, non-sequential crack growth leads to a different morphology
with few junctions. The present work focuses on the evolution of both crack networks under the
effect of repeated stresses. The experimental work is performed through porous thin films over
subsequent wetting and drying processes. The non-connected network of cracks is investigated
through nanostructured films exhibiting compliant and elastic properties. Over repeated stresses,
this crack network evolves until it reaches stabilization. The stabilization appears when the cracks
stop growing and a shielding effect occurs. This behaviour is compared with a more classical
connected network of cracks that do not evolve in the plane under the effect of repeated processes.

Introduction. – When coatings are subjected to high
stresses, mechanical instabilities can occur. These singu-
larities, such as cracks, affect the properties and the qual-
ity of the films. This is the case of dried particulate films
that exhibit various morphologies. These patterns have
been extensively observed in a variety of materials, such
as ceramics, paints or particulate coatings where crack-
ing results from solvent evaporation (fig. 1a&b). In the
last, capillary forces produced by the surface tension of
the solvent are sustained by the wet structure. The vari-
ety of crack patterns reflect the response of the structure
to the mechanical stresses. In the present work, we re-
port the evolution of crack morphologies under repeated
stresses induced by wetting and drying processes. Clas-
sically brittle films form a connected network of cracks
that do not evolve in the plane with subsequent stresses.
In contrast, the non-sequential crack growth results in a
branched network of cracks. This last evolves until sta-
bilization. The present work points out the unusual dy-
namics and the physical parameters on which system sta-
bilization depends. This is a common phenomenon in the
formation of desiccation cracks on soil surfaces and craque-
lures in art paintings that are confronted with variations
in environmental stresses throughout their lifetime [1–3].

The evolution of crack patterns is mainly investigated

here in nanostructured films made of an assembly of
nanosprings. Helical nanostructured coatings provide spe-
cific electrical conductivity, in photodetection applica-
tions, as biosensors, and high interface compliance [4]. Be-
sides, the nanospring films provide a model of elastic and
compliant films where minor stress is required for a consid-
erable strain [5]. Through these properties, the nanospring
films saturated with a volatile solvent have the potential
to delay cracking under drying strains. The wetting and
drying process results in a branched network of cracks with
low connectivity as reported in fig. 1a. In addition, un-
der the effect of repeated wetting and drying cycles, the
progressive evolution of cracking in this system and the fi-
nal morphology can be precisely determined. The analysis
of the film evolution shows that cracks are progressively
confined through their mutual interaction. These results
are compared with those encountered in the classic case of
dried films [6, 7] (fig. 1b).

Experimental. – The compliant film consists of
an array of helical nanowires, e.g. Vertically-Aligned
NanoSprings (VANS), as shown in fig. 2a. The growth
of nanowires is based on Vapor-Liquid-Solid (VLS) mech-
anism on a Si substrate. This process uses catalytic alloy
droplets at the tip of the nanowires as preferred sites for

p-1



L. Pauchard et al.
n

u
m

b
er

/s
u

rf
a
ce

 a
re

a
, 
n

HS
SM

thickness

TM

26µm
14µm
  8µm

10
6

10
7

10
-1

10
0

10
1

10
2

10
3

10
6

10
7

10
1

10
2

10
3

ba

crack length, l (µm)

c d

crack length, l (µm)

VANS films nanosilica films thickness
20±3µm

Fig. 1: Patterns of drying-induced cracks. (a) Open network of
tortuous cracks in a elastic and compliant nanostructured film
of springs. (b) Connection induced closed network of straight
cracks of a nanosilica film (HS) characteristic of a hierarchi-
cal process. (Both films exhibit the same thickness-the image
size is 100µm). (c,d) Distributions of crack lengths for the
crack patterns (a) and (b), respectively (log-log scale). Mea-
surements were performed for various film thicknesses (c) and
various nanosilica films (d). The distribution of lengths follows
a power law, n ∼ ld, characteristic of self-similar systems, with
the structure remaining not dependent on scale. The dashed
line indicates a fractal dimension d = 1.8.

deposition from the vapor. The specificity in the forma-
tion of nanospring lies in the controlled asymmetry in the
contact angle at the catalytic droplet-nanowire interface.
This anisotropy is responsible for a torque of the droplet
[8, 9]. As a result helical structure grows perpendicularly
to the substrate surface. The dense array of nanosprings
is ensured by the quantity of particles sputtered onto the
Si substrate and serving as the catalyst. The growth
time governs the film thickness. Three film thicknesses
are considered in the following: h = 8, 14 & 26µm. The
areal density is estimated at m = 5 × 1010 nanosprings
per cm2 using SEM micrographs. The cohesion of the
aligned nanosprings in the film ensures a structural coat-
ing. The surface energy for VANS in the air is estimated
to be Γs = 0.5J/m2 provided by chemical bonding SiOx-
SiO2, x=1-2 [10].

From a macroscopic point of view, nanospring films ex-
hibit compliant properties. Hence, the mechanical be-
haviour of nanospring films was examined using nanoin-
dentation testing. The method consists of driving a spheri-
cal tip into the sample with a controlled force as a function
of the penetration depth in the material (see Supplemen-
tary Material ‘S1’). The stiffness obtained by the average
response of nanosprings can be obtained using the contact
Hertz law. The resulting Young modulus is estimated at
EV ANS = 1.5 ± 0.1MPa [5]. These mechanical proper-
ties are compared with those of more common particulate
coatings.
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Fig. 2: (a) Scanning Electron Microscopy micrographs show-
ing a film of aligned nanospring (left), and detail of an indi-
vidual nanospring (right). (b) Illustration of the Wetting and
Drying process generating stresses: deposition of a drop of a
low-surface-tension liquid at the coating surface (Wetting), and
drying process of the imbibed liquid in the porous coating (Dry-
ing). (c) Sketch in side view illustrating the drying shrinkage
near the evaporation surface (the schematic is not to scale and
gives the impression that the springs are not as long as they
truly are). The nanosprings deflection, δ, results in the crack
opening that is characterized by the quantity w.

The latter are formed by the deposition aqueous sus-
pensions of nanoparticles on a glass microscope slide: sus-
pensions of nanosilica spheres whose size is 7nm (Ludox
SM30), 12nm (Ludox HS40), and nanoclay platelets whose
size is 220nm (purchased from Sigma-Aldrich). The drying
under room conditions results in close packing networks of
particles. Using indentation testing, the elastic modulus
of dried nanosilica films, Esilica, is such that [11]:

EV ANS

Esilica
∼ 10−3 (1)

In the following, the crack patterns induced by drying
both nanospring and nanoparticle films are imaged using
reflected light microscopy in fig. 1a,b. For image analysis,
the contrast between cracks is improved using a standard
thresholding method to yield a binary image that com-
prises only cracks and background.

Crack formation. – When drying a film of particles,
the solvent loss leads to a high contraction of the parti-
cle assembly. Since the film is free to contract vertically
in response to stress, the shrinkage at the free surface is
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frustrated by the adhesion to the substrate. The large
tensile stresses result in cracks formation [12]. The cracks
invade the plane of the film through successive generations
so dividing the plane of the film into adjacent fragments
(fig. 1b).

In the case of nanospring films, the crack formation is
induced by a wetting and drying process as sketched in
fig. 2b. Starting from a homogeneous surface, the wet-
ting process consists in depositing a drop of a low-surface-
tension and volatile liquid of typically 3µl at the surface
of the film (see Supplementary Material ‘S2’). The drop
spreads and rapidly soaks into the porous film when the
local pressure at the surface of the film is overcome by
the capillary pressure. This process is well adapted to
nanospring films that exhibit high permeability, k [5]. The
characteristic time for the imbibition process is deduced

from the Darcy law as: timb ∼ µsz
2

k∆Pcap
, where µs is the

viscosity of the liquid, z is height over which soaking oc-

curs (close to the film thickness), ∆Pcap = 2γlv cos(θ)
R is the

pressure difference at the evaporation surface induced by
the surface tension of the solvent with air, γlv (θ is the
contact angle of the liquid and the solid film, and R is
the radius of curvature of the menisci at the liquid-vapour
interface). The drying process naturally starts during the
imbibition process and continues after the liquid is entirely
imbibed into the layer. The drying timescale is given by
tD = h

VE
, where VE is the evaporation rate of the sol-

vent in the air. Note that the crack pattern are induced
by wetting and drying process of ethanol; the same re-
sults are obtained with drops of surfactant-containing wa-
ter since a drop of pure water keeps a spheroidal shape
due to the air pockets trapped underneath. Under ambi-
ent conditions, VE ≈ 5.10−7m.s−1 and tD ∼ 40s (10 times
higher in the case of water). In any case tD ≫ timb. The
capillary force acting on the nanosprings leads to their
collapse (fig.2c). Hence, the nanosprings deflection, δ, is

determined by [13]: δ =
∆Pcaph

4.d
8EI , where d and h are the

diameter and the heigth h of the nanospring, respectively,
E is the nanospring Young modulus, and I = πd4/64 is
the cross-sectional second moment of a single nanospring
assimilated to a wire of diameter d and heigth h, the film
thickness. The deflection of the nanosprings results in
the aperture of the film that scales as w ∼ 2δ (fig.2c).
Considering a film of nanosprings of averaged diameter
d = 10nm, of length h = 26µm, and elastic modulus
E = 0.30±0.04TPa, the capillary pressure associated with
R ∼ w is estimated at 3kPa. The resulting deflection is
25 ± 3µm that is consistent with the crack opening that
are measured in the experiments. The crack widening oc-
curs during propagation. At the end of the drying pro-
cess, the stress release results in the partial crack closure.
Indeed, 80% of the crack opening is relieved in the case
of nanospring films in comparison with 20% in nanosilica
films [5]. This emphasises the high degree of elasticity of
nanospring films.

The crack growth induced by the drying and wetting

process of nanospring films shows tortuous paths. The re-
sulting network contains some junctions and a large num-
ber of dead-end cracks as shown in fig. 1a. The mor-
phology is qualitatively different from that of brittle films
(fig. 1b). In addition, analysis based on Graph theory can
be used to compare these morphologies quantitatively us-
ing relevant indicators [14,15]. One possible way of quan-
titaively distinguishing between these morphologies is to
consider the distribution of crack lengths.

In the sequential formation, the longest cracks, e.g. the
1st rank, are only a few: since they are the first to spread,
they do not connect to any existing cracks (fig. 1b). The
cracks of rank 2 connect to the first one (or emerge from
the first one): they are more numerous. And so on... This
results in the distribution of crack lengths measured be-
tween two terminations as shown in the plot fig. 1d. Hence,
the cracks tend to form a self-similar structure as under-
lined by the power law in accordance with reference [16].

In the case of patterns exhibiting a low degree of hierar-
chy as shown in fig. 1a, the determination of crack lengths
associated with their rank is more uncertain leading to
more inaccuracies in length measurements (fig. 1c). How-
ever, the distribution of crack lengths is clearly different
from the hierarchical case: the size distribution is spread
over a finite range with a density that barely depends on
the average length of the cracks. In the following, we focus
on the potential evolution of the crack networks reported
in fig. 1a&b during repeated stresses of the films.

Evolution of the crack patterns with repeated
wetting and drying cycles. – The evolution of a crack
pattern is investigated through successive wetting and dry-
ing processes of the film initially dry at equilibrium with
the surrounding conditions. The study is mainly carried
out on the nanospring films, then compared with the case
of more classical brittle films.

Progressive crack extension in nanospring films.

In the case of nanospring films, a typical sequence of
images show that the crack network evolves with each
wetting and drying cycle (fig. 3a). At the final stage
of a wetting and drying process, the crack network does
not evolve anymore providing that there is insufficient en-
ergy to grow the crack path locally. The crack growth is
affected by the existing crack network. The nucleation of
new cracks takes place at a sufficient distance from existing
cracks; however, the endpoints of the open crack network
are more frequently the preferential location to extend the
crack path. A simple network analysis which is based on
the total length of the cracks for a given surface area shows
that the overall crack length progressively increases dur-
ing each cycle (fig. 3b,c). This is highlighted by the ver-
tical dashed lines for various film thicknesses in fig. 3b.
Moreover, between two consecutive cycles, the length of
the network ceases to propagate which is highlighted by
the horizontal dashed lines in fig. 3b,c. Thus, the crack
network progressively extends with increasing cycles, fol-
lowing a staircase-like line. This behaviour is strongly dif-
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Fig. 3: Evolution of crack networks during successive wet-
ting/drying cycles of nanospring films. (a) Starting from a ho-
mogeneous surface (grayscale image), the sequence of images
exhibits the crack evolution with subsequent wetting/drying
cycles (N refers to the cycle number). Variations of both the
total length of cracks for three films thicknesses (b), and the
number of dead-end cracks, Ndead−ends, and crack-junctions,
Njunction, (c) during successive wetting/drying cycles. Mea-
surements are performed on a given surface area three times
larger than the images in (a).

ferent from that of a more classical material, where cracks
rapidly invade the plane of the film (fig. 4-N = 0). Note
that further wetting and the drying of brittle films leads
to partial delamination induced by differential shrinkage
causing the solid fragments to peel [21]. However, this pro-
cess is not suitable in the case of nanospring films, due to
the synthesis of nanowires themselves. Hence, the delami-
nation process was prevented in brittle films by increasing
the adhesion energy of the film on the substrate. Then, the
wetting and drying process drives the formation of a pat-
tern of new cracks that do not extend through the whole
film thickness as sketched in the side view in fig. 4-N = 1.
The depth of these new cracks can be estimated through
differential focusing under optical microscopy.

One of the main differences in the evolution of the crack
networks is related to the film’s ability to propagate a
crack. In nanospring films, the crack widens during its
propagation with a timescale tD. Contrastingly, classical
films suddenly fail; in drying films the propagate timescale
is very short compared with the drying timescale. This is
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Fig. 4: Image N=0 exhibits a crack pattern induced by dry-
ing of a nanosilica film (HS); The mean crack spacing is λ1

(dried film thickness: h1 = 25µm). Following a wetting and
drying process, the crack network evolves as shown in image
N=1: the existing cracks exhibit a larger aperture while new
cracks spaced λ2 apart do not extend through the whole thick-
ness of the coating (sketch in side view). Plot: correlation
between crack spacing, index λi, and thickness, hi, obtained
for 3 nanosilica films of thickness 15, 25 and 30µm.

mainly due to film stiffness. Usually, the highest crack ve-
locities are at least an order of magnitude smaller than the
elastic shear wave velocity for an incompressible material,√
E/ρ, where E is the elastic modulus of the film and ρ

its density. In particular, considering equation 1, the ratio
of the highest propagation speed in nanosilica films is 30
times higher than that in nanospring films.

Stabilization of the crack network over successive
stresses.

The change in the network topology over wetting and
drying cycles is described by the evolution of the number
of junctions and dead-end cracks as reported in fig. 3c.
Surprisingly the crack network presents still a low connec-
tivity since it contains scarcely any junctions cracks. This
applies to different thicknesses (see Supplementary Mate-
rials S3). The number of dead-ends significantly increases
with repeated cycles despite the progressive coalescence
of some cracks. This is mainly due to crack growth that
emanates from kink points of the existing network. After
around ten wetting and drying cycles, the crack network
reaches stabilization when the cracks stop growing. Con-
sequently, the more cycles the film undergoes, the more
equilibrated the cracking degree will be. A physical mech-
anism responsible for this stabilization follows.

(i) In the first case, a crack connects to another crack,
so eventually forms a junction. Indeed, when a crack is
formed, the component of the stress normal to the crack
path is released on a lengthscale that is proportional to
the film thickness [18]. Then, when a future crack ap-
proaches the former one, its path is changed due to the
stress release of the first one. The new crack connects to
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Fig. 5: (a) Hierarchical formation of cracks. Stress compo-
nents, σ∥, σ⊥ are parallel and perpendicular to the surfaces
of crack 1, respectively. After the formation of crack 1, σ⊥ is
released in the vicinity of the crack surfaces, over a lengthscale
captured by the dashed curve in the plot. Then, when ap-
proaching crack 1, crack 2 path is guided by the modified stress
components. This results in a crack-junction. (b) Simultane-
ous formation of cracks. Crack tip arrest when approaching a
neighboring crack that still opens. This results in a dead-end
crack. The separating distance between the crack tip and the
neighboring crack reaches a minimum value, ℓmin. Statistics
on ℓmin follows a Normal distribution.

its neighbour perpendicularly. This process is encountered
in brittle films and less frequently in systems with a lower
degree of hierarchy.

(ii) In the second case, cracks form simultaneously. In
other words, cracks are formed much faster than they
grow. Let us consider a crack tip approaching the sur-
face of a neighbouring crack that still opens as illustrated
in fig. 5b. Since the stress release from the crack surface
is not triggered yet, the part of the film separating the
crack tip is in compression and does not allow the crack
connection. This results in a termination crack involving
a separation distance between a crack tip and the neigh-
bouring cracks. This local pattern does not evolve under
repeated stress in the condition of simultaneous opening
of cracks.

Open networks of cracks with dead-end cracks are ob-
served nanospring films and more generally when crack
propagation is energetically unfavourable: this is the case
for materials with low elastic energy because due to com-
pliance or in thin films where the elastic energy is weakly
stored. This is particularly the case for thin films of
nanosilica particles or nanoclay as described in Table 1.
Thus, the shortest separation distance, ℓmin, at which
the crack no longer propagates was measured for differ-
ent coatings, each of them exhibiting specific mechanical
properties: thin brittle nanosilica films resulting from the
drying of various nanoparticles suspensions (SM & HS),
softer film of nanoclay, and compliant nanosprings (graph
in fig. 6). These measurements were extended to the case
of directional crack growth induced by a thickness gradient
[19]. Usually a network of parallel cracks form, the crack
tips propagate following a drying front. In some particular
events a crack tip propagates with a small delay compared
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Fig. 6: Plot on semi-log scale showing the minimum separation
distance, ℓmin, between a crack tip and the nearest neighbour-
ing crack as a function of the film compliance, C = E−1: ℓmin

is normalized to the film thickness, h (black dots, left vertical
axis), and to the shield lenghtscale, LS (grey dots, right verti-
cal axis). Each dot corresponds to a statistic on about 10 dried
films. The components of the films are described in the Table
1. Uniform drying results in isotropic crack networks whereas
directional drying induced by a thickness gradient results in a
directional growth of cracks (framed images for HS and SM).
The dashed line is a guide for the eyes.

to the others: then the crack tip stops growing (image HS
in fig. 6). However, if the delay is significant, the crack
stops growing it connects perpendicularly to one of the
neighbouring crack (image SM in fig. 6).

Thus, the distance ℓmin appears to be affected by the
ability of the material to deform, which can be quantified
through the compliance C = E−1.
In addition, closely interacting cracks typically provide

a “shielding zone” which tends to reduce the stresses be-
tween adjacent cracks [20]. The resulting confinement can
be captured by the lengthscale, LS , that is pointed out by
a simple energy balance:

LS = W/Eϵ2 (2)

where W is the bonding energy of the material, E its elas-
tic modulus, and ϵ the strain induced by the drying pro-
cess. This last is estimated as: ϵ = wm/h, where wm is the
maximum crack opening. The bonding energy, W , is esti-
mated to be 1 mJ/m2 for the different films of nanoparti-
cles from reference [20] and 1.7 mJ/m2 for the nanosprings
[10]; the elastic modulus, E, is estimated through micro-
indentation performed on dried nanoparticle films [11] for
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Table 1: List of elementary components of dry films: their size,
the compliance resulting from the measurements of the elastic
modulus using indentation testing, and the characteristic of the
isotropic crack network that no longer evolves with repeated
wetting and drying cycles. ◦ corresponds to open network of
cracks while • corresponds to closed networks of cracks.

film Compliance thickness thickness
component ×10−9Pa−1 8± 3µm 20± 3µm
silica HS-12nm 0.4 ◦ •
silica SM-7nm 0.8 ◦ •
clay-220nm 1.8 ◦ ◦
VANS 5.103 ◦ ◦

wet nanosprings; the strain, ϵ, is estimated from the max-
imum value of the crack aperture over the film thickness.
Hence, using the experimental measurements reported in
fig. 6, the dimensionless quantity ℓmin/LS appears to be of
the same order of magnitude for stiff and compliant films
(fig. 6). This highlights the shielding effect resulting from
interacting cracks.

Conclusion. – We investigate the formation of dry-
ing cracks in nanostructured films consisting of vertically
aligned helical nanowires. Over repeated wetting and dry-
ing cycles a crack network forms and evolves intermit-
tently. The analysis shows that the cracks are progres-
sively confined through their mutual interaction leading
to either connecting to a neighbouring crack or ends at a
separation distance. The stabilization of the crack network
is determined by shield effect that points out a lengthscale
quantified in various coatings, from stiff to compliant, with
a range of elastic moduli over four orders of magnitude.
The crack patterns are compared to the hierarchical for-
mation of cracks in more classical materials.
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