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Patterns caused by buckle-driven delamination
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PACS. 83.80.Hj – Suspensions, dispersions, pastes, slurries, colloids.

PACS. 91.60.Ba – Elasticity, fracture, and flow.

PACS. 68.35.Np – Adhesion.

Abstract. – During desiccation of coatings, stress release results in mechanical instabilities
that can occur in successive stages. Indeed cracks can divide a brittle coating into adjacent
polygonal cells in response to important stress. We focus here on a later stage during which
a delamination process is driven by buckling instability of the adjacent cells due to remanent
stress in the layer. In this way we consider a drying colloidal gel in the geometry of a layer
coating a substrate. This model system exhibits well-controlled physicochemical properties.
We show that, in the final stage of the process, simple observation of partial delaminated cells
allows for the determination of the adhesion energy of the system. Particularly, the influence
of both the drying rate and the solvent on the process is experimentally studied.

Many phenomena involve delamination: from the biological interest (sheets of cells splitting
in embryogenesis [1]), to the geological interest (lithospheric delamination [2]). Delamination
of a layer attached to a substrate also exhibits a wide applicability from desiccation of paints to
microelectronic materials, through recent studies on crack patterns recognition in paintings [3].
From a fundamental point of view, the buckle-driven delamination is related to both elastic
behaviour of shells and fracture mechanics. Complex pattern of blisters were studied in refs. [4–
6]. However, only few experimental systems allow for accurate measurements of the different
parameters occurring in the delamination process: geometrical and mechanical characteristics
of the system, out-of-plane deformations. In this letter we report buckle-driven delamination
induced by desiccation of a gelled layer, initially attached to a substrate. In a first stage,
homogeneous cracks divide the structure into adjacent cells [7]. Then, since the network is
more compressed on the drying face, residual stresses lead to out-of-plane deformations which
can lift the edges of the cell and generate concave surface [8]. The model system is well adapted
to mechanical measurements and allows us to follow optically the dynamics of the process. We
show here that studying partial delaminated patterns at the final stage of the delamination
process allows for a quantification of the adhesion energy of the layer on the substrate.

The model system consists in an aqueous suspension of rigid nanolatex particles (diameter
2a = 15nm) at high particle volume fraction (initially 30%). The suspension is stable in the
absence of solvent evaporation. A small amount of the solution is deposited inside a circular
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Fig. 1 – a Experimental setup (side view). b Digitized image showing cracks dividing a gelled layer
into polygonal cells. Inside a single cell, circular optical interference fringes display an air gap and
encircle an adhering region (bright area) (bar = 100µm). c Idealized sketch (side view) showing a
single cell partially delaminated; the radius r of the circular adhering area is related to the so-called
indentation, u, of a sphere of radius R by r ≈ √

2Ru for small u compared to R.

container (diameter = 10mm) whose bottom is a glass plate and the lateral walls are made of
Plexiglas (fig. 1a). The contact line of the solution is quenched at the upper edge of the circular
wall and remains there during the whole experiment. In this way we obtain a layer of approx-
imately constant thickness in the center of the container where evaporation is homogeneous,
and avoid the anisotropy due to large evaporation at the borders [9]. Under our experimental
conditions (absence of convection in the vapour) the transfer of water in air is limited by diffu-
sion and is controlled by the relative humidity, RH, in the surrounding air. During solvent loss,
particles accumulate and a gel forms [10]. As the gelled layer dries, it shrinks due to high cap-
illary pressure which can reach a maximum value given by 2γw,a

a , where γw,a is the water-air
surface tension. However, the shrinkage is constrained by the adhesion on the substrate. This
growing misfit results in increasing mechanical tensile stress. When the stress exceeds a thresh-
old value, it is released by the formation of cracks which invade the gel. Prior studies [7] have
shown that the crack spacing strongly depends on the layer thickness. For layers thick enough,
cracks interconnect with each other and divide the structure into polygonal adjacent cells of the
surface area denoted by Acell; this quantity will be the parameter of interest in the following,
because it can be accurately measured from observations (fig. 1b). Statistics on measurements
of Acell have been done as a function of the corresponding cell thickness, h. Reproducible mea-
surements of the layer thickness are performed by detection of a laser beam reflected by the top
of the gel surface and a surface of reference. We obtain a scaling law, Acell ≈ αh2, in agreement
with ref. [7] (α was measured for colloidal gels in different conditions of the desiccation process
(table I)). Besides, in order to characterize the elastic properties of the gel, the Young modulus
is measured by indentation testing as presented in table I [11](1). The competition between
the buckling process and adhesion of the gel on the substrate drives the delamination process.

Since each cell keeps drying from only one surface, a strong stress gradient exists in the layer
thickness [10]. As a result, stress reincreases with time and each polygonal cell is compressed
in the drying face. When the shrinkage stress reaches a critical value [4] each polygonal cell
buckles as its edges lift away from the substrate (fig. 1c). Since the drying gel is transparent,

(1)A spherical tip (diameter = 2mm) is loaded and results in a penetration depth into a sessile drop of
gel (diameter = 20mm). By recording loading-unloading cycles, the effective Young moduli of our gels were
measured just after cracking and before delamination forms. The values obtained are in agreement with
previous experiments [12].
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Table I – Experimental measurements of the cell surface area, Acell and the Young modulus, Y , in
different experimental conditions: desiccation process at RH = 46% (case 1), RH = 70% (case 2);
in the third case, the suspension is made of an ethanol-water binary mixture 1

2
: 1

2
(e, w) and dried

at RH = 46%. The main part of the inaccuracy on the adhesion energy by unit area, Γgel/sub, comes
from the inaccuracy on the Young modulus measurements.

1) RH = 46% 2) RH = 70% 3) Solvent e, w

α (×10−3), Acell ≈ αh2 1.8± 0.1 2.6± 0.2 1.2± 0.2
Y (×106Nm−2) 50± 10 35± 12 300± 35

Γgel/sub (×10−3Nm−1) 70± 23 62± 28 30± 25

focusing on the plane of the substrate allows for an accurate observation of the delaminating
front which separates a detached region from the adhering one (fig. 2a). In fig. 2a, we clearly
observe the evolution of the delaminating front with time and consequently we follow the
shrinkage of the adhering region. This is highlighted by the time variations of the dimensionless
adhering area and its perimeter in fig. 2b. Comparing the measurements of the adhering
region perimeter and a value of the perimeter if this region was circular, we show that the
adhering region becomes progressively circular. The process stops when the adhering region
does not shrink anymore. Then, the cell adheres to the substrate only by a single region of the
surface area denoted by Af

adh. Such regions are well observed in fig. 1b, where each adhering
region is encircled by optical interference fringes displaying a layer-substrate air gap. These
fringes allow for a precise measurement of the radius of curvature, R, of the buckled region.
Measurements of the curvature are shown as a function of the cell surface area in fig. 3. Three
different experimental conditions have been considered:
– case 1: desiccation process of the gelled layer at RH = 46± 1%;
– case 2: desiccation process of the gelled layer at RH = 70± 1%;
– case 3: desiccation process of the suspension having an ethanol-water binary mixture solvent
at RH = 46± 1%.
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Fig. 2 – Kinetics of the delamination process. a Superposition of images showing the propagation
of a delaminating front overprinted by a grey line (the time interval between 2 consecutive lines is
30 s). b Time variations of the adhering to cell area ratio, Aadh(r)/Acell and the perimeter, l, of the
adhering region. The dark line describes the evolution of the perimeter of the adhering region if it was
circular; comparing this line and crosses emphasizes a transition towards a circular adhering region
which takes place during the delamination process.
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Fig. 3 – Graph in semi-log scale showing the curvature, R−1, of cell surface vs. cell area, Acell. Graph
in log-log scale showing the ratio Af

adh/Acell as a function of the cell area, Acell, from complete adhe-
sion to complete de-adhesion case. In both graphs, each dot is a statistic and different experimental
conditions were studied (rapid drying rate (case 1), low drying rate (case 2) and rapid drying rate of
an ethanol-water binary mixture solvent (case 3)). Inaccuracy is only put on measurements performed
at RH = 46% (ethanol-water binary mixture solvent) not to overprint the graph. The scaling law
from expression (3) is shown by the dashed line. The digitized image was taken at the final stage of
the delamination process: the layer displays a thickness gradient since Acell varies in the range of the
axis limited by the arrows. Some adhering regions are overprinted.

As a rule, the larger is the cell size and consequently the thicker is the layer, the lower is
the curvature of the buckled region. Indeed, the thicker the layer is, the more rigid it is. Also,
fig. 3 shows that the curvature depends on the drying rate of the gel: for a given layer, at
low drying rate (RH = 70%) the curvature is lower than that measured at high drying rate
(RH = 46%).

The dimensionless adhering area, Af
adh/Acell, was measured as a function of the cell area,

Acell, at the final stage of the delamination process; results are shown in fig. 3 for the three
cases mentioned. Each dot is a mean value carried out on a layer displaying a constant thick-
ness ranging from 20µm to 1000µm. Regardless of the experimental conditions (case 1, 2 or
3), for low Acell values, i.e. thin layers, the buckling process is rapidly overcome by the adhe-
sion layer/substrate. As a consequence, the delamination process only takes place close to the
cell edges, that is the adhering region shrinks only slightly, and the perimeter of the adhering
region is not minimized during the competition between buckling and adhesion (an example
is shown in the left part of the image on top of fig. 3). For large Acell values, i.e. thick layers,
the adhering region shrinks more until the formation of a circular adhering region (see the
right part of the image on top of fig. 3). Plots in fig. 3 clearly show that the larger is Acell, the
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lower is the corresponding adhering area. When the layer thickness is large enough, complete
de-adhesion takes place. Moreover, experimental results in fig. 3 show a dependence of the di-
mensionless final adhering area, Af

adh, on the drying rate of the gelled layer. Indeed, for a given
polygonal cell, the final adhering area is larger at low drying rate than that at high drying
rate. This simply means that the buckle-driven delamination is less efficient at low drying rate.
Also, the role of the solvent was investigated. Thus, the gelation process of nanolatex parti-
cles suspension made of ethanol-water binary mixture solvent (desiccation at RH = 46%) was
studied (fig. 3). The final dimensionless adhering area is shown to be smaller than that with
water solvent. To understand these experimental results, the following model is presented.

The delamination process occurs when the stored elastic strain energy overcomes the ad-
hesion energy of the gel attached to the substrate. This process stops when the elastic strain
energy is just overcome by the energy of adhesion. Considering this scenario, let us estimate
the energetic contributions which take place. The elastic released energy of the buckled do-
main is mainly due to the fold limiting the adhering region from the detached one. The theory
of elastic plates due to Föppl [13, 14] can be applied under the condition of deformed plates
of thickness h, having small h/R ratio. Since the fold is axisymmetric in the final stage of the
process (except for certain conditions discussed in the following), the corresponding elastic
energy is analogous to that of a fold limiting the contact between a spherical shell and a rigid
plane [15]. Thus the elastic energy can be written:

Ufold =
2C

3[12(1− ν2)]3/4
Y

(
h

R

)5/2

r3, (1)

where C is a constant [16] leading to a prefactor close to 2 when the Poisson ratio, ν, is equal
to 0.3 as is the case for most colloidal gels [10], Y is the Young modulus of the delaminating
cell and r denotes the radius of the adhering region that is supposed to be axisymmetric in
expression (1). From expression (1) we notice that it is energetically favourable to minimize
the length of the fold in order to diminish the elastic energy of the system as is shown in
the experimental measurements in fig. 2b. However, this energy competes with the work of
adhesion, Uadh, which exhibits resistance to the detachment of the layer because the interfacial
crack leads to the formation of new surfaces of area, Acell − Aadh(r), according to Griffith
theory [17]:

Uadh = 2Γgel/sub(Acell − Aadh(r)), (2)

where Γgel/sub is the interfacial energy per unit area, i.e. the one needed to propagate a crack
between the gelled layer and the substrate. In the case of a quasistatic process it allows for
the determination of Γgel/sub from the measurements of the geometrical quantities Aadh and
R, both being function of the cell area and consequently of the layer thickness. At the final
stage of the delamination process, Af

adh = Aadh(rf ) = πr2
f . Equilibrium of forces defined as

Fadh = dUadh/du and Fbuckl = dUbuckl/du (see fig. 1c) yields

Af
adh(Acell) =

96π231/2(1− ν2)3/2

C2

(
Γgel/sub

Y

)2 (
R(Acell)
h(Acell)

)5

, (3)

taking into account Acell = αh2. Expression (3) gives a scaling law to fit the experimental
results in fig. 3, Af

adh/Acell as a function of Acell, under certain conditions: cell size not too
small (Acell > (20µm)2) otherwise the adhering region is usually not circular at the final stage
of the delamination process (expression (3) is not valid for Af

adh/Acell � 1); cell size not too
large (Acell < (200µm)2) since low h

R is required [13, 14] (typically h
R < 10−1). As shown

in fig. 3, the final dimensionless adhering area is strongly dependent on the experimental
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Fig. 4 – a Sketch of a package assembly of particles (in black) with pores filled of solvent (grey) close
to the gel/substrate interface. Vertical arrows illustrate normal capillary force due to air-in-liquid
capillary bridge. b The digitized image shows a circular crack formed inside the adhering region
15 minutes after the end of the delamination process (bar = 100µm).

conditions (case 1, 2 or 3). In this way by changing the drying rate of the gel, or the quality
of the suspension solvent, the mechanical properties of the drying gel are modified. As a
consequence, the Young modulus, thickness variations of the crack spacing (Acell ≈ αh2) and
also the curvature (R−1) of gelled cells have to be measured in each case. Measurements are
presented in table I for each experimental condition. Also, we observe that at low drying rate
the crack spacing is larger than at high drying rate [18]. In addition, the presence of ethanol
in the solvent makes the gel more rigid (Y higher) in agreement with theoretical predictions in
ref. [10]. Fitting our experimental results with expression (3) allows us to determine Γgel/sub.

For gels dried at RH = 46% (according to case 1), fitting measurements with expression (3)
leads to an energy of adhesion: Γgel/sub = 70±23mNm−1 (additional observations show that
no significant change is observed by changing the substrate surface —glass slide cleaned in
different ways or wafer substrate). For gels dried at lower drying rate, RH = 70%, (according
to case 2), no significant change is obtained in the energy of adhesion since Γgel/sub = 62 ±
28mNm−1. At last, for gels made of ethanol-water binary mixture solvent (according to case
3), best fit leads to Γgel/sub = 30± 25mNm−1. Interestingly, this last value can be compared
with the surface tension of the colloidal suspension before desiccation. Measurements using
the Wilhelmy plate method give 42± 8mNm−1 for the surface tension of the suspension with
ethanol-water solvent (case 3), instead of 65 ± 5mNm−1 for the suspension without ethanol
(cases 1 and 2). These results suggest the adhesion between the gel and the substrate be
related to a capillary process close to the gel/substrate interface. Indeed, the presence of
air in the drying gel is assumed to compensate solvent loss during the drying process. In
this way, an air-in-liquid capillary bridge can exist in the porous structure, in the vicinity of
the substrate, as illustrated in fig. 4a. Such capillary bridges can be responsible for strong
attractive interaction [19]. This can be emphasized by a simple observation: when the solvent
is completely removed from the gel, after a duration close to 24 hours, the layer does not
adhere anymore to the substrate, even if the curling deformation of the cells is still the same
than just after the delamination process.

Finally, let us focus on the residual stress remaining inside the adhering regions of the
layer. On the one hand, observation of polygonal cracks between cross-polarized light reveals
birefringence of the adhering regions. The birefringence effect is induced by residual stresses
due to strong adhesion between gel and substrate. On the other hand, a new generation of
cracks can form inside the adhering region, whereas no crack can nucleate in the detached part
of the gel: fig. 4b shows a circular crack inside the adhering region of a polygonal cell as the
evidence of important stress inside the adhering region. It has to be noticed that spiral-cracks



194 EUROPHYSICS LETTERS

formation inside a polygonal cell has been recently studied [8]. In this last case, spiral cracks
form during the delamination process of the polygonal cell. In the present study, this new
generation of crack patterns forms well after the end of the delamination process.

As a conclusion, the present study deals with the stage which follows the formation of cracks
delimiting polygonal cells in a gelled layer. The partial delamination process of cells is induced
by desiccation of the gel and is studied in different experimental conditions. Particularly, the
variation of adhering area to the cell area has been studied as a function of the cell thickness.
For thin layers, the delamination process is difficult and a detached region is localized close
to the crack edges. However, for thicker layers, the adhering region is preferentially circular
at the final stage of the delamination process. Our model system exhibits well-controlled
physicochemical properties. Indeed, mechanical properties can be modified and deformations
can be accurately measured in order to test the relevance of a theory based on the competition
between buckling process and interfacial crack propagation.
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