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As the development of stretchable devices advances, engineering components with rigid films on

soft substrates are becoming more numerous. We propose to analyse the buckle delamination of a

film on a soft substrate, under a biaxial compressive stress state. This problem has already been

investigated by an Euler column buckling analysis. In this paper, experiments on soft substrates are

presented, which demonstrate that the buckle shape is, in some cases, better approximated by a

“Mexican hat” shape. A model using a non-linear plate bonded to an elastic medium by a cohesive

interaction is used to describe the delamination process. It is demonstrated that the “Mexican hat”

shape modifies the crack propagation behavior for a soft substrate. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979614]

Thin films and coatings are widely used in several scien-

tific fields, for instance, in mechanics or microelectronics.

High internal stresses are often observed, typically about a

few GPa, in compression when the films or coatings are pre-

pared through physical vapor deposition. The films are then

susceptible to delaminating and buckling, resulting in inter-

esting but complex structures at the free surfaces of the

materials.1–4 The buckling phenomenon has been extensively

studied in the past few decades since it generally leads to the

loss of functional properties provided by the film/substrate

systems. A mapping of stable morphologies has been previ-

ously established from finite element simulations.5 It

explains the appearance of the most common buckling struc-

tures, i.e., the straight-sided, the circular, and the telephone

cords. The buckling behavior has also been analytically char-

acterized in the framework of the F€oppl–von K�arm�an theory

of thin plates.6,7 In the simple case of a rigid substrate and of

a 1D straight-sided buckle, a critical stress for buckling to

occur has been determined and is associated with a sinusoi-

dal profile of the equilibrium shape.8 Moreover, the effect of

the elasticity of the substrate has been studied by finite ele-

ment simulations. It is shown that the critical stress for buck-

ling is significantly reduced when the soft character of the

substrate is increased, while the maximum deflection is

increased.9 In particular, it was demonstrated that the sinu-

soidal equilibrium shape is no longer valid. Instead, small

depressions are present, at the nanometer scale, on both sides

of the 1D buckle,9–11 which will be referred to as a

“Mexican hat” shape hereafter.

It is now well established that the mixed mode loading

on the crack front is of primary importance for the buckle

propagation mechanism. An increase in the mode II contri-

bution (shear traction) compared to the mode I (normal trac-

tion) generally increases the effective toughness of the

interface.8,12–16 The dependence of the elastic mismatch of

the film/substrate system on mode mixity has also been ana-

lytically highlighted. However, these analytical develop-

ments were performed assuming a sinusoidal shape for the

buckle equilibrium shape, even for soft substrates. In this

context, we present a study of the influence of the “Mexican

hat” shape on the buckling delamination of rigid films on

soft substrates. Atomic force microscopy investigations of

buckles are first presented. Finite element simulations are

then described and compared to the analytical solutions

available in the literature.

Ni and Au thin films were deposited by physical vapor

deposition on polycarbonate substrates (PC) and Si wafers,

respectively. The thickness ratio of these systems is

HPC=hNi ¼ 104 and HSi=hAu ¼ 1500, with H and h being the

substrate and film thicknesses, respectively (HPC¼ 2 mm,

HSi ¼ 600 lm, hNi¼ 200 nm, and hAu¼ 400 nm). The proper-

ties of each film/substrate system is characterized by its

Dundurs coefficient, aNi=PC¼ 0.97 and aAu=Si¼�0.17, respec-

tively. The coefficient is given by a ¼ Ef � Es

� �
= Ef þ Es

� �
,

with Ei ¼ Ei= 1� �2
i

� �
being the reduced modulus of the

film or of the substrate. The reduced modulus ranges from

�1 (hard substrate) to þ1 (soft substrate). The PC substrates

were then deformed under uni-axial compression at room

temperature and atmospheric conditions. As expected,9,17 1D

straight-sided buckles are generated with an orientation per-

pendicular to the compression axis, as observed in Fig. 1(a).

For the Au/Si systems, buckling was induced by putting the

coated materials in water for a few seconds, which alters the

adhesion properties. In Fig. 1(b), the profile of a characteristic

1D buckle for the two systems, measured by atomic force

microscopy images, is presented. First, it is shown that for

aAu=Si¼�0.17, the equilibrium profile stays close to the sinu-

soidal shape expected for a stiff substrate, i.e., for a¼�1. For

aNi=PC¼ 0.97, the sinusoidal shape is no longer valid. The

equilibrium profile is now characterized by small depressions

of only a few nanometers in depth at both sides of the buckle

(x/b¼61.5 in Fig. 1(b)). These investigations were per-

formed under external loading to induce a straight-sided
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buckle.5 It is however believed that there is no influence of

the type of loadings applied for the depressions to be present.

As previously reported,9 the depressions occur as the stiff film

wedges sink into the soft substrate close to the crack front, in

an area where the film is still bonded to the substrate. This so-

called “Mexican hat” profile is remarkably different from the

one predicted by the classical unilateral buckling solution (the

Euler column). Thus, it is likely that an analysis based on the

real shape of the buckle may lead to different predictions

regarding the crack propagation at the film/substrate interface,

at least for values of Dundur’s coefficient, a, close to 1.

To study the buckle delamination, we use a mechanical

model consisting of three regions depicted in Fig. 2. The

thin film is modeled as a geometrically non-linear plate.

The mid-plane surface is defined by the (O, x, y) plane, with

(u, v, w) the respective displacement components along the

(Ox, Oy, Oz) axes for any point of the mid-plane. The sub-

strate is represented by a bulk three-dimensional region.

Both materials of the film and the substrate are considered as

linear elastic isotropic. A thickness ratio of H/h¼ 100

between the film and the substrate is used. It should be

emphasized that the substrate may be plastically deformed

during the buckling process, especially near the “Mexican

hat”. This may lead to marks or imprints at the interface.18

To incorporate such plastic events, it would be necessary to

implement a plastic law in the FEM code, which is beyond

the scope of this paper.

For the interface debonding process, a mixed-mode

cohesive zone (CZ) model is used. Cohesive zone models

have been widely used in fracture mechanics over the past

two decades.19–23 The constitutive behavior of the interface

consists of a traction-separation law. Due to the interaction

between the two separating faces, the interface traction
�T depends on the separation vector �d, which is the relative

displacement between opposite crack faces at a point ini-

tially joined on the interface. The separation and traction

vectors can be resolved into their normal components

dn; Tnð Þ, the opening or mode I contribution, and into

their tangential components resolved in the direction nor-

mal to the crack front, dt; Ttð Þ, the shearing or mode II

contribution.

Finally, to account for large values of the out-of-plane

displacement w(x, y), the calculation must be carried out

within the framework of large displacements using the Green-

Lagrange strain tensor. The loading consists of an eigenstrain

�0 > 0 applied uniformly to the plate (�xx ¼ �yy ¼ �0; �xy ¼ 0)

at time t¼ 0, resulting in an equi-biaxial compressive stress

state generated in the flat adherent parts of the film: rxx

¼ ryy ¼ �Ef �0= 1� �fð Þ ¼ �r0; rxy ¼ 0. A delaminated

zone of the film of width 2b0 (area with no adhesion) is ini-

tially introduced. The length b0 was chosen based on the mini-

mal length necessary to make the film buckle at the given

stress level, r0. Symmetric boundary conditions are assumed

at the domain limits along the x direction. The bottom of the

substrate is prevented from moving in the z direction. The

numerical integration of the model is carried out using the

finite elements software ABAQUS with an explicit quasi-

static procedure.

The standard cohesive element (COH) from the

ABAQUS library was used to model the cohesive zone

(located everywhere along the interface), with a linear/soft-

ening model for the traction separation behavior (see, e.g.,

Faou et al.24 for a complete description). One important fea-

ture of the cohesive model we are using is that the separation

energy/area, Gc wð Þ, has a dependence on mode mixity char-

acterized by a phenomenological relation given by8,25

Gc wð Þ ¼ GIc 1þ tan2 gwð Þ
� �

: (1)

In this expression, GIc is the mode I separation energy or

toughness. w is the mode mixity parameter measuring the

mode II to mode I loading at the interface, which will be fur-

ther discussed in the following. Finally, g is the parameter

controlling the mode mixity’s dependence on interface

toughness. The values of g close to zero imply a weak depen-

dence on the mode mixity, while the values close to unity

have a strong dependence. In our case, we take g¼ 0.9, as in

the Hutchinson and Suo model.8

FIG. 1. Sink-in effect at the buckle edges induced by the substrate compli-

ance. (a) AFM topography image of a straight sided buckle and (b) Euler

column profile (a ¼ �0:17) and its “Mexican hat” counterpart (a ¼ 0:97).

FIG. 2. Schematic FEM representation.
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At this point, it is worth emphasizing a fundamental

difference between the cohesive zone models and the model

of classical linear elastic fracture mechanics (LEFM). In

the cohesive law, the measure of the mode mixity w is

defined in terms of the combination of tractions at the inter-

face, as tan wð Þ ¼ Tt=Tn. This definition differs from that

employed in linear fracture mechanics because it is defined

point-wise on the interface in the vicinity of the crack front

(i.e., from element to element). In contrast, the conven-

tional definition of mode mixity w in LEFM is defined in

terms of the mode I and mode II stress contributions at

the crack front. More precisely, for an interface crack

between two dissimilar materials, the oscillatory singularity

of the stress field near the crack tip leads one to define the

mode mixity parameter as the ratio between shear rt and

normal rn traction components at the interface at a given

distance r from the crack tip along the interface correspond-

ing to a reference length l (see Rice26 and Hutchinson8):

tan wð Þ ¼ rt

rn

� �
r¼l

.

Most analyses of straight sided blister (SSB) delamina-

tions from elastic substrates are based on the work described

in Ref. 8, which gives a very elegant solution based on the

plate post-buckling equilibrium for the delaminated part of

the film (the Euler column) combined with a LEFM analysis

of the interfacial crack using the Griffith criterion27 to ascer-

tain propagation (for G wð Þ > Gc wð ÞÞ. The analytical Euler

expression for the film deflection is given by8

w yð Þ ¼
d
2

1þ cos
p
b

y

� �
; (2)

where d is the amplitude of the blister and b is the blister

half width. The mode mixity angle w at a reference distance

l¼ h from the crack front is given by8

tan wð Þ ¼ 4 cos xþ
ffiffiffi
3
p

d=hð Þsin x

�4 sin xþ
ffiffiffi
3
p

d=hð Þcos x
; (3)

where the x parameter depends on the elastic mismatch (i.e.,

on the Dundurs parameters, a and b) between the film and

the substrate. In our study, b ¼ a=4 is used, which corre-

sponds to the most common film/substrate system. Finally,

the energy release rate G is8,15

G ¼ G0 1� rc

r0

� �
1þ 3

rc

r0

� �
; (4)

with G0 ¼ h
1��f

Ef
r2

0, which is the elastic energy per unit sur-

face stored in the film and rc ¼ p2

12

Ef

1��2
f

h
b

� �2
is the critical

buckling stress of the Euler column. It is important to note

that G does not depend here on the elastic mismatch between

the film and the substrate, as it is based on the equilibrium

defined in Eq. (2). This latter expression is rigorously valid

only in the case of an elastic film on an infinitely rigid sub-

strate. As previously shown, in the case of a hard film on a

soft substrate, a “Mexican hat” shape has to be taken into

account. With our proposed model, we aim to investigate the

robustness of the analytical approach developed by

Hutchinson and Suo8 for cases of a approaching 1.

First, we show how the two descriptions are equivalent

in the case of an elastic film on an infinitely rigid substrate,

despite the fundamental differences in approach discussed

above. This is done by replacing the 3D substrate by an ana-

lytical rigid plane in the FEM model. The finite elements

results and the analytical solutions are compared in Fig. 3,

where the mode mixity parameter w is plotted versus the nor-

malized applied stress r0=rc. It is shown that the FEM

results at (bþ h) remarkably match the analytical behavior

expected by LEFM8 in the case of a hard substrate, for

3 < r0=rc < 6. This confirms the validity of our FE model-

ing. The main advance of the FEM simulation comes from

the fact that there is no longer a mathematical singularity at

the crack front so that w can now be accurately extracted at

b, i.e., at the exact position of the crack. A similar behavior

is observed, only shifted on lower values of jwj.
A parametric analysis was performed to obtain the evo-

lution of the normalized energy release rate G=G0 and the

mode mixity ratio w as a function of the normalized stress

r0=rc, for various a values (Figs. 4(a) and 4(b), respec-

tively). The values of w are extracted from our calculations

at the threshold of the fracture process zone (x¼ b).

It is observed in Fig. 4(a) that the numerical energy

release rate stays roughly constant for low a values, in good

agreement with the expected analytical solution given by Eq.

(4). The implication is that the soft character of the substrate

does not significantly affect the value of G for a ranging

from �1 to approximately 0. Beyond this range, a significant

increase in G is observed as already mentioned by Cotterell

et al.28 For example, an increase in G of approximately 68%

for a ¼ 0:82 has been reported.

The analytical solutions predict that jwj is quite similar,

whatever the values of a (Fig. 4(b)). Such a behavior is also

obtained from the numerical simulations for a ranging from

�1 to 0.3. The difference between analytical and numerical

solutions observed in Fig. 4(b) is ascribed to different data

extraction methods described previously in Fig. 3. However,

smaller values of jwj are observed for a > 0:3. These results

are a direct assessment of the way the “Mexican hat” shape

(accounted for in our calculations) influences the buckle prop-

agation by modifying the loading applied at the interface. It is

found that the “Mexican hat” shape decreases the mode II

FIG. 3. Mode mixity ratio w ¼ f r0=rcð Þ for a hard substrate (a ¼ �1).

Comparison between the analytical solution and FEM simulations.
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contribution (lower value of jwj), which leads to a lower

effective interface toughness Gc wð Þ. At the same time, the

energy release rate is much higher. Those two contributions

strongly increase the effective driving force for fracture. This

implies a more pronounced buckling structure, as the substrate

becomes softer, even if the adhesion energy remains the

same. For instance, for a given value of r0, the final values of

b are 2.2, 2.6, and 3.9 lm for values of a equal to �0.98, 0,

and 0.82, respectively. This supports the idea of a strong

impact of a soft substrate on the buckle delamination and

propagation behavior, as long as the linear elastic deformation

hypothesis is valid for both the film and the substrate.

Finally, jwj vs. a for a given stress is presented in Fig. 5,

extracted from our FEM simulations. Two behaviors are

highlighted: a constant regime for jwj up to a¼ 0.3 and then

a continuous decrease. In Fig. 5, the numerical results

strongly differ from the analytical ones, for which a para-

bolic dependence is expected.8 Indeed, in the constant

regime, both tn and tt decrease in the same way. For a up to

0.3, an increase in tn and tt is observed for increasing a, but

the increase in tn is greater than that of the tt.
In conclusion, the “Mexican hat” morphology is charac-

teristic of the elastic contrast between a film and its substrate.

This specific shape of the delaminated region increases either

the energy release rate (which was known29) or the relative

proportion of mode I to mode II. These results advance the

understanding of the mechanical behavior of a hard film on a

soft substrate. Our findings provide updated insights into

how the flexible devices (see, for instance, Kim et al.30),

which are promising revolutionary developments, can be

damaged and how their life time can be modified.
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