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Thin films deposited on substrates are usually submitted to large residual compression stresses, causing
delamination and buckling of the film into various patterns. The present study is focused on the different
equilibria arising on strip-shaped delaminated areas. The three most common types of buckling patterns
observed on such strips are known as the straight-sided wrinkles, bubble pattern, and telephone cord blisters.
The stability of those equilibria as a function of the two stress components of the loading is investigated. The
Föppl–Von Karman model for elastic plates is used for theoretical aspects. The post-critical equilibrium paths
of the buckling patterns are investigated numerically by means of the finite-element method. The substrate is
assumed to be rigid and the contact to be frictionless. The equilibrium solutions can be classified into families
of homologous equilibria allowing the identification of dimensionless parameters for the study of stability. A
mapping of the different stable post-critical equilibria is given. It is shown that the straight-sided wrinkles and
the bubbles are associated with anisotropy of stresses and/or of elastic properties, whereas the telephone cords
are stable at high isotropic stresses. The morphological transitions are experimentally evidenced by in situ
atomic force microscopy observations of a nickel 50-nm-thick film under stress.
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I. INTRODUCTION

The buckling and delamination of stressed multilayers
have been widely investigated in the frame of solid mechan-
ics �1–7� and materials science �8�. Coatings are involved in
a wide range of technological applications, including micro-
electronic or corrosion barriers. Buckling phenomena are
also arising in other fields. In biology, for instance, plate
buckling is studied to understand the patterns associated with
some vegetable organism formation �9�. In the field of mate-
rial sciences and metallurgy, the metallic thin films deposited
on substrates by sputtering methods may lead to very high
compressive stresses that are susceptible to inducing delami-
nation and buckling resulting in various structures, such as
straight-sided blisters, telephone cord, or bubble patterns
�10–14�. Similar patterns can be observed in larger-scale
structures with mode jumping in thermally buckled plates
�15� or can be induced by post-irradiation �16�.

Such buckling patterns, as well as most of the examples
cited above, have been investigated in the frame of the Von
Karman theory of plates. It is now well known that the tele-
phone cords and bubble patterns are two buckling modes of
the straight-sided wrinkle and hence are known as secondary
buckling. Some quantities, such as optimal wavelengths and
critical values of the biaxial stress loading, associated with
those secondary buckling structures, have been already dis-
cussed, but only in the framework of linear stability analysis
of the straight-sided blister �12,17,18�. More recently, a post-
buckling analysis, associated with a frictionless contact prob-
lem between the film and the substrate, has given way to a
better understanding of the buckling transitions. The varia-
tion of the optimal wavelength of the bubble patterns during
biaxial stress-state evolution has been highlighted �19�, and a
snap-through phenomenon has been shown to occur under

specific conditions during the straight-sided wrinkle to
bubble transition �20�. The ratio between longitudinal and
transversal stress components appears as the critical param-
eter for the bifurcations.

The aim of this study is to obtain a stability diagram for
the thin-film post-buckling equilibria. In order to exhibit rel-
evant dimensionless characteristic parameters, equilibrium
solutions are gathered into homologous equilibrium families.
Any solution for a single family allows building all the other
equilibria of the family. Hence, a few numerical calculations
are needed to determine the stability diagram. The formation
of straight-sided blisters on metallic films and their evolution
toward bubbles and telephone cord blisters are experimen-
tally investigated with the help of an original device �21,22�.
The samples, composed of metallic thin films deposited on
polycarbonate substrates, are uniaxially compressed while
the film surface is observed in situ by atomic force micros-
copy �AFM�. The different stages of the transitions are ob-
served as the biaxial stress state is modified by the external
compression. The numerical results are finally compared to
these experimental data.

II. MODELING OF THE BUCKLING PROBLEM

The present study is focused on the buckling arising on
straight-sided delaminated strips. These structures cannot be
only analyzed within the framework of incipient buckling of
the straight-sided blisters, since the loading levels induce ad-
vanced post-critical buckling, far from the initial bifurcation
point �19�.

The delaminated areas are regarded as rectangular strips
of infinite length and width b resulting from the delamina-
tion. The strip width is oriented along the Oy direction and
the length is aligned with the Ox direction. It is assumed that
the width b remains constant during the buckling, with no
crack propagation at the film/substrate interface. The film is*Electronic address: christophe.coupeau@univ-poitiers.fr
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modeled as an elastic plate of thickness h, Yong’s modulus
E, and Poisson’s ratio �.

A frictionless contact model between the film and the sub-
strate is chosen. This is hence a unilateral buckling problem,
since the film cannot penetrate into in the half space occu-
pied by the substrate. Numerical computations show that the
contact areas may actually become relatively wide as the
equilibria go further in the post-critical regime.

Geometrically nonlinear plate models have to be consid-
ered in this problem in order to study the buckling modes,
but also in order to follow the post-critical equilibrium paths
and to deal with the transitions between the different pat-
terns. The Föppl–Von Karman model is used to discuss the-
oretical results. For the numerical calculations, the geometri-
cal nonlinear Green-Lagrange strain tensor is computed.

The elastic plate is clamped along the edges. The sub-
strate is assumed to impose displacements at the boundaries
of the delaminated area. Those displacements can be readily
related to the stresses measured in the adherent part of the
film. The film is clamped to the substrate along the two sides
of the strip.

III. FAMILIES OF HOMOLOGOUS EQUILIBRIA

The aim of this section is to show how knowledge of a
particular equilibrium in one of the above-depicted types al-
lows one to build an infinity of equilibria of the same type.
The whole set of those so-build equilibria is here called the
set of homologous equilibria, for reasons that will be devel-
oped further. This family building strategy is convenient for
finding the relevant parameters for the study of stability.

Let us denote by �u ,v ,w� the components of the film
displacement along the axis �Ox ,Oy ,Oz�, respectively. The
components u and v are in-plane displacements, while w is
the out-of-plane displacement. The different plates consid-
ered are made of the same homogeneous elastic material of
Young’s modulus E and Poison’s ratio �. Their thickness h
and width b may be different. No particular assumption has
to be taken for the shape of the delaminated zone �i.e., of the
plate� in the following discussion of the current section.

Let us consider a particular reference configuration E0 for
a film relying on the rigid substrate. Let us denote by
�u0 ,v0 ,w0� the three displacement components, h0 the film
thickness, and N0 the in-plane stress integrated in the plate
thickness. Finally, let ��0 be a constant. A new field
�u ,v ,w� can be defined from the displacement field
�u0 ,v0 ,w0� by

u�X,Y� =
1

�
� h

h0�2

u0�X

�
,
Y

�
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with X=�x and Y =�y.

The constant � is a similarity ratio in the �Ox ,Oy� plane.
The new plate in the �Ox ,Oy� plane is similar to the refer-
ence plate. Nevertheless, the two displacement fields are not
similar, since the factor that multiplies the in-plane compo-
nents u and v is not the same as the factor for w. The
�u ,v ,w� field will be shown further to be a solution of the
Von Karman equations, hence to describe an equilibrium E of
the same kind as the original one.

The Von Karman strain tensor e for the new displacement
field can be formulated as a function of the strain tensor e0 in
the reference state
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The new stress tensor N can be formulated as a function
of the reference-state stress tensor N0:

NXX =
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The e and N tensors are proportional to e0 and N0, respec-
tively. Let �2 be the bilaplacian and �� the bigradient, both
with respect to X and Y. It is straightforward to verify that
the Von Karman equations are satisfied for �u ,v ,w�

Eh3

12�1 − �2�
�2w − N:��w = 0. �4�

By mean of this transformation, a whole family of equi-
libria can be found by varying the two parameters h /h0 and
� without any further calculation. For a given film of thick-
ness h, the stress is given by

N = � 1

�
�2� h

h0�3

N0. �5�

The new displacement field can be calculated from �1�.
In the following developments, the equilibrium states ap-

pearing on strips �i.e., the straight-sided wrinkles, the bubble,
and the telephone cord patterns� will be dealt with. In this
case, a rectangular strip of width b0 is transformed into a
rectangular strip of width b and the in-plane similarity factor
is �= b

b0
. Relation �5� can be then written in the form

Nb2 /h3=N0�b0�2 / �h0�3. The quantity Nb2 /h3 is invariant
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within a family. Within a family of homologous equilibria
the out-of-plane displacement and the tension in the middle
plane are related by

w�X,Y�/h = w0�b0

b
X,

b0

b
Y�	 h0,

� = � h

h0
�2�b0

b
�2

�0. �6�

In the case of the bubbles and telephone cord equilibria,
the post-critical regimes can not be analytically obtained and
numerical computations are required. However, the above
result allows one to reduce significantly the required number
of computations. For instance, let us consider a strip of width
b and thickness h, submitted to the biaxial loading �. In
order to know the various equilibrium states, one only needs
to know the equilibrium states on a strip of width b0 and
thickness h0 submitted to a biaxial stress:

�0 = �h0

h
�2� b

b0
�2

� . �7�

This means that the numerical calculations only need to be
carried out on one film of width b0 and thickness h0.

IV. STABILITY DIAGRAM FOR THE BUCKLING
PATTERNS

The loading on the elastic strip is deduced from the biax-
ial stress state in the adherent part of the film. This biaxial
stress state can be conveniently decomposed in two compo-
nents �l and �t. These quantities �l and �t are the compres-
sion applied to the elastic strip, respectively longitudinally
��Ox� direction� and transversally ��Oy� direction� with re-
spect to the strip.

Previous studies have highlighted the influence of the ra-
tio �l /�t on the stability of the various patterns. A first sta-
bility diagram in the ��t ,�l� plane is given in �18�. It is based
on the perturbation of the straight-sided wrinkle solution,
analytically known by introducing some shape functions imi-
tating the secondary buckling equilibria. Though this method
gives interesting results, the unilateral nature of the problem,
especially the formation of contact areas between the film
and the substrate, is not taken into account. These contact
areas, however, become quite large in the post-critical regime
for equilibria far from the straight-sided wrinkle equilibrium
in terms of loading.

In the adherent plane part of the film, the stress compo-
nents are uniform in thickness, resulting in the equalities �t
=Nt /h and �l=Nl /h. Inside a given family of homologous
equilibria, the loading can be defined by the invariant couple
��tb

2 /h2 ,�lb
2 /h2�. The stability diagram, which is a kind of

phase diagram of all the known equilibria potentially devel-
oping on a strip, is given in the two-dimensional space
��t ,�l�, with

�t =
�t

Ē
�b

h
�2

, �l =
�l

Ē
�b

h
�2

, �8�

where Ē= E
1−�2 .

As explained previously, the whole ��t ,�l� space is inves-
tigated from calculations carried out on a strip of given geo-
metrical characteristics by varying the parameters ��t ,�l�
through the loading ��t ,�l�. Each point of the diagram is
associated with a family of homologous equilibria. The
whole diagram represents all the equilibria in all the families
independently of the geometry.

Numerical calculations have been carried out using the
ABAQUS finite-element �FEM� software �23� in order to de-
termine the post-buckling regime. It is noted that the bubbles
and telephone cord patterns are assumed to be constituted of
unit cells repeated periodically along the strip. Let us denote
by a this unit-cell length. The finite-element model can then
be reduced to a rectangular plate of length a, width b, and
thickness h �Fig. 1�. The plate is meshed with quadrilateral
shell elements. The influence of the spatial periodicity can be
investigated by varying a. Two kinds of boundary conditions
are applied along the edges of the plate and are depicted in
Fig. 1: along the delamination front ��Ox� direction�, the
plate is clamped to the substrate �w=0, �w

�y =0�; for the edges
lying along the width of the strip ��Oy� direction�, boundary
conditions taking into account the periodicity are prescribed
�Fig. 1�.

The substrate is taken into account by the introduction of
a rigid plane preventing the film from going into the �z
�0� half-space. The geometrical nonlinear Green-Lagrange
strain tensor is computed during the resolution in order to
account for large displacements. The loading consists in dis-
placements Ux and Uy prescribed along the edges of the plate

FIG. 1. �Color online� Film strip section of width b and length a.
The FEM mesh is constituted of quadrilateral shell elements.
The film is clamped to the substrate along the delaminated edge
�y=−b /2 ,y= +b /2� and symmetry conditions are applied to the
transversal edges �x=0,x=a�.
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and computed from the biaxial stress components �t and �l
in the adherent part of the film.

The aim of the mapping is the determination of the most
stable equilibrium pattern for each value of ��t ,�l�. A nu-
merical exploration has to be carried out in ��t ,�l� space in
order to identify the boundaries of four areas, each one cor-
responding to a given kind of buckling pattern. These areas
will be referenced as stability areas. Each loading can be
represented by a line drawn from the origin point �0, 0� to a
destination point ��t

f ,�l
f�. The destination ��t

f ,�l
f� must be

chosen such that the loading path crosses one of the different
stability area boundaries. The loading path leading from �0,
0� to ��t

f ,�l
f� can be decomposed into several segments arbi-

trarily chosen. For instance, it is sometimes convenient that
the loading first reach an intermediate point �0,�l

f� or ��t
f ,0�

before reaching the final destination.
For a given loading, let m be the number of potential

equilibria, 1	m	4. For each given equilibrium—i.e., for a
given k� 
1, . . . ,m�, a strain energy Ek��t ,�l ,a� can be com-
puted. The quantity which is relevant for comparison be-
tween equilibria is the strain energy per unit length ek�a�
=Ek /a. In the case of a straight-sided blister, which is geo-
metrically invariant with respect to translation in the Ox di-
rection, a can be arbitrarily chosen. For a given kind of pe-
riodic structure �bubbles or telephone cords�, the spatial
period lk��t ,�l� corresponding to the most stable structure is
selected as the value of a minimizing the energy density ek.
The corresponding value of ek is denoted e*k. The equilib-
rium k for which e*k is minimum is then selected. The load-
ing is increased linearly and proportionally to a dimension-
less parameter 
. The parameter 
 will be used to follow the
loading progression. It is thus possible to follow the evolu-
tion of e*i�
�, i� 
1, . . . ,m�, as the loading is progressively
applied. A boundary is crossed when, for i� j, e*i�
�
=e*j�
�.

This method for the determination of the stability area
boundaries is illustrated in Fig. 2 with two examples of load-
ings �L1 and L2�. The variations of e*k�
� are followed in
order to identify the values of 
 for which one of the bound-
aries is getting crossed �Fig. 2�a��. At the first stages of the
L1 loading �
	
c1�, the plane state is the only equilibrium
solution. Over a critical value 
c1 of 
, a bifurcation occurs,
leading to a bubble equilibrium. The point (�t�
c1� ,�l�
c1�)
thus marks the limit between the bubbles and the plane sta-
bility areas �Fig. 2�b��. A telephone cord equilibrium can
arise for 
 slightly over 
c1. The telephone cord structure is
nevertheless less stable than the bubble structure
�e*bubble�
��e*cord�
�� until 
 reaches the value 
c2. Over this
value, the telephone cord equilibrium remains the most
stable pattern. This procedure is carried out for several
loadings.

The buckling shapes obtained by FEM calculations are
reported in Fig. 2�c�. Note that the amplitude is multiplied by
a factor of about 10 in order to clearly identify the various
buckling structures. The initial plane state is identified by
�P�. For the L1 path, the incipient buckling of the plan film
into the bubble mode �B� occurs just upon 
c1. For increasing
values of 
, the bubble is getting going into its postcritical-
regime �B�. The telephone cord buckle �T� is stable for 


higher than 
c2. The L2 path is characterized by a first tran-
sition to straight-sided wrinkle �S� and a second one to the
telephone cord structure �T�.

The stability diagram established by this method is repre-
sented Fig. 3. Four different areas are visible in the diagram,
each of them associated with a given equilibrium pattern. For
the small values of both loading parameters �t and �l, the
plane state is the only equilibrium solution. The correspond-

FIG. 2. �Color online� Method for determining the stability ar-
eas of the buckling structure. �a� Energy for the different equilibria
�plane, telephone cords, and bubbles� along the loading path L1. For
each loading state, the equilibrium of minimum energy is selected
as the stable one. Area boundaries are identified by curve crossings,
at 
c1 and 
c2, for instance. �b� Calculations carried out in the
��t ,�l� space for the two different loading paths L1 and L2. The
critical loading parameters 
c1 and 
c2 evidenced in �a� for the path
L1 have been reported. They characterize the stability domains
boundaries. �c� FEM buckling shape associated with the two load-
ing paths L1 and L2. �P�, �B�, �T�, and �S� correspond to the plane
state, the bubbles, the telephone cord, and the straight-sided
wrinkle, respectively.
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ing area is centred on the origin �0, 0�. Beyond this area the
bubble and straight-sided patterns seem to be on both sides
of a bisector. As expected for given strip width and film
thickness, an excess in the lateral compression ��t� promotes
the formation of straight-sided blisters, whereas an excess in
the longitudinal compression ��l� is favorable for the bubble
pattern. The telephone cord pattern is stable for higher stress
levels. The experimental observations of bubbles and
straight-sided wrinkles are consequently evidence of a strong
anisotropy of stress ��l /�t ratio� or of the elastic properties
�E ,�� in the considered thin films. Moreover, it is interesting
to note that the state of high equibiaxial stresses is located in
the telephone cord area. This may explain why this structure
spontaneously develops in most of the highly stressed thin
films and coatings elaborated by sputtering methods.

The diagram is consistent with the well-known results of
the straight-sided wrinkle formation. The analytical value of
the critical stress for which a plane plate of infinite length
and width b submitted to a lateral compressive loading �t
buckles into a straight-sided wrinkle is

�t = 4
�2D

hb2 , �9�

where D= Eh3

12�1−�2� is the plate flexion modulus.

The longitudinal stress component �l has no influence on
this transition, since the straight-sided solution is invariant
along the longitudinal direction. The corresponding critical
value for �t is �t

c= �2

3 �1�, in good agreement with the bound-
ary between the plane and straight-sided domains in Fig. 3.
The upper end point of this segment is located on the bound-

ary of the bubble area. This is a “triple point” where all the
three equilibria—plane state, bubbles, and straight-sided
wrinkles—coexist. The stability diagram exhibits also an-
other triple point at the boundary of the bubbles, the straight-
sided wrinkles, and the telephone cord blisters, located at
��t ,�l�= �21,21�.

V. EXPERIMENTAL RESULTS

The mechanical behavior of thin films has been investi-
gated using an experimental apparatus allowing in situ AFM
observations of sample surfaces during deformation �21�.
The details of the experimental protocol can be found in
�19�. Nickel 50-nm-thick films have been deposited on poly-
carbonate substrates at room temperature using an ion beam
sputtering. The as-deposited thin films present initial residual
compressive and equibiaxial stresses �0, estimated by curva-
ture and sin2 � x-ray diffraction �XRD� methods. In order to
induce delamination and buckling of the initially well-
adherent film, the substrate is first compressed along the
�Oy� axis. During the uniaxial compression, external stresses
���xx ,��yy� are generated in the film:

��xx =
Ef

Es

� f − �s

1 − � f
2 �ext,

��yy =
Ef

Es

1 − �s� f

1 − � f
2 �ext,

where Ei and �i are Young’s modulus and Poisson’s ratio of
the material �i�, respectively, and �ext is the external stress
applied to the polycarbonate substrate during the experiment.
The total stress � in the film is therefore the sum of the
internal stress �0 and of the stress ��= ���xx ,��yy� gener-
ated during the experiment. Since � f ��s�1, the increase of
external stresses induces an increase of total stress in the
�Oy� direction and a decrease in the �Ox� direction of the
film. As expected, buckling structures are induced at the
sample surface with the increase of external stresses. At the
maximum transversal stresses, the structures are mainly com-
posed of straight-sided wrinkles lying perpendicular to the
compression axis, as observed in Fig. 4 �white areas�. With
the release of the external stresses, the buckling structures
evolve from straight-sided �a� to either a periodic distribution
of bubbles or telephone cords �b�. It is here worth noting that
many increasing and decreasing stress cycles have been car-
ried out and lead to the same buckling structures. The mor-
phological transitions experimentally observed are thus re-
producible and reversible phenomena.

In �24�, the selection between bubbles and telephone cord
blisters was explained by a critical value of Poissons’s coef-
ficient. It is consistent with the stability diagram, since a
decrease of the Poisson coefficient is directly related to an
increase of the ��t ,�l� parameters. Nevertheless, this cannot
explain the coexistence of the two patterns within the same
sample. Moreover, the initially straight-sided wrinkles are
not exactly parallel, they differ from one another by a few
degrees only. A sin2 � XRD analysis has been carried
out on the nickel film. The results confirm that the morpho-

FIG. 3. �Color online� FEM stability diagram of the buckling
structures. The two nondimensional parameters used for the map-
ping are �t=�t

1−�2

E
� b

h
�2 and �l=�l

1−�2

E
� b

h
�2, where �t and �l are the

transversal and longitudinal stresses, respectively, E and � are the
film Young’s modulus and Poisson’s coefficient, respectively, h is
the film thickness, and b is the strip width. Four stability domains
are evidenced: the plane state, the bubbles, the straight-sided
wrinkle, and the telephone cord structure. Experimental loadings
labelled �a� and �b� presented in Fig. 4 have been reported in the
diagram, for both 4 and 6 
m strip widths experimentally studied.
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logical transitions are not ascribed to stress anisotropy in the
specimen.

It is here worth noting that any comparison between the
FEM diagram and the experimental results has to be carried
out in the following frame: in the FEM analysis, the substrate
is assumed to be rigid and the stability diagram is built based
on this assumption. The diagram is expected to give good
results for a wide range of film and substrate systems, as long
as the substrate is not too soft compared to the film. Other-
wise, its elasticity cannot be neglected and especially the
boundary conditions along the delaminated edges are modi-
fied; the edges cannot be considered as clamped, since some
rotations and displacements coupled to the substrate elastic-
ity are occurring. The effects of the substrate elasticity on
thin films buckling have been already studied �25–27�, but
only for straight-sided wrinkles. Although the diagram
should remain qualitatively the same, the substrate effect re-
sults in a shift of the stability domain boundaries. The ex-
periments were carried out with nickel films on soft polycar-
bonate substrates. The substrate softness was required to
induce significant stress anisotropy in the thin films, associ-
ated with high stress levels, of a few GPa. It allows one to
observe the transitions between equilibria and to follow the

post critical regime. In spite of the soft substrate, some in-
teresting generic trends can be identified from the AFM ex-
periment; careful interpretations of the experimental results
can be made in the frame of the stability diagram. One of
these is the influence of the strip width on the nature of the
buckling equilibrium.

The telephone cord patterns seem to develop on the larg-
est delaminated strips of the sample �about 6 
m wide�,
whereas the bubbles are appearing on smaller ones �4 
m
wide�. The experimental loading sequence has been reported
on the stability diagram �see Fig. 3� for 4- and 6-
m-wide
strips. In both cases, the maximum compression is exerted by
the external device at point �a�. In this state, �t is large
enough compared to �l, so that the representative point is
located in the straight-sided stability area. As the external
compression is progressively released, the loading goes from
points �a� to point �b�. All final states �b� belong to the bi-
sector of the diagram, since they correspond to the internal
isotropic stresses in the film. At the loading end point �b�, the
4- and 6-
m-wide strips are in the bubble and telephone
cord stability areas, respectively. These predictions from the
stability diagram are hence in good agreement with the ex-
perimental observations.

For the 4-
m-wide strip, the loading path from points �a�
to �b� crosses the boundary separating the straight-sided blis-
ters and the bubbles stability areas. State �b� is not located
very deeply in the bubble area. Nevertheless, the numerical
pattern shape obtained for this loading is characteristic of
distinct and well-formed bubbles. This is because the
straight-sided wrinkle to bubbles transition is subcritical
�20�. A snap-through occurs during this transition, and the
straight-sided wrinkle suddenly collapses into bubbles for a
small variation of the loading. The snap-through is also ex-
perimentally observed, and the bubble shape observed by
AFM in loading state �b� is similar to the computed one. The
situation is different for the 6-
m-wide strip, on which the
telephone cords appear. The initial state is quite close to the
boundary separating the straight-sided blister and the tele-
phone cord areas. This remark is consistent with the AFM
observations revealing slight undulations of the wrinkles for
this loading. This indicates a telephone cord blister in the
incipient buckling regime. As the loading progresses from
point �a� to point �b�, the part of the longitudinal compres-
sion increases; a more pronounced shape of the telephone
cord buckle appears, which is characteristic of the post-
critical regime with contact areas between the film and the
substrate. The transition from the straight-sided to the tele-
phone cord pattern appears to be supercritical from both ex-
perimental and numerical points of view.

The FEM stability diagram has been realized within the
hypothesis of thin films on rigid substrate. The morphologi-
cal transitions of buckling structures encountered during the
experiments are well explained in this frame, even if the
polycarbonate substrates are soft compared to the nickel thin
films.

VI. CONCLUSION

In this paper, the different buckling equilibria arising on
delaminated thin films have been gathered in families of ho-

FIG. 4. �Color online� Atomic force microscopy evolution of a
nickel 50-nm-thick film under stress. The initial state �a� is associ-
ated with higher transversal �Oy� and lower longitudinal �Ox�
stresses, compared to the final state �b�. The white areas correspond
to the buckling structures induced at the sample surface during the
compression experiment. Two morphological transitions are ob-
served from straight-sided to either periodic distributions of bubbles
�left side� or telephone cord buckling structures �right side�.

PARRY et al. PHYSICAL REVIEW E 74, 066601 �2006�

066601-6



mologous equilibria. Knowledge of a particular equilibrium
in one of those families allows one to obtain all the other
equilibria within the same family. A stability diagram for the
various buckling patterns developing on rectangular delami-
nated strips has been established. This diagram is indepen-
dent from the strip width and the film thickness. The mor-
phological transitions from straight-sided to bubbles and
telephone cords evidenced by the FEM simulation have been
observed by AFM on a nickel 50-nm-thick films. The shape
diagram shows that, for a strong equibiaxial loading, the tele-

phone cord pattern should be the most commonly observed.
The straight-sided and bubble patterns can be more probably
seen in films submitted to moderate stress levels associated
with a strong anisotropy of stresses and/or of elastic proper-
ties. It is consequently shown that the analysis of spontane-
ous buckling structures frequently observed just after thin
film and coating elaboration can be of great interest to deter-
mine their mechanical properties in the framework of the
stability diagram.
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