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Numerical Study of Indentation Delamination of Strongly Bonded Films by Use of
a Cohesive Zone Model

W. Li1 and T. Siegmund1

Abstract: Results of a computational study of the me-
chanics of indentation induced interface delamination are
described for a system consisting of a ductile film on an
elastic substrate. Special attention is paid to the prop-
erties of the interface between film and substrate, and
the influence of the interface properties on the indenta-
tion response. Specifically, strong interfaces are consid-
ered. The interface is characterized by the use of a co-
hesive zone model. The finite element method is used
to solve the boundary value problem, with the interface
behavior incorporated via a cohesive model in a traction-
separation formulation. The model does not include
any initial defects and the formation of the indentation-
induced delamination is accounted for in the model.
While for weak interfaces buckling of the film occurs,
for strong interfaces mode II delamination at the inter-
face dominates and can be connected to pop-in events.
The investigation describes a scheme such that indenta-
tion experiments can be used to determine the properties
of the film-substrate interface even for strong interfaces.

keyword: Indentation, FEM, Cohesive zone model,
Thin film coating.

1 Introduction

Thin film coatings are used in a series of applications
of technological interest. Hard coatings on soft sub-
strate protect the underlying material against wear. Duc-
tile films on ceramic substrate are a common feature of
semiconductor devices or optics applications. The re-
liability of the interface between film and substrate is
critical since interface failure could cause the failure of
the coating system even the coating itself does not yet
fail. Indentation is one of the most widely used and
best-documented methods to characterize the mechani-
cal properties of the coating system. Recently, indenta-
tion techniques have not only been applied to identify the
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properties of thin films coatings, but also to determine the
toughness of thin film-substrate interfaces [Marshall and
Evans (1984), Volinsky, Moody and Gerberich (2002)]
Several failure modes were identified that can occur dur-
ing indentation of a film-substrate system. Specifically,
for a ductile film on an elastic substrate, failure modes
include plastic deformation of the film, delamination and
film buckling. The mechanics of these failure modes
must be considered if indentation results are used to de-
termine the film material, or interface properties.

Most investigations on interface toughness measure-
ments by use of indentation loading were focused on
systems with very weak interfaces in which film buck-
ling occurs. Based on the method proposed by Mar-
shall and Evans (1984), the change in strain energy be-
fore and after buckling is used to derive expressions for
the energy release rate at the interface. The application
of this method is summarized in Volinsky, Moody and
Gerberich (2002). Indentation tests have been much less
successful in cases where the interface is strong [Kriese,
Gerberich and Moody (1999a)] due to the large amount
of plastic deformation present. While for the weak in-
terfaces the plastic deformation of the ductile film occurs
only locally at the indenter, for strong interfaces plastic
deformation is present over large areas of the film. Thus
both, the debonding at the interface as well as the plas-
tic deformation of the film contribute to the delamination
resistance. Since requirements of small scale yielding
are not fulfilled in this case, classical fracture mechan-
ics concepts cannot be used to derive expressions for the
interface toughness.

From many past studies it is well known that solutions
to fracture problems under large-scale yielding condi-
tions can be obtained if constitutive laws both for the
irreversible deformation of the solid as well as for the
material separation process are used in the analysis such
that both energy-dissipating mechanisms are accounted
for [Tvergaard and Hutchinson (1996), Zhang, Klein,
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Huang, Gao, Wu (2002), Chandra and Shet (2004)].
Such an approach is also attractive since no assumptions
regarding the presence of initial delaminations are neces-
sary. In the present paper, the processes of the initiation
of the indentation-induced delamination and its growth
are accounted for by the use of a cohesive zone model.
Whether the film subsequently buckles, or grows as a
shear delamination, is the direct outcome of the computa-
tional analysis and dependent on the interface properties
only.

The cohesive zone model approach was used in investi-
gations of indentation-induced delaminations in system
with a hard film on an elastic-plastic substrate by Abdul-
Baqi and van der Giessen (2001ab, 2002). Both inter-
face delamination, and film cracking were considered.
In Zhang, Zeng and Thampurum (2001), some simula-
tion results were presented both for the case of an elastic
film on a ductile substrate as well for a ductile film on an
elastic substrate. So far, however, no systematic investi-
gation of a ductile film-elastic substrate system has been
reported such that the influence of the cohesive zone pa-
rameters characterizing the interface on the indentation
response is documented.

In the present paper, results of a systematic numerical
study of indentation induced interface delamination for a
system consisting of a ductile film on an elastic substrate
are described. Within the model approach, the interface
is characterized by the parameters cohesive strength and
cohesive length. The influence of these properties on the
indentation response, including delamination onset, film
buckling and delamination growth, is assessed.

2 Model definition

A film–substrate indentation system with a cone indenter
in an axisymmetric configuration is considered in the in-
vestigation. The geometry and the boundary conditions
of the model system are shown in Fig. 1. The bound-
ary conditions applied are such that at the bottom of the
elastic substrate uz(r)=0. Axisymmetric conditions with
ur(z)=0 are applied at r=0. Loading is performed under
displacement-controlled conditions with the indentation
depth of the indenter tip, h, to be at maximum 1.5 times
the film thickness.

The thin film coating has a thickness t and is modeled
as standard isotropic elastic-plastic material. The elas-
tic properties of the film are E f =128 GPa, ν f =0.34. The

yield strength, σy=0.005E f and a von-Mises yield crite-
rion is used. Linear hardening is assumed for the film,
with the hardening modulus as H f =0.03E f . The sub-
strate is considered as isotropic elastic solid with E s=100
GPa, and νs=0.25. The substrate domain considered is of
size 100t×100t. The indenter is assumed as rigid body,
and possesses an angle of 144◦. A master-slave contact
mechanism is applied between indenter and film. No
friction, and small sliding is considered.

The interface between film and substrate is modeled by
the use of a cohesive zone model. This allows the sim-
ulation of crack initiation and growth without the intro-
duction of any initial defects. The behavior of the in-
terface is thereby described by a constitutive framework
connecting the tractions between film and substrate to the
separation between them. By adopting such a traction-
separation law, crack initiation, crack propagation and
film buckling become results of the stress and strain fields
caused by indentation.

 t
h

Coating: Ef, νf, σy,

Substrate: Es, νs

72°

r

z

Sy
m

m
et

ry
 a

xi
s

100 t 

100 t 

Cohesive Zone: σmax, δ

b

Figure 1 : Model geometry and boundary conditions

The traction-separation law for the description cohesive
zone is based on a potential, φ:

φ= φc −φc(1+λ)exp(−λ) (1)

where the cohesive energy, φc, i.e. the work required for
the creation of new crack surface, is given by:

φc = eσmaxδ (2)



Numerical Study of Indentation Delamination of Strongly Bonded Films 83

The cohesive zone parameters are σmax and δ, the co-
hesive strength and length, respectively. The quantity
λ designates an effective normalized displacement jump
across the interface:

λ =

√(
∆un

δ

)2

+
(

∆ut

δ

)2

(3)

with ∆un and ∆ut the normal and tangential displacement
jumps across the interface. Normal and tangential trac-
tions, Tn and Tt , are obtained as derivative of the cohesive
zone potential with respect to the displacement jumps:

Tn =
∂φ

∂∆un
= σmax

(
∆un

δ

)
exp(1−λ)

Tt =
∂φ

∂∆ut
= σmax

(
∆ut

δ

)
exp(1−λ) (4)

Also, the resulting traction, T , is given as

T =
√

T 2
n +T 2

t =
1
δ

∂φ
∂λ

= λσmax exp(1−λ) (5)
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Figure 2 : The traction-separation law.

The traction-separation relationship is depicted in Fig.
2. For the cohesive zone model selected for this study,
the cohesive zone material parameters are identical for
normal and tangential separation. A new, traction free

surface is created if λ ≈5δ. This condition λ=5δ then
defines the location of the tip of the delamination. The
smooth shape of the exponential T −λ relationship is nu-
merically advantageous in the present simulations where
crack nucleation is accounted for.

An irreversible unloading path is included in the traction-
separation formulation such that healing of delamina-
tions during unloading events is excluded. The unloading
behavior used in the present formulation is motivated by
results from the framework of continuum damage me-
chanics [Lemaitre (1996)]. If the effective normalized
displacement jump is less than the cohesive length, λ < δ,
the cohesive zone law remains reversible and unloading
occurs by the traction-separation relations given in Eq.
5. No permanent damage is caused to the interface. For
λ > δ an irreversible unloading path is used such that un-
loading occurs to the origin of the T -λ space as described
by:

T =
Tc

λc
λ = σmaxλ exp(1−λc) (6)

where Tc, λc are the resulting traction and effective nor-
malized displacement jump at the point where unloading
starts (Fig. 2). Due to this unloading path only part of
the cohesive energy is recovered during unloading.

In the traction-separation law in Eq. 5, separation (∆u n >
0) and compression (∆un < 0) are not distinguished from
each other. To avoid issues with potential interpenetra-
tion of film and substrate, a contact surface is added to
the cohesive zone model formulation between the film
and substrate. With this model set-up, negative values of
the displacement jump across the crack, ∆un < 0, are es-
sentially excluded. Under compressive loading the effec-
tive normalized displacement jump across the interface
then only depends on the value of ∆ut .

Simulations are performed using the commercial finite
element software ABAQUS. During the indentation sim-
ulation, the displacement of the indenter is controlled.
The cohesive zone elements are implemented into this
code using the user-defined element (UEL) interface. Ax-
isymmetric (interface) cohesive elements possessing four
nodes and two integration points are used in the analysis.
Four-noded axis-symmetric continuum elements (CAX4)
are used to model film and substrate. A typical model
that leads to converged results with respect to the element
size possesses a total of 2656 axisymmetric elements and
199 cohesive zone elements. The smallest element size
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(l = t/5) is used in the area close to the indenter, and the
element size gradually increases with r. The modified
Riks method is applied to overcome numerical difficul-
ties due to the global unloading caused by interface fail-
ure.

3 Results

3.1 Computations

Simulations of the indentation response are performed
with focus on strong interfaces. The main body of re-
sults is obtained for film-substrate systems in which the
cohesive strength is between σmax/σy=0.5 to 3.0, with the
cohesive length in the range of δ/t=0.01 to 0.16. Consid-
ering these parameters, the normalized cohesive energies
considered are between φc/(etσy)=(δ/t)(σmax/σy)=0.01
and 0.32. Representative for the computations performed
with these parameters, Fig. 3a and b depict contour plots
obtained with σmax/σy=2.5 and δ/t=0.02. These plots
show the plastic zone and the location of the interface
delamination (see the arrows in the contour plots) shortly
after the initiation of the delamination (Fig. 3a) and at
maximum indentation depth (Fig. 3b). The plastic zone
is characterized by the condition that the accumulated
equivalent plastic strain is larger than 1×10−4. It is ev-
ident from these plots that the tip of the delaminations
is located within the plastic zone, and that small-scale
yielding conditions are not fulfilled. Only a small amount
of delamination occurs.

For comparison, results for the indentation response
of a system with a weakly bonded interface with
σmax/σy=0.025 and δ/t=0.005 are presented. For the
weak interface, contour plots for the plastic zone are de-
picted for the instance shortly after delamination initia-
tion (Fig. 3c) and for maximum indentation depth (Fig.
3d). While initially the delamination is within the plastic
zone, at maximum indentation depth and after film buck-
ling the length of the delamination is considerable larger,
and the tip of the delamination is outside the plastic zone.
Buckling of the film leads to a considerable lift-off of the
film from the substrate.

Predicted load-indentation depth (P− h) curves are de-
picted in Fig. 4a for several values of σmax/σy under
constant δ/t. The response of the weakly bonded inter-
face is included for comparison. The indentation depth
values are normalized by the film thickness. Computed
values of P are normalized by the load at maximum in-

(b) 

(a)

(c)

(d) 

Figure 3 : Contour plots of plastic zone for σmax/σy =
2.5 and δ/t = 0.02 at (a) h = t and (b) h = 1.5t, as well
as for σmax/σy = 0.025 and δ/t = 0.005 at (c) h = 0.3t
and (d) h = 1.5t.
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Figure 4 : Computed load indentation curves for
(a) δ/t=0.02 and various values of σmax/σy, (b)
σmax/σy=2.0 and various values of δ/t. A weak interface,
σmax/σy=0.025 and δ/t=0.005, is included for compari-
son.

dentation depth as obtained in a computation for a model
with a perfect interface. In the perfect interface case,
the nodes on the two sides of the interfaces are con-
strained such that the displacement jumps across the in-
terface are zero. For the strong interfaces, the (P− h)

response initially follows the response for the perfect in-
terface, (P−h)perf. Subsequently, the (P−h) curves start
to deviate from (P−h)perf and further indentation takes
place along (P− h) curves with reduced slope. Devia-
tion from (P−h)perf occurs early on if (σmax/σy) is small.
For stronger interfaces the (P− h) curves follow those
of the perfect interface to higher indentation loads. If
the interface possesses σmax/σy > 2, a sudden departure
from (P−h)perf occurs, which is characterized by a pop-
in event with a reduction in load. Similar results were
obtained in indentation experiments in e.g. in Malzben-
der and de With (2000) for systems with compliant poly-
meric coatings on glass surfaces. The peak loads remain
all above 0.5Pperf, but even for the strongest interface a
considerable drop in Pmax occurs from the perfect to the
strongly bonded interfaces.

For cases with the weak interface the predicted (P− h)
response deviates from the (P−h)perf very early on. The
predicted (P− h) curve is smooth despite that fact that
the contour plots clearly show that a film-buckling event
occurs. While the properties of the weak interface are
considerably different from the other interface properties
assumed, the maximum load of the (P− h) response is
not very different from those for the strong interfaces.
During unloading, all cohesive zone parameter combina-
tions result in similar unloading slope at Pmax, and finally
lead to identical amounts of residual indentation.

Figure 4b depicts the (P − h) response for systems for
several values of δ/t and constant σmax/σy=2.0. As the co-
hesive length is increased only small changes in the load
level occur at which the (P−h) response deviates from
(P − h)perf. Nevertheless, the subsequent slope of the
(P−h) response depends on the cohesive length. Small
cohesive lengths lead to smaller slopes than larger δ val-
ues, and thus to smaller maximum indentation loads. The
residual indentation after unloading is found to be de-
pendent on the cohesive length, with small values of δ
leading to larger residual indentations. Again, the weak
interface, despite its considerable difference in cohesive
zone properties, does not possess a very different (P−h)
response.

Figure 5a shows the development of the interface delami-
nations for the simulations with δ/t=0.02 and various val-
ues of σmax/σy. For the strong interfaces, the initiation of
the delamination occurs at indentation depths, h/t > 0.5.
The delamination initiates at r = t, with the location of
delamination initiation moving outward as the σ max/σy
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Figure 5 : Computed delamination extensions for (a)
δ/t = 0.02 and various values of σmax/σy and (b) the
weak interface with σmax/σy=0.025 and δ/t = 0.005.

is increased. Furthermore, for very strong interfaces the
onset of delamination occurs over a considerable area of
the interface, e.g. an interface ring between r = t to r=3t
in the case of σmax/σy=3.0. Due to large amount of local
unloading in the cohesive zone, such an initiation event
is reflected in the pop-in behavior observed in the (P−h)

curves for strong interfaces.

Subsequent growth of the delaminations occurs in both
r+- and r−-direction, with the rate in r+ considerable
larger than in r−-direction. For all cases investigated, the
film debonds completely under the indenter. The final
delamination length for the strong interfaces is small and
reaches only several times the film thickness. No growth
of the delamination occurred during unloading.

Figure 5b depicts the development of the delamination
for the weak interface case. Now, the onset of de-
lamination occurs already at small indentation depths
(h/t=0.15), with the site of nucleation remaining at r = t.
Subsequently, the delamination again expands in both
r+-and r−-directions, but with the rate of growth being
significantly larger in the r+-direction.

Nevertheless, enough growth in r−occurs such that the
interface also delaminates directly under the indenter.
The final radius of the delamination is equal to 32t.
Again, no growth of the delamination is observed during
unloading.

The mode mixity at the current tip of the interface de-
lamination growing in r+-direction in dependence of the
normalized indentation depth is given in Fig. 6. The
mode mixity in the cohesive zone model is defined as the
ratio of tangential to normal separation in the local coor-
dinate system of the cohesive zone element at the current
delamination tip:

ψ = arctan

(
∆ut

∆un

)
(7)

In all cases the interface delamination initiates in pure
shear (ψ = 90◦), i.e. mode II conditions, due to the ra-
dial displacement mismatch in film and substrate. For the
weak interface, ψ starts to deviate from ψ = 90◦ abruptly
as the delamination has extended as small amount. At
this instance, the film buckles and the contribution of the
normal separation becomes significant nearly instanta-
neously as the film lifts up from the substrate. The buck-
ling event is accounted for in the numerical analysis with-
out the use of any perturbation of the original mesh since
the deformed shape of the film provides the required nu-
merical perturbation. For the weak interface, ψ is pre-
dicted to decreases continuously, and passes ψ = 0 ◦ as
loading progresses. The mode mixity finally becomes
negative for large h/t values as the radial stresses are be-
ing released due to the lift up of the film. For strong
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Figure 6 : Computed mode mixity in dependence of
the indentation depth for δ/t=0.02 and various values of
σmax/σy, and the weak interface with σmax/σy=0.025 and
δ/t=0.005.

interfaces no distinct buckling event occurs, as already
seen in the contour plots in Fig. 3ab. The delamination
remains close to ψ = 90◦ up to large values of h/t. If
the interface is very strong, the delamination remains in
mode II up to the final indentation depth. For less strong
interface, some mixed mode delamination growth occurs
at large values of h/t. Nevertheless, the transition into
the mixed mode delamination occurs much less abrupt
than for the weak interface with buckling.

3.2 Interface Properties

For weak interfaces the analysis of indentation experi-
ments of film-substrate systems is commonly based on
an approach within linear elastic fracture mechanics ap-
plied to framework of film buckling as outlined in Mar-
shall and Evans (1984). Thereby, the energy release rate
at the tip of the delamination is given from a compari-
son between buckled and unbuckled configurations. The
normalized energy release rate at the delamination tip is
given by

G
etσy

=
σ2

I (1−ν2
f )

2eσyE f
− (1−α)

(σI −σB)2(1−ν f )
eσyE f

(8)

Here, α is

α = 1−{
1/ [1+0.9021(1−ν f )]

}
, (9)

σI is the indentation induced stress at a given indentation
volume,VI:

σI =
VIE f

2πta2(1−ν f )
(10)

and σB is the critical stress for buckling of the film:

σB =
µ2E f

12(1−ν2
f )

t2

a2 (11)

with µ2=14.68 for single buckling and µ 2=42.67 for dou-
ble buckling.

This framework is applied to the weak interface case dis-
cussed here. From the simulations the buckling event is
defined to have occurred if the maximum normal separa-
tion along the interface becomes equal to 5δ. This con-
dition is met at an indentation depth of h =0.524t, which
corresponds to a delamination length of a =4.4t. With
this value of crack length, Eq. 11 predicts a buckling
stress as σB/E f =0.24. From the finite element simula-
tion, the radial stress in the film at the radius correspond-
ing to the location of the delamination tip at buckling is
σrr/E f =0.0023. As can be seen from the contour plot of
Fig. 3c, the plastic zone extends over the entire delami-
nation at the instance of buckling. Film buckling is thus
rather described by considerations of plastic buckling. In
a first approximation, the effect of the plastic zone can
be accounted for by substituting the film elastic proper-
ties, E f and ν f by the film hardening modulus, H f and
ν f ,pl=0.5, leading to σB/E f =0.00074. Thereby, elastic
buckling is substituted by the lower bound of possible
plastic buckling solutions, which seems reasonable since
further loading after buckling occurs under increased
load, as indentation continues [Shanley (1946)]. The re-
maining differences between computation and prediction
buckling loads can be contributed to several factors, re-
quiring further investigation. The boundary conditions of
the film are complex, since it is supported by the cohe-
sive zone with provides neither simple supports nor an
ideal clamped configuration. In the buckling analysis the
use of the instantaneous modulus and instantaneous com-
pression ratio, Hutchinson (1974), might provide better
predictions. Also, the presence of imperfections due to
film and substrate deformation can influence the results.
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Finally, the film thickness to delamination length ratio is
small at buckling, such that buckling solutions account-
ing for shear stresses might be appropriate.

At the instance of film buckling Eq. 8 cannot be applied
to determine the interface toughness – or cohesive en-
ergy –, neither under considerations of elastic nor plastic
buckling. The delamination tip is embedded in the plas-
tic zone which extents through the entire film thickness.
Thus, large-scale yielding conditions are present, and the
contribution of plastic dissipation and the work needed
to actually separate the interface, cannot be accounted
for individually.

Equation 8 was applied to analyze the computational re-
sults at the final delamination length where the delamina-
tion tip is far outside the plastic zone. The energy release
rate from Eq. 8 is then calculated using the computed
delamination length, a =32t, at maximum indentation
depth. With the indentation volume, VI, given from the
indentation depth under consideration of the cone geom-
etry, Eq. 8 predicts G/(etσy)=1.5×10−3. Since at final
maximum indentation depth the tip of the delamination
is disconnected from the plastic zone, Fig. 3d, a com-
parison of the prediction from Eq. 8 with the cohesive
energy, φc/(etσy)=1.25×10−4, can be made. The energy
release rate predicted by Eq. 8 is more then ten times
larger than the value of the cohesive energy used as in-
put in the simulation. There are several reasons that lead
to this large difference. In Marshall and Evans (1984)
growth of the delamination was not considered. In the
computations, the final delamination is obtained as the
result of a large amount of growth in the post-buckling
state. Furthermore, the extension of the plastic zone was
neglected in deriving Eq. 8. In the present computations,
however, the plastic zone is responsible for the delami-
nation formation, and its presence and extent cannot be
neglected.

For the strong interfaces Eqs. 8 to 11 cannot provide in-
formation on the interface toughness since no buckling is
present, and, more importantly, the film is deformed plas-
tically in the volume at the current delamination tip such
that a large scale yielding situation exists. Often, strong
interfaces were excluded from indentation experiments
[Kriese, Gerberich, and Moody (1999a)], or special pro-
vision were undertaken to increase the mechanical con-
straint on the film in order to reduce the amount of plas-
tic deformation and obtain buckling [Bagchi and Evans
(1996), Kriese, Gerberich, and Moody (1999b)]. In duc-

tile fracture mechanics, it is well documented that the
cohesive zone model approach is well suited to provide
solutions for large scale yielding cases since the energy
dissipation in the fracture process and the plastic zone
are accounted for separately. For considerations within
this context, see the paper by [Chandra and Shet (2004)]
in this issue of CMES. For ductile crack growth the cali-
bration of the cohesive zone parameters is performed in a
two-step process. First the cohesive energy is calibrated
on values of the measured crack initiation toughness, and
subsequently the tearing modulus is used to find the co-
hesive strength [Tvergaard and Hutchinson (1996)].

Such a calibration methods for the determination of the
cohesive zone parameters cannot be successfully applied
to the indentation tests since large scale yielding already
exists
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Figure 7 : Surface plots of the dependence of (a)
Pc/Pper f and (b) Pmax/Pper f on the cohesive zone param-
eters.
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at the instance of delamination initiation. Based on the
data of the computational study performed here, cali-
bration charts are suggested such that the cohesive zone
properties can be obtained from indentation experiments.
The traction- separation law characterizing the cohesive
zone possesses two parameters. Thus, to identify both of
the two parameters from (P−h) curve two critical data
points are to be determined, i.e. the load Pc at which
(P−h) deviates from (P−h)perf, as well as the maximum
load, Pmax. Values of Pc/Pperf and Pmax/Pperf are depicted
in Fig. 7a and b, respectively, in their dependence on the
normalized cohesive zone parameters δ/t and σmax/σy.
As the interface becomes stronger, either by increasing
δ/t or σmax/σy, the value of both Pc/Pperf and Pmax/Pperf

increases. The data from Fig. 7a and b is replotted in
the form of a contour plot in δ/t - σmax/σy space, Fig.
8. It is assumed that Pc and Pmax are known from an
experiment on a film-substrate system with debonding,
and Pperf is obtained from a reference experiment with
a perfect interface or from simulations. For each pair
of data Pc/Pperf −Pmax/Pperf a pair of intersecting lines
can be identified in this contour plot. The coordinates
of the intersection point are then the normalized cohe-
sive zone properties characterizing the interface between
film and substrate. A test simulation is performed to de-
termine the accuracy of the interpolations applied to ob-
tain the contour plot in Fig. 7. The simulation is per-
formed with σmax/σy=0.788 and δ/t=0.0268. The results
of the finite element simulation were Pc/Pperf=0.097 and
Pmax/Pperf=0.602. These numbers are in good agreement
with the results from Fig. 7 where Pc/Pperf =0.1 and
Pmax/Pperf =0.6 for these cohesive zone properties.

It can be observed that for large values of the cohesive
energy the two families of curves belonging to Pc/Pperf

and Pmax/Pperf, respectively, intersect at a shallow an-
gle. It can thus become difficult to accurately determine
the cohesive properties from Fig. 8. In that case addi-
tional results obtained from the indentation experiment,
e.g. the delamination length after unloading, can be used
to complete the parameter identification. It shall finally
be remarked here, that different forms of the traction-
separation law might change the actual shape of the cali-
bration chart.

4 Conclusions

A cohesive zone model is used to study the mechanics
of indentation tests performed on systems consisting of a
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Figure 8 : Contour plots of Pc/Pperf(- - - -) and Pmax/Pperf

( ) in dependence of the cohesive zone parameters.

ductile film on an elastic substrate. Considerable differ-
ences exist in the delamination growth behavior in sys-
tems with weak and strong interfaces. For the weak in-
terfaces considered, buckling and the subsequent growth
of the buckled delamination occurs. For strong interfaces
shear delamination dominates. The computations predict
all these events to occur under considerable amounts of
plastic deformation in the film. Large-scale yielding con-
ditions exist both at the instance of film buckling for the
weak interface, as well as for the shear delaminations.
The commonly used framework based on elastic frac-
ture mechanics cannot be used to determine the interface
toughness in this case. As an alternative, for the strong
interfaces, the use of calibration charts for the determina-
tion of the interface properties is suggested.
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