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Summary

An in-situ experimental-numerical approach for

interface delamination characterization

Interfacial delamination is a key reliability challenge in composites and micro-
electronic systems due to (high density) integration of dissimilar materials. Delam-
ination occurs due to significant stresses generated at the interfaces, for instance,
caused by thermal cycling due to the mismatch in thermal expansion coefficient and
Poisson’s ratio of the adherent layers. Predictive finite element models are gener-
ally used to minimize delamination failures during the design and optimization of
these materials and systems. Successful prediction, however, requires a relevant in-
terface model that can capture the observed (irreversible) crack initiation and prop-
agation behavior in experiments. To this end, dedicated delamination experiments
with in-situ microscopic visualization are needed to identify the relevant delamina-
tion mechanism(s) and to accurately measure the interface properties, such as the
interface toughness, as a function of mode mixity (i.e. loading angle). Hence, the
goal of this research is to develop experimental-numerical tools required for accu-
rate characterization and prediction of interface delamination.

As a first step to reach this goal, a novel Miniature Mixed Mode Bending (MMMB)
delamination setup, which enables in-situ characterization of interface delamination
in miniature multi-layer structures, was designed and realized. This setup employs
an inventive loading configuration to sensitively measure global load-displacement
delamination curves for the full range of mode mixities from which the interface
toughness or Critical Energy Release Rate (CERR) can be determined, while it was
designed with sufficiently small dimensions to fit in the chamber of a scanning elec-
tron microscope or under an optical microscope for detailed real-time fracture analy-
sis during delamination. The performance of the setup was assessed using dedicated
test samples, supported by finite element analyses. The measurement concept was
successfully validated on homogeneous bilayer samples with a glue interface system.
The validation experiments also revealed room for improvement of the measurement
accuracy, robustness, and applicability. Therefore, further optimization in the de-
sign was performed and an improved version of the MMMB setup was developed.
This setup can access a considerably larger range of interface systems, shows signifi-
cantly higher accuracy and reproducibility in load-displacement measurements, and
is more robust. The potential of the new in-situ experimental technique for interface
parameter identification was also illustrated. For instance, high resolution in-situ
SEM imaging during delamination allows for measurement of the strain maps and
crack opening displacement (COD) fields using digital image correlation in addition

xi



xii SUMMARY

to the identification of the delamination failure mechanism.

In-situ SEM observation of delamination in different interface structures reveals fail-
ure mechanisms ranging from interface damage to interface plasticity. Hence, an ir-
reversible model description of the interface behavior that can capture the observed
unloading-reloading responses is needed for accurate prediction of, for instance,
crack branching and crack propagation at multiple interfaces using predictive finite
element models. Therefore, a combined damage and plasticity formulation was pre-
sented that is suitable for modeling of the unloading response of an interface rang-
ing from full damage to full plasticity, while it introduces a minimum number of
model parameters that can be experimentally determined. The unloading model
can be used with the existing mixed-mode cohesive zone laws that describe the in-
terface loading behavior. The relevance and applicability of the unloading model
was demonstrated, in combination with the existing improved Xu-Needleman mixed
mode cohesive law, by modeling the observed combined damage-plasticity unload-
ing response of the above-mentioned glue interface system. In addition, a procedure
to identify the model parameters has been presented.

Permanent deformation of the sample structure often occurs during delamination
tests, particularly, if the layers forming the interface are ductile and the interface
is strong. Therefore, accurate determination of the interface fracture toughness re-
quires identification and separation of the contribution of structural plasticity to the
total energy dissipation, taking into account the presence of plasticity mechanisms
within the fracture process zone at the interface that contribute to the interface frac-
ture toughness. To this end, a semi-analytical approach accounting for the structural
plasticity in the sample layers was developed, in order to obtain an accurate value
of the interface fracture toughness in a mode I experiment. The approach was nu-
merically verified by employing a finite element model with cohesive zone elements
(at the interface). The proposed approach was experimentally assessed by charac-
terizing the interface fracture toughness of industrially relevant copper lead frame-
molding compound epoxy (CuLF-MCE) structures with different layer thicknesses.

In summary, the combined application of in-situ MMMB experiments, the analytical
procedure to determine the CERR, and the cohesive zone model with the parame-
ter identification procedure allows for accurate characterization of the delamination
mechanism(s) and prediction of the interface mechanics. As a demonstration, indus-
trially relevant coated CuLF-MCE and uncoated CuLF-white molding compound
(WMC) interface systems have been characterized in detail using the developed ex-
perimental tools.



CHAPTER ONE

Introduction

Abstract

The industrial relevance and motivation for characterization and prediction of in-
terfacial delamination are outlined. Then, the goal of the thesis, existing methods
for delamination characterization and modeling followed by the strategy used to
achieve the goal are discussed. Finally, an outline of the thesis is given.

1.1 Industrial relevance and motivation

In the past century, the ever increasing demand from the aerospace industry for
lightweight structures with superior mechanical and physical properties has led to
the development of several composite materials with many different combinations
of matrix and reinforcement materials. On the other hand, the demand for contin-
uous miniaturization and multi-functionality of electronic devices led to the devel-
opment of new packaging technologies like ”system in packages” in which multiple,
thin, stacked layers manufactured using different materials and processes are inte-
grated in a single package to achieve multi-functionality. The common feature in
both systems (composites and electronic package) is that superior properties come
along with a high density of interfaces that are formed between dissimilar materials.
Therefore, interface integrity is inherently crucial for the reliability and performance
of these systems. In spite of many efforts [1, 2] to improve the mechanical properties
of these interfaces, interface delamination is often identified as the prominent failure
mechanism in many of the modern interface structures ranging from micro-electronic
packages [3–5], advanced aerospace composite structures [6–8] to the adhesive joints
in honeycomb sandwich structures [8, 9] and wind turbine blades [10]. Figure 1.1
show the examples of delamination failures observed in a typical lead frame based

1



2 CHAPTER 1

(a) (b)

Figure 1.1: (Example of delamination failures in (a) lead frame based package [5] and
(b) 0◦/90◦ ultra high molecular weight polyethylene composite [8].

micro-system package and a composite material. Delamination occurs mainly due
to significant stresses generated at these interfaces during thermal cycling, triggered
by the mismatch of the coefficient of thermal expansion (CTE) and the Poisson’s ra-
tio of the adherent layers or by mechanical loading of the structure. No adequate
methodologies are currently available for the proper characterization and prediction
of interfacial failure in these systems. As a consequence, the industry is still heavily
depending on trial-and-error methods for product/process development. Predic-
tive finite element models are required to minimize delamination failures during the
design and optimization of these materials and systems. Successful prediction, how-
ever, requires a relevant interface model that can capture the observed (irreversible)
crack initiation and propagation behavior in experiments.

1.2 Goal

To minimize the delamination failures and to improve the design rules of these prod-
ucts a generic experimental-numerical methodology that can accurately characterize
and predict interface delamination is needed. Therefore, the goal of this thesis is to
develop such a methodology that provides all the required tools, from an experimen-
tal setup to a numerical model, which are suitable for characterizing and predicting
delamination failures:

• for a broad range of dissimilar material interfaces,

• over the full range of mixed mode loading conditions,
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• over the complete (cyclic) loading-delamination-unloading path to which the
interface is subjected.

In addition, the experimental setup should provide a stable crack growth during
the experiment and the whole methodology should be applicable for (industrially
relevant) cases where there is plasticity in the layers and at the interface.

1.3 Literature

In the literature, many experimental techniques are available for characterization of
delamination, see for instance references [11–27], where it is noted that this is far
from a complete list. There are techniques that are more specific and applicable
for testing certain types of interface system. For example, indentation based tech-
niques [15, 16, 18] are mostly used for testing brittle interfaces between a thin film
and a substrate. Conversely, other techniques [12, 27], which are based on in-plane
loading or super-layer methods, can be generally applicable but require manipula-
tion of the thickness of the layers (with extensive specimen preparation) to achieve
different mode mixities. Moreover, the stable crack growth regime and unloading
regime are typically not probed in these experiments. Various other methods have
been presented in the literature that employ mechanical loading on adherent layers
[11, 13, 17, 19–24, 26] to trigger delamination. Most of these methods (i.e. based
on mechanical loading of adherent layers) use a fracture mechanics approach where
the critical load for delamination together with the crack length of the specimen are
used in combination with analytical energy release rate formulas to obtain the inter-
face fracture toughness. The associated assumptions involving the material behavior
of the adherent layers and the interface limit the applicability of these approaches, for
instance when there is a large fracture process zone at the interface or when the ad-
herent layers are plastically deforming. On the contrary, an experimental approach
that allows to find interface parameters such as the interface toughness without any
assumptions about the fracture processes at the interface is highly preferred. There
is much evidence in the literature [28–33] showing that plasticity often does occur in
the adherent (bulk) layers, particularly, if the layers forming the interface are ductile
and the interface is strong. Consequently, it has been reported that large errors in
the measurement of the interface fracture toughness can occur if these bulk plastic
dissipations are neglected. Therefore, it is necessary to develop an approach that is
applicable when the adherent layers deform plastically during delamination. It well
understood from the literature [34–39] that interface toughness varies with mode
mixity. Hence, the approach should be capable of characterizing mixed mode load-
ing behavior of the interface. Depending on the particular interface system the de-
lamination mechanism can vary from a brittle cleavage type of fracture [40] to a more
ductile mechanism like crack bridging [41] or fibrillation [42]. In order to understand
these details of the delamination mechanism (which is important for accurate mod-
eling of these interfaces) in-situ microscopic visualization of the delamination pro-
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cess during the experiment is needed. Structures comprising high interface density
sometimes fail by crack branching [43] and multiple cracking [44] at several inter-
faces. During this phenomenon some interfaces undergo unloading while others are
loaded to fracture. Therefore, the experimental approach should allow for characteri-
zation of delamination behavior during loading as well as unloading of the interface.
Finally, the approach should include a numerical interface model that can accurately
predict interface delamination. There are several models presented in the literature
to predict delamination, see for example references [45–60] (although it is noted that
this not a complete list). Most of them are either fracture mechanics or cohesive zone
based models. In order to predict such a complex behavior of the interface, a nu-
merical model is needed that can simulate the mixed mode delamination behavior
(with a coupling between different modes) incorporating not only loading but also
irreversible unloading behavior resulting from damage and/or plasticity at the in-
terface with a minimum number of model parameters that can be identified from the
experiment.

1.4 Strategy

Therefore, the following strategy is applied to successfully achieve the goals of this
project:

• Develop a generic experimental setup

– that applies mixed mode loads to access the full range of mode mixities
and uses only one specimen configuration for all loading modes,

– allows for an unloading-reloading test with stable crack growth and

– simultaneously enables in-situ visualization for real time fracture analysis
of the interface and to obtain the parameters characterizing the fracture
process zone. The goal is to obtain as much microscopic information as
possible from the experiment.

• Develop an approach that allows for determination of interface parameters in
the presence of plasticity at the interface and at the adherent (bulk) layers.

• Finally, develop a model that is capable of simulating delamination initiation
and propagation with

– mixed mode loading-unloading conditions along with a coupling between
different modes and

– has few parameters which can be characterized with the developed setup.

Consequently, provide a methodology for parameter identification from delam-
ination experiments.
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1.5 Outline of the thesis

The experimental-numerical tools developed in this thesis for characterization of in-
terface delamination are described in detail in the following chapters. Note that each
chapter is written in a journal publication format such that it can be read separately.

In Chapter 2, a new miniature mixed mode bending (MMMB) delamination setup,
which enables in-situ characterization of interface delamination in miniature multi-
layer structures, is designed and realized. The performance of the setup is assessed
using specially-designed test samples and by finite element analyses. The measure-
ment concept is validated by testing homogeneous bilayer samples with a glue inter-
face system over the full range of mode mixities.

In Chapter 3, an improved MMMB setup is presented, which overcomes the main
limitations of the original design. It is demonstrated that the improved design (i) can
access a significantly larger range of interface systems due to its increased limits of
maximum accessible load and stroke in all mode mixities, (ii) has significantly higher
accuracy in load-displacement measurement due to its reduced clearance at the con-
nectors, and (iii) has a high reproducibility due to a newly added setup alignment
tool.

In Chapter 4, a new combined plasticity-damage interface unloading model that al-
lows for both interface damage and/or interface plasticity is presented and a pro-
cedure for identification of all the model parameters from the in-situ mixed mode
delaminating experiments is described.

In Chapter 5, a semi-analytical approach to separate the contribution of structural
plastic dissipation to the total energy spent during a mode I delamination experi-
ment is presented. Numerical verification of the approach and the underlying as-
sumptions is performed. The experimental procedure for characterization is applied
to CuLF-MCE samples for which the structural plastic contributions are separated in
order to identify the correct interface toughness.

In Chapter 6, the experimental tools developed in this thesis are employed for the
characterization of delamination in two types of industrially relevant CuLF-MCE
interface samples. A comparative study of differences in the load-displacement re-
sponses, CZ traction separation laws, CERR versus mode angle trends and the ob-
served delamination mechanisms is presented.

Finally, in Chapter 7, the main conclusions are summarized and recommendations
for future work are given.





CHAPTER TWO

In-situ characterization of interface
delamination by a new miniature

mixed mode bending setup 1

Abstract

A new miniature mixed mode bending (MMMB) setup for in-situ characterization
of interface delamination in miniature multi-layer structures was designed and real-
ized. This setup consists of a novel test configuration to accomplish the full range of
mode mixities and was specially designed with sufficiently small dimensions to fit
in the chamber of a scanning electron microscope (SEM) or under an optical micro-
scope for detailed real-time fracture analysis during delamination. Special care was
taken to minimize the effects of friction, the influence of gravity, and non-linearities
due to the geometry of the setup. The performance of the setup was assessed us-
ing specially-designed test samples supported by finite element analyses. Delamina-
tion experiments conducted on homogeneous bilayer samples in mode I and mixed
mode loading were visualized with a scanning electron microscope and showed the
formation of small micro cracks ahead of the crack tip followed by crack bridging
and a full crack, thereby demonstrating the advantages of in-situ testing to reveal the
microscopic delamination mechanism.

1Reproduced from: M. Kolluri, M.H.L. Thissen, J.P.M. Hoefnagels, J.A.W. van Dommelen, M.G.D.
Geers, In-situ characterization of interface delamination by a new miniature mixed mode bending
setup, International Journal of Fracture, 158, 183-195 (2009).

7
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2.1 Introduction

The demand for the continuous miniaturization and multi-functionality of electronic
devices led the electronic industry towards new packaging technologies like ”Sys-
tem in Package” (SiP). SiP technology primarily involves assembly of several com-
ponents (active components, passive components and MEMS) into a single package
to achieve different functionalities. Consequently, SIP-microsystems contain several
interfaces formed between stacked, multiple, thin layers, manufactured using differ-
ent materials and processes. Interfaces are often recognized as critical regions for the
reliability of these products because the presence of high stresses at these interfaces
(e.g. due to a mismatch in coefficient of thermal expansion (CTE) and Poisson’s ratio)
and in-plane shear stresses often lead to delamination [35, 61–63]. Much research is
ongoing to improve the interface behavior by adopting suitable coatings or cleaning
techniques at the interface during manufacturing of these components [2]. However,
detailed quantitative characterization of the interfaces in these systems is required
in order to improve design rules for manufacturing and improve reliability during
service of these products.

A number of experimental techniques have been developed and reported in the lit-
erature [e.g. 11, 13–20] to measure interfacial properties, most of which use a fracture
mechanics approach because of its proven versatility. A fracture mechanics approach
requires an experimental setup capable of triggering delamination and uses the re-
sulting force-displacement data to obtain the interface fracture toughness or critical
energy release rate (CERR) as an important interface parameter to characterize the
interface. It has been shown by many authors [e.g. 34–39] that the CERR for crack
propagation varies significantly with mode mixity. Furthermore, the presence of dis-
similar materials forming the interface, which is common in microsystems, increases
the complexity of the CERR measurement. This indicates that the experimental tech-
nique to characterize an interface system should be able to measure the CERR over
the entire range of mode mixities, in order to identify valid input parameters in a
design limit criterion. Techniques reported in the literature to measure the CERR
include the well-known double cantilever beam (DCB) test for pure mode-I load-
ing (ASTM D 5528-01, 2001 [64]) and end notch flexure (ENF) test for applying pure
mode-II loading [65], as well as mixed mode bending (MMB) setups [e.g. 21–25, 66],
which cover a range of mode mixities, see Fig. 2.1. Of all setups, only the MMB
setups yield the CERR over a full range of mode mixities with a single test configu-
ration.

The prime difficulty in many of the existing delamination experiments is the identi-
fication of the crack tip location in order to trace the crack length, which is needed to
calculate the fracture toughness. To circumvent this problem, critical loads deduced
from experiments, where the delamination starts for a given pre-crack length, were
used to calculate the CERR with the aid of analytical formulae [22, 67, 68]. Stiffness
lines generated with finite element (FE) models of known crack length specimens
were used to evaluate the CERR by [25]. Some authors [e.g. 26, 69] reported that
a crack length measurement with a simple optical magnification lens system may
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Figure 2.1: Sketch of different loading configurations for interface delamination

be erroneous and also highlighted the need for techniques which can measure crack
lengths more accurately. Furthermore, detailed in-situ visualization of the delami-
nation process is essential to accurately pin-point the crack tip location, to measure
quantitative delamination characteristics such as the crack opening profile and the
process zone size, and to obtain more insight in the fracture events along the inter-
face. Experimental setups are presented in the literature, e.g. [66], that apply pure
bending moments to trigger delamination which does not require crack length val-
ues to determine the CERR by using a fracture mechanics approach. However, for
the detailed identification of fracture mechanisms in-situ visualization of the delam-
ination front is still required.

In-situ characterization in a microscope, however, puts serious constraints on the
overall size of the delamination setup. Evaluation of existing MMB setups elucidates
the difficulties to use them for in-situ testing. In case of the setup of [21], shown in
Fig. 2.2a, restricted dimensions of the design space prevent the lever from having
sufficient length to cover the complete range of mode mixities. Furthermore, this
test is difficult to perform in the horizontal plane (i.e. keeping the direction of load
application in the horizontal plane), which is necessary to enable the use of standard
microscopes to trace the crack tip movement during in-situ delamination testing (the
viewing axis of a scanning electron microscope is always in the vertical direction).
Merrill and Ho’s setup [23], shown in Fig. 2.2b, was also constructed such that the
loading direction is vertical, leading to similar limitations. Furthermore, gravity acts
on both of the above mentioned setups, resulting in additional undesired forces on
the sample. In the setup of [25], a counter balance was added to the loading configu-
ration of [21] to minimize the influence of gravity. However, a persistent consequence
of gravity is a strong dependence of the mode angle on the crack length. Sørensen
et al. [66] presented a setup that applies pure bending moments to trigger delami-
nation and is also designed to work in a vertical plane. The wires and springs used
in this setup (to apply the required bending moments) can make it more difficult
for the setup to miniaturize and modify it to be used in the horizontal plane. Later,
Sørensen et al. [70] developed another setup, which applies a combination of an
axial load and bending moment to achieve mixed mode loading, to study the micro-
mechanics of mixed mode crack bridging in fibre composites in a scanning electron
microscope (SEM). The authors reported, however that the mode angle in that setup
is very sensitive to the sample deflection that occurs during the delamination and
hence accurate control of the mode angle is difficult. Finally, all currently available



10 CHAPTER 2

methods are hampered by frictional non-linearities in hinges that are attached to the
sample and rotation points/joints in the loading frame. The detrimental influence
of non-linearities increases when the setup and the sample are miniaturized to allow
in-situ SEM operation.

F1
F2

F

(a) Reeder and Crews
[21]

(b) Merril and Ho [23]

Figure 2.2: Two different existing concepts for mixed mode delamination testing

The present work focuses on the design and realization of a miniaturized mixed
mode bending setup which enables in-situ delamination testing for the full range
of mode mixities. This setup is designed such that effects of friction, gravity, and
geometrical non-linearities are minimized. The performance of the setup is assessed
using specially-designed test samples supported by FE analyses. In-situ delamina-
tion experiments performed on homogeneous bilayer samples are presented to prove
the functionality of the setup and illustrate its capabilities for interfacial characteri-
zation.

2.2 Design of the miniaturized mixed mode bending
(MMMB) apparatus

2.2.1 New configuration for mixed mode loading

A key constraint in the design of the new setup is its size, which should be small
enough (i) to handle multi-layer structures that are representative for stacked layers
present in SiPs and (ii) to be mounted in a commercially available micro tensile stage
(Kammrath & Weiss GmbH, with an available design space of 55 x 47 x 29 mm) which
in turn fits in the chamber of a SEM for in-situ delamination testing. Simple down
scaling of existing MMB setups is not feasible because of the incompatible load frame
configuration and the sample orientation that prevents in-situ microscopic observa-
tion. Therefore, a new test configuration was developed that meets the above men-
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tioned requirements and realizes the MMB loading as shown in Fig. 2.1c. The MMB
configuration is preferred because it is standardized (ASTM D6671-01, 2001, [71])
and generally accepted for characterization of interfacial delamination. A schematic
representation of the new loading geometry of the MMMB apparatus is depicted in
Fig. 2.3.

Figure 2.3: Schematic representation of the new loading geometry for mixed mode
bending

The setup consists of four rigid parts (A to D in Fig. 2.3) connected with hinges.
Advantages of the present design are: (i) its loading mechanism that allows to access
the maximum range of interfacial loading modes, from double cantilever bending
(pure mode I delamination), to pure mode II delamination, to end notch flexure in
a single setup; (ii) its compact geometry (allowing it to be used in the chamber of
an electron microscope); (iii) the insensitivity of its force measurements to its self
weight, because the loading of the sample is done in the horizontal plane.

The mixed mode bending loads are applied by a new lever mechanism. Part ’C’
is pinned to the outside world allowing it only to rotate in the testing plane. By
the application of a force PMMMB in a certain position on part ’D’, part ’B’ moves
downward while part ’A’ moves upward, generating two oppositely directed forces
PA and PB on the sample. The ratio of the forces PA and PB depends on the position
of the loading point on part ’D’, triggering different loading modes as discussed in
more detail below.

An analysis of the loads applied to the sample in the new test setup shows that the
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loads transferred to the sample, which are depicted in the left hand side of Fig. 2.4,
can be written as:

PA = PMMMB(1 − ξ) (2.1a)

PB = PMMMB
α

β
ξ (2.1b)

PC =
PB

2
(2.1c)

PD = −PA +
PB

2
, (2.1d)

where, ξ = H
γ

is a dimensionless shape parameter which represents the relative po-
sition of the applied load, H is the corresponding absolute position and α, β, γ are
the characteristic dimensions of the loading mechanism. Finally, PMMMB is the ac-
tual value of the applied mixed mode bending load. The load on the sample can be

Figure 2.4: Schematic representation of the load distribution in mixed mode bending
with the loads on the sample (left) and the decomposition of these loads
into pure mode I and pure mode II components (right).

decomposed in its mode I and pure mode II components, PI and PII , respectively,
which are defined by the load configurations depicted in the top and bottom right
hand side of Fig. 2.4. It is noted that the loading configuration of the ENF test shown
in Fig. 2.1(b) is different from a pure mode II configuration. Here, pure mode II load-
ing is defined such that the two loads PE and PF acting on the end of the top and
bottom arms of the specimen in the pre-cracked region (see bottom right of Fig. 2.4)
are equal in order to avoid any compressive stress between two sample arms. Then,
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the corresponding expressions for the mode I and mode II components are:

PI =
PA + PD

2
= PMMMB

(

1 − ξ −
α

4β
ξ

)

(2.2)

PII = PB = PMMMB
α

β
ξ. (2.3)

It is clear from the above analysis that when the load is applied at the right hand side
of the upper lever (part ’D’), i.e. when ξ = 0, the applied loading corresponds to pure
mode I loading:

PI = PA = PMMMB and PII = 0. for ξ = 0. (2.4)

In the other extreme, when the load is applied at the left end side of the upper lever
(part ’D’), i.e. when ξ = 1, the applied load resembles conventional ENF loading
(Fig. 2.1(b)), i.e.

PII = PB, but PI = −PMMMB
α

4β
. for ξ = 1. (2.5)

Since in this case PI 6= 0, this ENF test can be considered as a combined mode II and
compressive mode I test. This compressive stress may cause (excessive) friction be-
tween the two sample arms. Therefore, the End Notch Flexure (ENF) case, which is
frequently used for mode II fracture analysis, does not represent a pure mode II test.
The resulting (excessive) friction leads to an overestimation of the interface tough-
ness in the experiments. Several studies [72–74] also highlighted this problem due to
friction when the ENF test is used to determine the mode II delamination resistance.
However, a position for which the mode I component is zero and consequently a
pure mode II loading is obtained can be identified in the new loading geometry. This
position is given by:

ξ =
4β

α + 4β
. (2.6)

2.2.2 Design of the test apparatus

The new configuration, shown in the previous section, consists of a mechanism with
several moving parts and hinges. The use of conventional hinges commonly intro-
duces hysteresis in the force measurements because of the non-negligible frictional
dissipation during rotation at these hinges, particularly in a miniaturized setup. To
avoid this hysteresis in the test apparatus, specially designed elastic hinges were
used. Fig. 2.5 shows an FE model of the elastic hinge used in the present setup in a
deformed state. Parameters defining the geometry are also shown in the figure, as
well as a safety element that is used to limit the rotation angle φ of the hinge to the
maximum achievable rotation, φm, to prevent permanent deformations in the central
bridge of the hinge. φm is determined by the material properties, for a given geom-
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etry of the hinge. A Ti-6Al-4V alloy was used for the current setup because of its
favorable combination of yield strength and Young’s modulus. Further details about
the design of such elastic hinges can be found in [75]. In total, the setup contains 8
elastic hinges, each with dimensions of r = 2.5 mm, h = 50 µm, g = 0.3 mm and t = 2
mm and a maximum rotation φ = 5.2◦, allowing for an axial load of 20 N, which was
verified through FE simulations.

Figure 2.5: Finite element model of the elastic hinge used in the current setup in a
deformed state. Parameters defining the geometry (r: radius, h: width of
the bridge and g: width of the safety groove) are also shown.

The main parts of the device are depicted in Fig. 2.6. The ’Main Loading Mechanism’,
MLM, is connected to the ’Position bar’ with the so called ’Mode selector’. To change
the applied mode angle, the Mode selector can be placed at various discrete positions
on the MLM using dovetail connectors. The arrow on the ’position bar’ indicates the
fixed direction and position of the externally applied force. Two ’dovetail connectors’
attached on both sides of the sample are used to attach the sample to the MLM and
the support hinge. The support hinge connects the sample to the real world leaving
only one rotational degree of freedom. Figure 2.7 shows a picture of the whole setup
placed inside a micro tensile stage. The range of sample dimensions which can fit
in the MMMB device are (length × width × height) : 35 × 1-7.5 × 0.5-6 mm. Other
elements in the setup design include (i) an adjustment mechanism to adapt the setup
to a certain sample height (part 9 and 11 in Fig. 2.7), (ii) a screw mechanism (part 10 in
Fig. 2.7) to adjust the alignment of the sample, and (iii) different details to overcome
out-of-plane deflections in the device and to avoid friction between the moving parts
and the rigid bottom plate. The latter is achieved by two flexible pins positioned in
vertical direction, which support the system and increase its stability.
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(a) (b)

Figure 2.6: (a) Design of the new MMMB device and (b) picture of the real device: 1:
Main Loading Mechanism (MLM), 2: Mode selector, 3: Sample, 4: Sup-
port, 5: Support hinge, 6: Dovetail connector, 7: Position bar, 8: Loading
tip 9: Setscrew for sample height, 10: Setscrew for alignment, 11: Sample
height adjuster, 12: Protective plate.

2.2.3 Finite element analysis

The MMMB setup with a mounted homogeneous bilayer sample has been modeled
in a finite element program (MSC.Marc/Mentat), see Fig. 2.8. In total, the sample
is described with 32,856 eight-node quadrilateral elements and the MLM is modeled
with 52,196 four-node quadrilateral elements. A predefined crack was present in
the bilayer sample, with a special crack tip mesh which has a rosette shape with
transition elements and quarter-point elements. Frictionless contact conditions were
used between the two surfaces of the cracked region of the specimen. The material
properties used for the sample and the MLM are given in Table 2.1. Simulations were
performed by assuming plane strain conditions and linear elastic material behavior.

To assess the behavior of the setup over a complete range of mode mixities, simu-
lations were performed by applying the load (PMMMB) at different load application
positions (ξ ranging from 0 to 1) for a specimen with various fixed crack lengths.
Mode angles, ψ, were calculated from the stress profiles ahead of the crack tip using,

ψ = arctan

(

σ12

σ22

)

δ

, (2.7)

where σ22 is the normal stress, σ12 is the shear stress and δ is a characteristic distance
from the crack tip along the interface. This distance needs to be tuned in case of
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Figure 2.7: MMMB device, mounted in a micro tensile stage, with: 1: Main Loading
Mechanism (MLM), 2: Mode selector, 3: Sample, 5: Support hinge, 7: Po-
sition bar, 9: Setscrew for sample height, 10: Setscrew for alignment, 11:
Sample height adjuster, 13: Micro tensile stage, 14: Load cell.

interfaces between dissimilar materials [77], because of the existence of a complex
stress state at those interfaces. In case of homogeneous bilayer samples, δ can be any
arbitrary value away from the plastic zone at the crack tip, and therefore δ = 50 µm
was chosen in the present analysis [35, 61, 77]. The mode angles, calculated from the
simulation results of a specimen with a 6 mm pre-crack length at 400 µm displace-
ment applied to the main loading mechanism (MLM displacement), are shown as a
function of loading position ξ in Fig. 2.9a. This figure shows that the new MMMB
setup permits to access the complete range of mode mixities from 0◦ to 90◦ mode
angle by changing the loading position ξ from 0 to 0.8, respectively. The mode an-
gle is about 90◦ for all positions in the range ξ = 0.8 − 1. As shown in the previous
section, pure mode II loading is obtained with a loading position ξ = 4β

α+4β
, which,

in the present setup, equals ξ = 0.8. When the load is applied at positions ξ ≥ 0.8,
an additional compressive mode I component exists (Eq. 2.2) in addition to the pure
mode II component acting at the crack tip. The presence of a compressive mode I
component acting on the extremity of the specimen does not significantly influence
the mode angle obtained from the stress field ahead of the crack tip. Note, however,
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Table 2.1: Material properties of loading mecha-
nism and sample.

Brass (sample)a Ti-6Al-4V (MLM)b

Young’s modulus (GPa) 112 113.8
Poisson’s ratio 0.346 0.342
Yield stress (MPa) 204 880

aDetermined from uni-axial tensile experiments

b[76]

Figure 2.8: (a) FE model of the setup and sample with boundary conditions and (b)
Magnified view of an elastic hinge (indicated with a rectangle in (a)).

that delamination experiments performed at those positions are not completely rep-
resentative for pure mode II conditions, since the friction induced at the fractured
interface may influence the delamination behavior. This also applies to conventional
ENF tests, which are widely used as a mode II delamination test. Implications of
these differences are discussed in the results and discussion section.

The FE model was also used to evaluate the influence of the applied MLM displace-
ment and the crack length on the mode angle. In Fig. 2.9b, the mode angle is shown
as a function of MLM displacement for three different loading positions for a speci-
men with a 6 mm long pre-crack. It can be observed that the mode angle stays almost
constant with a maximum difference of 4◦ between the minimum and maximum val-
ues of the three considered load cases for position ξ = 0.75. Figure 2.9c shows the
mode angle as a function of the crack length for the same three loading positions
at 400 µm displacement. The mode angle stays nearly constant for different crack
lengths with a maximum difference of 2◦ between the extreme values for position



18 CHAPTER 2

(a) (b)

(c)

Figure 2.9: Mode angle obtained by FEM analysis as a function of (a) relative load-
ing position (ξ) for a crack length of 6 mm at 400 µm MLM displacement,
(b) displacement applied to the MLM for three loading positions for a 6
mm crack length specimen, and (c) crack length for three loading posi-
tions at 400 µm MLM displacement.A bilayer sample of 35 mm length, 5
mm width and 0.5 mm thickness for each layer is modeled with material
parameters of brass as given in Table 2.1.

ξ = 0.75. This is also in agreement with the analysis reported in [78], where it is
noted that the change in mode angle with increasing crack length is negligible for
symmetric homogeneous bilayer samples. In case of bilayer samples with different
materials and thicknesses, the mode angle stays (nearly) constant when the ratio of
crack length to the layer thickness is at least 6. For the present case this ratio is larger
than 12. These simulations confirm that the new MMMB setup provides access to
the complete range of mode angles whereby the mode angle does not change signif-
icantly with the applied displacement and/or evolving crack length.
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2.3 Validation

The performance of the MMMB device is assessed in order to determine the influence
of potential inaccuracies that may result from the geometry, machine compliance, or
other possible factors like clearance at connectors. Specially designed test samples
(shown in Fig. 2.10) have been used to this purpose. These are homogeneous, single
layer brass samples (i.e. without an interface and no propagating crack), with a well
defined notch, having an opening width of 30 µm, representing an existing crack of a
fixed length. The thickness of these samples is 1 mm. Figure 2.10 shows end portions
of two different types of these test samples. The specimen shown in Fig. 2.10a is
designed for mode I and mixed mode loading, and the specimen shown in Fig. 2.10b
is designed for mode II loading with a vertical elastic beam at the end of the notch
(see fig. 2.10c). This special design is used in order to prevent contact between two
arms of the notched portion in mode II tests (ξ = 0.8 − 1) where compressive mode I
component is present.

(a) (b)

(c)

Figure 2.10: End parts of (a) mode I/ mixed mode test sample and (b) mode II test
sample. (c) Detailed image of the elastic beam of the mode II test sample.
All the samples are made of brass (see Table 2.1 for material properties)
with dimensions (length x width x thickness) of 35 mm x 5 mm x 1 mm.

Test samples with 5 different notch lengths (3, 6, 9, 12 and 15 mm) were used to check
the performance of the setup as a function of the notch length. Figure 2.11 shows the
results of these five samples loaded at ξ = 0.5. A small amount of hysteresis was
identified as the result of some clearance in the dovetail connectors. The relative
hysteresis, defined as the dissipated energy during a loading-unloading cycle, rela-
tive to the energy supplied during loading was calculated for all crack lengths and
different loading positions. The maximum relative hysteresis was found to be 4%
with a mean value of 3% for all positions between ξ = 0− 0.8. Comparison with dig-
ital image correlation (DIC) results confirmed that the hysteresis indeed originates
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from a minor clearance in the dovetail connectors. Even though the amount of hys-
teresis is limited, and not considered further in this paper, this will be improved in a
future new connector design.
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Figure 2.11: Load-displacement results of the test samples shown in Fig. 2.10 for
loading-unloading cycles with ξ = 0.5 for five crack lengths. The num-
bers indicate the crack length.

2.4 Experimental results and discussion

In-situ experiments with the new setup were conducted in a scanning electron mi-
croscope and under an optical stereo microscope at high magnifications. A batch of
bilayer samples, consisting of two 0.3 mm thick spring steel layers glued together
with an Araldite 2020 glue with a thickness of ∼5 µm was used in the experiments.
At the end of each sample, a pre-crack of 3 mm length was introduced with electro
discharge machining. All the samples were heat treated at 80◦C for 3 days to make
the glue brittle and to fine tune the resulting glue strength. On the basis of these ex-
periments, the interface properties of the custom made interface structure were char-
acterized over a complete range of mode mixities, thereby demonstrating the practi-
cal functionality of the setup. Before the experiment, samples were fine polished on
one side (perpendicular to the plane of the interface) to visualize the interface at high
magnifications. Small markers with a regular spacing of approximately 500 µm were
introduced on the polished side with a sharp knife. These markers were used as a
reference for tracking the position of the crack tip, since the crack tip moves out of
the field of view of the microscope during the experiment. The dovetail connectors
were attached on both sides of the samples with a strong glue at the pre-cracked end,
after which the samples were carefully mounted into the setup.
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Before actual loading of the specimen, each sample was loaded at position ξ = 0 until
the initiation of a sharp pre-crack was observed with a microscope. Finally, the po-
sition selector was reinserted at the appropriate position to carry out a delamination
experiment at the desired mode angle. Actual loading was applied at a displacement
rate of 3 µm/s and load and cross-head displacement values were recorded with the
built in load cell (20N) and linear variable differential transformer (LVDT) respec-
tively. During the test, the sample was unloaded and reloaded at regular intervals.
At each load reversal, images of the crack tip were recorded at a magnification of
250x. These images were used to determine the crack length corresponding to the
load reversals in the post processing analysis.

Figure 2.12: Load-displacement response of a bilayer steel sample (glue interface)
tested at position ξ = 0. The dimensions (length x width x thick-
ness/each layer) of the sample are 35 mm x 3 mm x 0.3 mm. The mea-
sured crack lengths at each load reversal are: a1 = 4.40 mm, a2 = 6.25
mm and a3 = 7.86 mm. The stiffness lines and crack lengths are used to
calculate the CERR.

Figure 2.12 shows the load-displacement result of an in-situ experiment conducted
under a stereo microscope, where the sample is loaded at position ξ = 0. Initially,
at the beginning of the experiment, the load increases rapidly with the displace-
ment until the pre-crack starts propagating further. During this stage, the load re-
mains approximately constant with small discontinuities with increasing displace-
ment. Through real-time optical and scanning electron microscopic visualization, it
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is observed that the interface is delaminating in a discrete fashion. The observed ser-
rated behavior is attributed to the discrete crack growth caused by non-uniformity of
the adhesion strength over the interface area. This is confirmed by the microscopic
observation which shows that, sometimes, the crack front jumps from one interface
to the other. Apart from that, Fig. 2.12 also shows a small amount of hysteresis
during each unloading-loading cycle.

Figure 2.13: Comparison of the raw load-displacement curves based on LVDT and
DIC displacements. Samples specifications are the same as given in Fig.
2.12.

In order to further verify that the observed (serrated and hysteresis) behavior orig-
inates from the interface and not from the setup, a separate displacement measure-
ment is done using a digital image correlation (DIC) technique [79]. Vertical opening
displacements are measured by tracking the center points of the dovetail connectors
on both sides of the sample, from a series of pictures taken during the delamina-
tion test, with the image correlation software Aramis. Comparison of LVDT and DIC
based displacements, shown in Fig. 2.13, reveals an adequate agreement between
these two measurements. An important observation is that the DIC measurement
also shows the small hysteresis observed during the unloading-loading cycle with
the LVDT measurement. This indicates that the hysteresis observed originates from
the interface behavior and that this effect is indeed captured by the new setup. A
relatively small clearance (15 µm) in the dovetail connectors explains the small devi-
ation between both measurements, particularly in the initial portions of the curves.
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From the above discussion, it can be concluded that, (i) the new MMMB setup ac-
curately captures the behavior of the interface and (ii) small deviations are present
in the measured displacement due to some of clearance in the dovetail connections,
which will have only a minor influence on the measured interface toughness.

Pictures taken during the load reversals were used to determine the crack lengths
at each load reversal. There can be a deviation in the crack length measured at the
(visible) surface (at the side of the sample) from the crack length at the middle, e.g.
in case of a curved delamination front. This deviation depends mainly on the frac-
ture process and thus on the specific interface being tested, whereas the sub-micron
resolution of the SEM images is clearly not the limiting factor. However, the ap-
plied approach of calculation of the CERR from the energy equilibrium conditions
requires only an increase in crack length between two consecutive load reversals in
the delamination test. Hence, for the case of constant process zone and thus constant
delamination front (curvature) only the uncertainty in the measurement of increase
of crack length is important. For the present case (where delamination tests per-
formed in SEM) a value of ≈ 2 µm was identified.

Stiffness lines were fitted to the loading curves as shown in Fig. 2.12. The critical
energy release rate of the interface was calculated from the area between the succes-
sive stiffness lines (the hashed region in Fig. 2.12), divided by the delaminated area
corresponding to an increase of the crack length from position a1 to a2. The result-
ing CERR values are shown as a function of the mode angle, as determined from FE
simulations, in Fig. 2.14. From this figure, it is clear that the CERR increases with
increasing mode angle (towards position ξ = 1). It is noted that the CERR reported
in this study represents the macroscopic interfacial fracture energy, which may in-
clude significant contributions from other dissipative mechanisms like plasticity in
the layers (at the immediate vicinity of the interface) and the interface itself apart
from the intrinsic fracture energy. This is particularly the case when a ductile layer
is present in the composite stack [80, 81]. Any plasticity contribution due to perma-
nent deformation of the sample structure to the CERR should be removed 5. In the
present study, sample layers are made of spring steel for the specific reason to avoid
any structural plasticity. Another important observation from this figure is that a
large difference exists between the CERR values measured at ξ = 0.83 and at ξ = 1.
The position ξ = 0.83 is close to pure mode II loading, and has a negligible com-
pressive loading at the interface, whereas for the ξ = 1 position (which resembles
an ENF test), a compressive load is applied at the cracked portion of the two layers.
The presence of this compressive load between the cracked layers leads to frictional
dissipation causing an overestimation of the CERR values [72]. This result also indi-
cates that to measure mode II delamination CERR, one needs to apply a pure mode
II loading instead of a conventional ENF loading.

In-situ measurements performed in the SEM allowed to (i) visualize the delamination
mechanism at the interface and (ii) identify the precise crack tip location. In Fig. 2.15,
an interface with the crack growing from the right, is shown. Small pre-cracks of 50 -
100 µm appear in front of the crack tip before the actual crack evolution (Fig. 2.15a).
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Figure 2.14: CERR plotted as a function of (nominal) mode angle. At 90◦ mode angle
the CERR measured for position ξ = 0.83 is much lower than for position
ξ = 1. Mode angles corresponding to a given loading position ξ are
obtained using LEFM simulations (see Fig. 2.9(a)).

These small pre-cracks grow and interconnect, resulting in the propagation of the
main crack (Fig. 2.15b).

(a) Before crack evolution (b) After crack evolution

Figure 2.15: SEM micrographs showing the mechanism of delamination: bridging of
the small cracks into a main crack

From the in-situ measurements, the position of the ”crack tip” was determined with
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Figure 2.16: SEM micrograph showing the precise crack tip location

an accuracy of ∼ 5 µm, see Fig. 2.16. In principle, this allows to extract the CERR
more accurately than with conventional MMB setups. One remaining difficulty is
tracking the crack tip as the delamination proceeds. This can be overcome by using
special markers and interrupting the test to bring the crack tip location back into
focus.

2.5 Conclusion

A new miniature setup capable of applying a mixed mode bending load to a bi-
layer delamination sample with a pre-crack was successfully introduced. The new
setup can be used for in-situ delamination tests in advanced microscopic systems
(e.g. SEM). The setup was designed with elastic hinges to overcome hysteresis due
to friction. Comparison of the load-displacement diagrams from LVDT and DIC
measurements showed that the present setup can accurately capture the interface
behavior. An analysis of the setup proved the capability of the new setup to achieve
a full range of mode mixities, with a nearly constant mode angle as a function of the
crack length and crack opening displacement. The analysis also revealed that the
conventional ENF test is not a true representation of a mode II delamination. The
present setup can also apply a pure mode II loading (different from ENF loading)
to obtain representative CERR values. The CERR measured for an ENF test is con-
siderably higher than for a pure mode II loading, which was attributed to frictional
dissipation between the two cracked surfaces. Finally, an in-situ test done in a SEM
showed a high-resolution observation of the delamination mechanism. In addition,
these in-situ tests allow for a more precise determination of the location of the crack
tip.





CHAPTER THREE

An improved miniature mixed mode
delamination setup for in-situ
microscopic interface failure

analyses 1

Abstract

Precise characterization of interface delamination in miniature interface structures is
an ongoing challenge with the advent of miniaturization and multi-functionality in
the electronics industry. Accurate numerical prediction of the interface behavior is
necessary to minimize delamination failures. Successful prediction requires (i) ac-
curate determination of the interface properties like the critical energy release rate,
CERR, over the full range of mode mixities and (ii) simultaneous in-situ microscopic
visualization of the delamination mechanism. These requirements were recently ad-
dressed by the development of the miniature mixed mode bending (MMMB) setup
[Kolluri et al., Int. J. Frac. 2009]. In this article an improved MMMB setup is pre-
sented, which overcomes the main limitations of the original design. Specifically,
the improved design (i) can access a significantly larger range of interface systems
due to its increased limits of maximum accessible load and stroke in all mode mix-
ities, (ii) has significantly higher accuracy in load-displacement measurement due
to its reduced clearance at the connectors, which is particularly relevant for minia-
ture samples, and (iii) has a high reproducibility due to a newly added setup align-
ment tool. The measurement concept is validated on (industrially relevant) copper

1Reproduced from: M. Kolluri, J.P.M. Hoefnagels, J.A.W. van Dommelen, M.G.D. Geers, An im-
proved miniature mixed mode delamination setup for in-situ microscopic interface failure analyses,
Journal of Physics D: Applied Physics, 44, 1-13, (2011).
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lead frame-molding compound epoxy (CuLF-MCE) interface structures. The load-
displacement curves and corresponding CERR values obtained from experiments
over the full range of mode mixities are discussed in relation to the delamination
mechanism observed during real-time in-situ visualization. Specifically, the mea-
sured increase of the CERR towards mode II is related to a more discrete or jerky
crack growth behavior observed in the mode II dominant tests. Finally, the potential
of the methodology for interface parameter characterization is illustrated.

3.1 Introduction

Interfacial delamination is a major concern in the micro-electronics industry (see, e.g.
[3, 4] and Fig. 3.1(a,b)) due to the high density integration of dissimilar materials into
a single so-called ’System in Package (SiP)’, driven by ever-increasing demands for
miniaturization and multi-functionality. Delamination occurs mainly due to signifi-
cant thermal stresses generated at these interfaces during thermal cycling, triggered
by the mismatch of the coefficient of thermal expansion (CTE) and the Poisson’s ratio
of the adherend layers. As a prime example, during encapsulation of SiPs with mold-
ing compound epoxy (MCE), interfaces between MCE and outer layers of the SiP are
often susceptible to delamination (in particular lead frame-MCE and die-MCE in-
terfaces, shown as dashed lines in Fig. 3.1(c)). Specifically, delamination of copper
lead frame (CuLF)-MCE interfaces attracted significant attention from researchers
[2, 25, 82–86]. Yet the behavior of this interface over the full range of mode mixities
and the underlying delamination mechanism are still not well understood. One of
the reasons for this is that under certain loading configurations interface delamina-
tion occurs in concurrence with plasticity in the bulk layers, which prevents accurate
determination of representative Critical Energy Release Rate (CERR) values. Accu-
rate prediction of the interface behavior in SiP manufacturing and exploitation is
necessary to minimize these delamination failures and to improve design rules ac-
cordingly. Successful prediction of interfacial failure using available interface models
[58, 59, 87], is only possible with the input of accurate and detailed measurements of
the interface behavior obtained from well defined delamination experiments. To this
end, this article presents a new improved Miniature Mixed Mode Bending (MMMB)
delamination setup capable of measuring CERR values under simultaneous in-situ
observation under the scanning electron microscope (SEM) or optical microscope.
As an illustrative example, this setup is validated on measurements of the CERR of
the CuLF-MCE interface for the full range of mode mixities.

It is well documented in the literature that interface fracture toughness is not a
unique material property but depends on the entire stress field ahead of the crack
tip (i.e. loading mode) [22, 35, 36, 38, 77, 88, 89]. A complete description of an in-
terface necessitates its characterization over the complete range of mode angles from
mode I to mode II. Figure 3.2 shows the loading configurations typically used for test-
ing under mode I (double cantilever beam (DCB) test, Fig. 3.2(a)) and mode II (end
notch flexure (ENF) test, Fig. 3.2(b)). In contrast, Figure 3.2(c) shows the mixed mode
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(a) (b) (c)

Figure 3.1: (a,b) SEM micrographs (arrows) showing delamination between copper
metal lines and dielectric material in back end structures (Courtesy of
NXP Semiconductors). (c) Schematic of the lead frame package molded
in a molding compound epoxy. All the interfaces which are prone to de-
lamination are marked as dashed lines.

bending test, which is capable of testing the full range of mode mixities. Besides con-
trolling interface delamination under a well-defined mode angle in a single loading
configuration, it is highly beneficial if the experimental methodology is able to carry
out accurate in-situ delamination tests of miniature samples under optical and scan-
ning electron microscopes. This enables to precisely identify the crack tip position
and to understand the active delamination mechanism in addition to the CERR mea-
surements. Due to the small forces involved with miniature samples, such a setup
should not entail undesirable and non-negligible dissipative contributions due to
friction and clearance in the moving parts of the setup that prohibit accurate force
measurement. Furthermore, non-linearities resulting from the geometry of the setup
and from the self weight of the parts of the setup should be avoided.

P

P

(a) DCB

P

(b) ENF (c) mixed mode bending

Figure 3.2: Sketch of different loading configurations for interface delamination; (a)
double cantilever beam (DCB) test; (b) end notch flexure (ENF) test; and
(c) mixed mode bending test.

A number of experimental setups, which can carry out mixed mode delamination
tests [21–25, 86, 90], have been proposed in the literature. The setup of Reeder and
Crews [21] is well known [22, 25, 91, 92] and can access a large range of mode mix-
ities, however, excluding pure mode I and mode II. Hence, separate DCB tests and
ENF tests are required to fulfill the interface characterization over the complete range
of mode mixities [25]. Despite being suitable for mixed mode testing, none of the
above mentioned setups are directly suitable for in-situ testing of miniature samples
due to (i) their size being too large to handle miniature samples and to fit in a SEM
chamber, (ii) their inability to keep the direction of load application horizontal, which
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is required to enable the use of standard microscopes to trace the crack tip move-
ment and to visualize the delamination mechanism during in-situ testing, and (iii)
the presence of friction resulting from moving hinges and parasitic non-linearities
(e.g. through the self weight of the setup acting on the sample), which is especially
a problem when testing miniature samples. To overcome these constraints, a re-
designed miniature mixed mode bending (MMMB) setup was recently introduced
by Kolluri et al. [93].

Proof of principle measurements on glued interfaces [93] indeed demonstrated that
the MMMB setup was successful in carrying out CERR measurements over the full
range of mode mixities, under simultaneous in-situ microscopic visualization of the
delamination mechanism. The remaining limitations of the setup proposed in [93]
are (i) the maximum applied load (too limited) and (ii) maximum applied displace-
ment (too small), (iii) instrumental hysteresis that required an elaborate digital im-
age correlation procedure to correct for, and (iv) high operator skill to compensate
lack of setup robustness and ease-of-use. Particularly, the first two limitations pre-
vent testing of the industrially-relevant CuLF-MCE interfaces. This paper presents
an improved miniature mixed mode bending delamination setup that overcomes the
above-mentioned limitations, enabling a study on CuLF-MCE samples. First, a brief
overview of the original MMMB design is given with its advantages and limitations.
Next, the various improvements to the MMMB design are presented, and the design
of the improved MMMB setup is confronted with the original MMMB setup. The
functionality of the improved setup is demonstrated with tests on specially designed
validation samples. Measurement accuracy and reproducibility are addressed by re-
peated tests on validation samples. Finally, the improved MMMB is used to study
delamination in (preplated) CuLF-MCE samples over full range of mode mixities,
and under in-situ SEM visualization of the delamination mechanism.

3.2 Brief review of the original MMMB setup

In this section, the main details of the loading configuration of the original MMMB
design are reviewed [93]. The mixed mode bending loading configuration shown in
figure 3.2(c) was adopted because of its ability to apply different mixed mode load-
ing conditions and the fact that it is standardized (ASTM D6671-01, 2001, [71]), and
widely accepted for interface delamination characterization. Figure 3.3 (left) shows
the design of the original MMMB device to achieve the required mixed mode bend-
ing loading. The setup consists of several moving parts and special elastic hinges for
frictionless rotation. The loads transferred to the sample, depicted in Fig. 3.3, can be
written as:

PA = PMMMB(1 − ξ) (3.1a)
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Figure 3.3: Design of the original MMMB device with: (1) the main loading mecha-
nism (MLM) with (2) elastic hinges, (3) the bottom support hinge, (4) the
left support, (5) the bilayer sample with (6) precrack, (7) the dovetail con-
nector, and (8) loading tip. Also shown is the schematic representation
of the load distribution under mixed mode bending, with the loads on
the sample (shown on the left) and the decomposition of these loads into
mode I and pure mode II components (shown on the right).

PB = PMMMB
α

β
ξ (3.1b)

PC =
PB

2
(3.1c)

PD = −PA +
PB

2
, (3.1d)

where, ξ = H
γ

is a dimensionless shape parameter that represents the relative position
of the applied load. H is the corresponding absolute position of the applied mixed
mode load PMMMB and α, β, γ are the characteristic dimensions of the loading mech-
anism (indicated in Fig. 3.3). Variation in the mode mixities is obtained by changing
ξ over 13 discrete positions from 0 (DCB) to 1 (ENF).

The load on the sample can be decomposed in its pure mode I and pure mode II
components, PI and PII , respectively, which are defined by the load configurations
depicted in the top and bottom right hand side of figure 3.3. Pure mode II load-
ing is defined as the case for which the separating parts of the cracked specimen
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deform with the same curvature, resulting in a zero mode I component at the inter-
face. The corresponding expressions for these mode I and mode II components in
a bilayer sample with the same materials and equal layer thickness were presented
previously [93]. Here, a more generalized form of these expressions for a bilayer
sample with dissimilar materials and unequal layer thicknesses is presented. Details
of the derivations are given in the appendix.

PI = PMMMB

(

1 − ξ −
Kα

2β(1 +K)
ξ

)

, (3.2)

PII = PMMMB
α

β
ξ, (3.3)

where K = PE

PF
is a constant determined by the geometry and material properties of

the two adherend dissimilar layers, which is equal toK = EtIt

EbIb
under the assumption

of linear beam theory, with Ei and Ii the Young’s modulus and moment of inertia for
the top and bottom layers respectively. It is clear from the Eqs. 3.2 and 3.3 that for
ξ = 0, the applied loading corresponds to mode I (DCB) loading (PI = PA = PMMMB

and PII = 0). For ξ = 1, the applied load corresponds to the conventional ENF load-
ing (PII = PB and PI = −PMMMB

Kα
2β(1+K)

), where the presence of a negative mode I

component leads to complications in the measurement of the mode II fracture tough-
ness because of the compressive stress resulting in friction between the two delam-
inated crack surfaces. For instance, results published by Kolluri et al. [93] showed
a large difference in the CERR values obtained between pure mode II and ENF tests
for glued interface samples. However, for any given bilayer sample, there is a posi-
tion at which the mode I component is zero at the interface and consequently a pure
mode II loading is obtained. This pure mode II loading position can be identified in
this loading geometry by (see appendix)

ξII =
2(1 +K)β

Kα + 2(1 +K)β
. (3.4)

The pure mode II position is ξ = 0.8 for the case of a homogeneous bilayer sample
with equal thickness of the bulk layers and a setup with α = β.

3.2.1 Advantages of the MMMB setup

The following reported advantages of the original MMMB setup are recalled: (i) de-
lamination can be tested over the full range of mode mixities, (ii) precise force mea-
surement for small samples during delamination, (iii) in-situ testing under optical
or electron microscope is possible which enables identification of the precise crack
tip position and delamination mechanisms, and (iv) frictionless pure mode II test for
accurate mode II fracture toughness determination. The functionality of the MMMB
setup was demonstrated by in-situ delamination characterization of custom made
glued interface structures [93].
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3.2.2 Limitations - Motivation for an improved design

Even though the original MMMB setup was successful in carrying out in-situ tests
on miniature structures, some limitations persist. First of all, the setup is limited in
maximum force (20N) and displacement (depending on the mode mixity) necessary
to achieve delamination particularly in mode II and mode II dominant tests. As re-
ported in [93], the clearance in the dovetail connectors may still lead to hysteresis in
loading-unloading cycles in the MMMB setup. Using image analysis of the displace-
ments of the dovetail connectors, the influence of the hysteresis could be corrected
(only) for mode I tests. Therefore, relatively high error margins may still be expected
for mixed mode and mode II measurements. Additionally, some of the hinges in this
design are unfavorably loaded in compression, which can lead to hinge failure due
to buckling. Finally, the elastic hinges used in the design are fragile, and mounting
and un-mounting of the sample demands special care. An improved version of the
MMMB device is therefore designed and this design is analyzed, and validated on
the CuLF-MCE specimens, as addressed in the next sections.

3.3 Improved Miniature Mixed Mode Bending setup

The design of the new improved MMMB focused on various fundamental improve-
ments to the original MMMB setup in order to increase its maximum applicable load
and stroke limits, to reduce undesirable clearances and to make the setup more ro-
bust. Improvements in the design are made by geometry optimization, performed at
two structural levels to increase the maximum allowable displacement in the MMMB
device. First, the total geometry of the improved MMMB was optimized for maxi-
mum global displacement using a finite element beam model of the setup. Next, the
geometry of the elastic flexure hinge was optimized to provide more rotation in the
critical hinges of the setup. The robustness of the setup was improved by several
other modifications to the design including (i) a reversal of all compressive hinges (4
and 5) in the MLM to tensile hinges, (ii) increase in the thickness of the total device,
and (iii) incorporation of additional tools for guiding, aligning and securing.

3.3.1 Optimization of the elastic hinge positions

A simple finite element beam model representing the MMMB device shown in figure
3.4 was used to optimize the geometry of the MMMB device. All the sections of the
setup and samples are modeled as simple 2-node beam elements in MSC.Marc. In
this model, elastic hinges connecting the beam elements are modeled with nodal ties
(with rotation around z-axis being the only untied degrees of freedom) and rotational
springs (to incorporate the elastic rotational stiffness and simulate the maximum ro-
tational angle of the elastic hinges), as shown in Fig 3.4. The hinges in the model
are numbered and represented with black circles. A beam model was used because



34 CHAPTER 3

Figure 3.4: FE beam model of the MMMB setup with new additional hinges. An as-
terisk ’*’ indicates the newly added elastic hinges (9 and 10). Details of the
nodal ties and hinges are also shown.
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Figure 3.5: Comparison of the maximum global displacement between the original
and improved MMMB configurations, obtained from FE beam simula-
tions performed on a homogeneous bilayer sample with a fixed crack
length of 6 mm.

it allows for fast analysis and updates of the position of the hinges and insertion of
new hinges. Simulations were performed at all loading positions from ξ = 0 to ξ = 1
to identify the maximum global displacement at each position and the correspond-
ing critical hinge, i.e. the hinge that reaches its maximum rotation first and therefore
limits the maximum global displacement. Hinge 1 appeared to be the critical one in
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most loading conditions, while mixed mode loading positions close to pure mode II
were identified as the critical positions where the global displacements are minimal
(Fig. 3.5). To improve the maximum displacements, two new hinges, one at the right
bottom (hinge 9) and one at the left top corner (hinge 10) are inserted in the new
design to reduce rotation of critical hinge 1. Figure 3.6 shows the schematic com-
parison between the old and new geometries at the same global displacement for a
mixed mode test. It is clear from the figure that adding the extra hinges (9, 10) signif-
icantly reduces the rotation at hinge 1 (at the expense of increased rotation at hinge
6), which increases the maximum global displacement. From the beam simulations,
it became also obvious that more space between hinges 1 and 2 decreases the rotation
at hinge 1. In addition, optimization (to maximize distance between hinge 1 and 2)
was performed such that the setup uses all the space available (73 × 47 × 29 mm) in
the micro-tensile stage (Kammrath & Weiss GmbH) which is sufficiently small to fit
in a scanning electron microscope (SEM) vacuum chamber.

Figure 3.6: Schematic comparison between the old (red) and new (green) geometries
loaded to the same global displacement for a mixed mode test, showing
how the introduction of new hinges (9, 10) significantly reduces rotation
(ω < η) at the critical hinge (no. 1).

3.3.2 Optimization of the hinge geometry

After the above-mentioned optimization of the hinge positions, it was concluded that
(depending on the loading position) the rotations in hinges 1 or 6 limit the maximum
global displacement of the device. Hence, a special elliptic hinge design, which is op-
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Figure 3.7: Elliptical flexure hinge with geometrical parameters. The stress distribu-
tions across the thickness at t due to the applied moment and the axial
force are also shown.

timized for an increased maximum rotation, is used to replace the previous circular
hinges in these critical locations. The other hinges were kept circular because they
more accurately preserve the center of rotation than elliptical hinges [94, 95]. Figure
3.7 shows the parameters representing the geometry of the hinge. The maximum ro-
tation of a hinge is determined by the geometry parameters (b/a ratio) that define the
profile of the hinge, width w and the thickness t at the thinnest region of the elastic
hinge. The thinnest hinge region with thickness t carries the bending stress, σMz , and
normal stress, σFy , that can be applied to the hinge. Optimization of this thickness
is done using the closed form compliance equation derived by Smith et al., [75] for
elliptic hinges:

Mz =
θzEwt

3

24aγ
, (3.5)

where γ is a lengthy function of b and t. The maximum total stress (σT ), which is at
the surface, is the sum of the stress contribution from the applied moment around
the z-axis (σMz = Kt

Mz .t
2Izz

, where Kt the stress concentration factor is a function of
a and t, and where Izz is the moment of inertia at t) and the applied normal stress

along the x-axis (σFy = Fy

tw
). For a hinge in an elastic state, σT should remain below

the yield strength σY of the material, reduced with a safety factor ζ , i.e.

σMz + σFy ≤
σY

1 + ζ
. (3.6)
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The maximum rotation of the hinge can be retrieved by rearranging equations (3.5)
and (3.6) as,

θz =

[

σY

1 + ζ
−
Fy

tw

]

48aIzz

KtEwt4
γ(b, t). (3.7)

θz in equation (3.7) can be treated as the objective function to maximize, leading to
an optimal geometry of the hinge (t, w, a and b). From Eq. 3.7, it is obvious that θz in-
creases monotonically with increasing hinge length, a, however, this is counteracted
by a decrease in the precision of the rotation. Hence, the hinge profile ( b

a
= 0.8626)

suggested by Chen et al., [94] for optimal hinge performance with respect to max-
imum rotation at minimal stress concentration and maximum precision of rotation
was used here. In addition, the width w was increased (from 2 mm in the original
setup) to 6 mm in order to increase the allowable maximum axial force Fy from 20 N
to 50 N. The other constraint is b ≤ 3.25 mm which is limited by the available space
in the tensile stage. Using b = 3.25 mm, θz is plotted as a function of the thickness
for an elliptic hinge in Fig. 3.8. A maximum rotation angle θzmax of 8.62◦ is found
(without any safety factor) for t = 28 µm as shown in Fig. 3.8. With a safety fac-
tor of ζ = 0.2, the maximum rotation angle is reduced to θzmax = 6.56◦ for t = 34
µm. Based on the limited sensitivity to t around the maximum (Fig. 3.8), a value of
t = 50 µm was adopted for the final design to avoid the region of high sensitivity of
θzmax to possible machining inaccuracies for small thicknesses. This slightly reduces
the maximum rotation angle to 6.27◦. In all, the maximum rotation has improved
with 32% compared to the hinges in the original design, using the same safety factor.
Moreover, the extent of the profile of the hinge on one side was reduced to the min-
imum distance (y = x

2
) without influencing the maximum rotation of the hinge [95],

in order to maximize the distance between hinge 1 and 2 (Fig. 3.4).

3.3.3 Final improved MMMB design

Incorporating the above mentioned modifications, FE beam simulations were per-
formed with the improved MMMB design to check its performance. The maximum
global displacement was plotted as a function of the relative loading position in Fig.
3.5, which is improved by more than 60% for the critical loading positions close to
pure mode II. Then, the improved MMMB device was manufactured by electrical
discharge machining of the Ti-6Al-4V alloy plate. The final design of the improved
MMMB device in comparison with the original MMMB device is shown in Fig. 3.9.
All the important changes are highlighted and numbered. It is also noted that the
improved design has 16 mode selector positions, instead of 13, in order to more ac-
curately select the mode angle in the experiment. The main parts of the improved
MMMB setup mounted in the micro-tensile stage are depicted in Fig. 3.10. Besides
the above mentioned improvements in maximum load and displacement, also the
remaining nonlinearities and robustness were further addressed, which is discussed
next.
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Figure 3.8: Maximum rotational angle θz as a function of the thickness t of the hinge
for w = 6 mm, b = 3.25 mm and b

a = 0.8626. Inset: (a) a conventional
elastic hinge, (b) the circular hinge used in the original MMMB setup and
(c) the new elliptic hinge design with a reduced profile on one side. The
safety element closes the safety groove, g, once the hinge rotates to the
maximum allowable rotational angle.

3.3.4 Clearance and Robustness of the setup

As was reported in [93], the clearance in the dovetail connectors resulted in hystere-
sis in the load displacement curves during loading-unloading tests in the original
MMMB setup. The hysteresis can only be corrected for in mode I tests by tracking
the connector clearance using a digital image correlation technique [96], a correction
that is not possible in mixed mode and mode II measurements. To overcome this
problem, new tapered dovetail connectors with wedge locking tools were manufac-
tured as shown in Fig. 3.10b. With these tapered dovetails, mounting of the sample
becomes easy and requires a relatively small force (in contrast to the original setup)
which avoids any deformation of the hinges in the setup. After mounting the sam-
ple into the setup, the wedge tools are inserted to lock the dovetails without any
clearance.

Since the elastic hinges used in the design are fragile, any damage of the hinge due
to small forces during insertion and removal of the sample and the wedge locking
tools and during actual loading should be avoided. Hence the following features
have been adapted.

1. The thickness of the device is increased from 2 to 6 mm

2. The hinges at the mid loading position (hinge no. 4 and 5) are designed to be
under tension to avoid any buckling of the hinges due to compressive loading
in mode II dominated tests.
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Figure 3.9: Design of (a) the original and (b) the improved MMMB setup. Improve-
ments are highlighted and numbered: (1) introduction of new hinges, (2)
replacement of the critical hinges with elliptical hinges for increased rota-
tion, (3) optimization of hinge geometry and increased robustness, (4) re-
design of compressive hinges to tensile loading, and (5) increased length
of the MLM.

3. A separate bottom hinge shown in Fig. 3.10 (as 2b) is used when the load at this
hinge is compressive (PD < 0) to avoid an unstable bottom hinge configuration.

4. Several components including guiding pins (to prevent in-plane motion) as
well as a top and (movable) bottom supporting plate (to prevent out of plane
motion) were introduced to provide mechanical isolation of the hinges and
highly accurate alignment of the MLM during sample insertion and removal.

All these features significantly increase the robustness of the setup. Additionally,
using these locking tools, the interface to be tested will also be protected from any
external loads during the mounting process. In conclusion, the new robust setup
increases the precision of the experimental load-displacement measurement by min-
imizing the risk for handling errors.
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Figure 3.10: (a) the improved MMMB setup mounted in the micro-tensile stage: (1)
main loading mechanism, (2a,2b) bottom hinges, (3) sample, (4) position
selector, (5) handling plate, (6) micro-tensile stage, (7) position bar, (8)
guiding rods, (9) set screw, (10) screw lock, (11) alignment pins, (12) sam-
ple height adjuster, (13) alignment screw, (14) bottom plate. (b): (15) new
tapered dovetail connectors and, (16) wedge locking tools that remove
any clearance in the connectors. (c): (17) top supporting plate (to lock the
device during insertion and removal of the wedges) and (d): improved
MMMB setup mounted in (18) SEM chamber.

3.4 Analysis of the new improved MMMB setup

3.4.1 Validation and accuracy assessment

The performance of the improved MMMB setup is evaluated using specially de-
signed validation samples to assess the influence from inaccuracies in the manu-
factured geometry, machine compliance, or other factors such as clearance at the
connectors. These samples are homogeneous single layer brass samples (i.e. without
an interface and hence no propagating crack) with a well-defined notch, having an
opening width of 30 µm, representing an existing crack of fixed length. The thickness
of these samples is 1 mm. The inset in Fig. 3.11a shows the extremity with the notch
in one of the test samples. Test samples with 5 different notch lengths (3, 6, 9, 12 and
15 mm) were used to check the performance of the setup. Tests were performed at all
loading positions from mode I to pure mode II (ξ = 0 − 0.8). Figure 3.11a shows the
results of these tests performed on the 12 mm notch sample. The hysteresis observed
in these tests is negligibly small, confirming the efficacy of the new wedge-locking
dovetails with minimal clearance at the connectors (Fig. 3.10b). The relative hystere-
sis, defined as the dissipated energy during a loading-unloading cycle, relative to
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the energy supplied during loading was calculated for all crack lengths and different
loading positions. The maximum relative hysteresis was found to be 2% for pure
mode II and the mean value is 1% for all loading positions. This is at least a factor
of 2 smaller compared to the original design [93], even without the need for an elab-
orate digital image correlation correction procedure. To assess the precision of the
complete experimental procedure, repeated tests were performed at one loading po-
sition by unmounting the sample after each test and remounting it for the next test.
Because of the increased robustness and the new alignment tools, consistent results
can be obtained (Fig. 3.11b). Specifically, the error in the stiffness was less than 0.7%
which demonstrates the achieved precision of the new design.
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Figure 3.11: (a) Load-displacement results for loading-unloading cycles with the 12
mm validation sample at different loading positions (indicated by ξ). The
inset shows the notched extremity of a validation sample used for mode
I to pure mode II tests ξ = 0 − 0.8. (b) Results of complete experimental
repetition of 3 validation tests performed at ξ = 0. An error of less than
0.7% in stiffness was observed.

3.4.2 Finite Element Analysis

To determine the mode angle at the interface for different relative loading positions,
finite element (FEM) simulations were performed for all loading positions using the
beam model of the setup and an elastic material model of the CuLF-MCE sample. A
fixed length of the precrack was modeled with a special rosette shape crack tip mesh.
The mode angle, ψ, is defined by the orientation of the stress field. Because of the
oscillating stress field in the dissimilar material interface (CuLF-MCE interface) [35],
ψ is defined at a certain reference length, δ:

ψ = arctan

(

σ12

σ22

)

δ

, (3.8)
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where σ22 is the normal stress, σ12 is the shear stress. The plastic process zone size is
a common choice for the reference length δ [35, 77] as it is the only intrinsic length
scale in the system. The size of this process zone can be defined by the point where
the linear elastic stress field equals the yield stress of the weakest of the two materials
[35], which is ∼ 5 µm in case of the CuLF-MCE samples. The mode angles calculated
from the FEM simulations are plotted as a function of loading position in Fig. 3.12.
The figure also shows this relation for a homogeneous bilayer sample with equal
thickness of the bulk layers. These calculations demonstrate that the setup probes
interface delamination over the complete range of mode angles for both homoge-
neous and dissimilar bilayer samples. Additionally, a strong feature of the MMMB
concept is that the mode angle stays constant within a few degrees for different crack
lengths and MLM displacements, as was shown in Fig. 2.9 for a homogeneous bi-
layer sample. A constant mode angle is in agreement with the analysis reported in
[78]. There, it was shown that the mode angle always stays constant with increasing
crack length for a homogeneous bilayer sample, however, in case of heterogeneous
bilayer samples, the ratio of the crack length to the thickness of the layer (a/t) should
be sufficiently large to obtain a constant mode angle. The required value of this ratio
depends on the material properties of both layers. For the case of CuLF-MCE system
this ratio should be at least 6, whereas a value of ≥ 12 is used in the current analy-
sis. It is also worth mentioning that FEM simulations taking into account the actual
geometry of the setup, showed that at a maximum load of 50N, the displacement
resulting from the compliance of the MMMB setup can be neglected with respect to
the measured global displacement.

3.5 Study of coated copper lead frame - molding com-
pound epoxy (CuLF-MCE)

3.5.1 Experimental procedure

In-situ experiments with the improved MMMB setup were conducted in a scanning
electron microscope and under an optical stereo microscope at high magnifications.
A batch of bilayer samples (manufactured at Philips Applied Technologies), consist-
ing of 0.2 mm thick preplated (Au-Pd-Ni) copper lead frame and 0.5 mm thick mold-
ing compound epoxy, was tested in these experiments. The samples were prepared
by heating the lead frame to 180◦C for 2.5 minutes followed by high pressure hot
injection molding of the molding compound epoxy. Afterwards, the samples were
laser cut to the required dimensions (35 × 5 mm). After the molding, the samples
received a post mold cure for 4 hours at 175◦C. At the end of each sample, a well
defined 6 mm long pre-crack was created by sliding a thin knife edge between the
two layers using a home-built device. Prior to the experiment, samples were fine
polished on one side (perpendicular to the plane of the interface) to visualize the in-
terface at high magnifications. The dovetail connectors were attached on both sides
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Figure 3.12: Mode angle obtained by FEM analysis as a function of relative loading
position (ξ) for (i) a homogeneous equal thickness bilayer sample (see
Fig. 2.9 for material properties and dimensions) and (ii) the CuLF-MCE
sample used in this study (tCuLF = 0.2 mm, tMCE = 0.5 mm, ECuLF =
120 GPa and EMCE = 30 GPa, where t is thickness and E is Young’s
modulus), with a crack length of 6 mm at 200 µm MLM displacement.

of the samples with a stiff glue at the pre-cracked end, after which the samples were
carefully mounted into the setup, by applying the robust sample insertion procedure
with locked elastic hinges, as explained in section 3.3.4. Finally, the position selector
was reinserted at the appropriate position to carry out a delamination experiment at
the desired mode angle. During the test, the sample was unloaded and reloaded at
regular intervals. At each load reversal, images of the crack tip were recorded at a
magnification of 250x. These images were used to determine the crack length corre-
sponding to the load reversals in the post processing analysis. On the basis of these
experiments, the interface properties of the preplated CuLF-MCE interface structure
were characterized over a complete range of mode mixities, thereby demonstrating
the strengths of the setup.

3.5.2 Results and discussion

Figure 3.13 shows the load-displacement plots of the in-situ experiments conducted
under a stereo microscope, at mode I (ξ = 0) and mixed mode loading positions
(ξ = 0.4, 0.67 and 0.8). Initially, in all mode mixities, the load increases linearly with
increasing displacement until the onset of crack initiation. Subsequently, a gradual
drop in the load is observed with further displacement due to crack propagation.
It is observed that the maximum at the onset of crack initiation in the first loading-
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unloading cycle is less pronounced compared to the sharp maximum observed in
the subsequent cycles, as highlighted in red in Fig. 3.13 for the mode I curve. This
smooth behavior in the first cycle is attributed to the gradual development of a sharp
microscopic crack tip and stable crack front normal to the crack propagation direc-
tion. Hence, before the actual delamination experiment at certain mode mixity, each
sample was first loaded in mode I (position ξ = 0), until the initiation of a sharp
stable crack front was established. This first mode I cycle was ignored for the cal-
culation of the CERR and is also not shown for the mixed mode experiments in Fig.
3.13.

Figure 3.13: Comparison of load-displacement plots of a mode I (ξ = 0) and mixed
mode (ξ = 0.4, 0.67, 0.8) experiments conducted on CuLF-MCE samples.
The inset shows a magnification around the origin of the ξ = 0.8 curve
illustrating the residual opening after unloading to zero load.

The critical energy release rate of the interface was calculated from the area between
the successive loading-unloading stiffness lines (e.g. the hashed region in Fig. 3.13),
divided by the delaminated area corresponding to an increase of the crack length
from position a1 to a2. A strong feature of the (improved) MMMB setup is that it
allows highly accurate determination of the increase in crack tip position under the
SEM, therefore, there is no need to use approximate analytical formula or numeri-
cal tools for the crack length prediction to calculate the CERR values. The resulting
CERR values are shown in Fig. 3.14 as a function of the mode angle (the latter is de-
termined from FE simulations). Note that the CERR represents the macroscopic inter-
facial fracture energy (measured from the global load-displacement response), which
includes contributions from all dissipative mechanisms within the process zone as-
sociated with fracture, include damage and plasticity in the interface and in the ad-
joining layers in the immediate vicinity of the interface, but also (stick-slip) friction
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of the delaminated interface. Separate from the plasticity mechanisms within the
fracture process zone, plastic dissipation can occur due to permanent deformation of
the sample structure (structural plasticity) during delamination. This structural plas-
ticity is particularly dominant when a ductile layer is present in the composite stack
[80, 81]. For instance, the inset in Fig. 3.13 shows a zoom around the origin of the
load-displacement plot for ξ = 0.8, revealing a residual opening after complete un-
loading indicating possible structural plasticity contributions to the measured CERR.
These structural plasticity contributions to the total energy dissipated during delam-
ination need to be separated for accurate CERR calculation. Identification and sepa-
ration of the structural plastic contributions to the total energy spent is required for
the calculation of CERR. This requires a dedicated numerical-experimental method-
ology which is beyond the scope of this work and is the focus of Chapter 5. For the
present work, the maximum contribution to the measured CERR value due to struc-
tural plasticity has been estimated from Fig. 3.13 by assuming a full damage unload-
ing behavior to the origin. A maximum deviation of 6% about the mean CERR value
was observed in mode II dominant test at ξ = 0.89, while a negligible influence was
observed in mode I or mode I dominant mixed mode tests.

Figure 3.14: Critical energy release rate with standard deviation bandwidth as a func-
tion of (nominal) mode angle. Nominal mode angles are obtained from
Fig. 3.12, where the relation between the relative loading position and
the mode angle was established.

Besides the energy absorbed between two successive loading-unloading cycles, other
important details are visible in Fig. 3.13. The first important observation is that the
hysteresis of the setup, which can be measured from the unloading-reloading curves
is negligible in all of the tests (even better than Fig. 3.11(a)). It is also clear that the
curves (during crack growth) are smooth for mode I dominant tests (at ξ = 0 and 0.4)
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compared to the wavy curves in mode II dominant tests (ξ = 0.67, 0.8). This differ-
ence in behavior can be attributed to the roughness of the bonded surfaces (which
is ∼1 µm RMS for the copper layer before molding) at the interface. Locally, the
micro-scale roughness can lead to local shearing of and/or sliding between rough-
ness asperities causing additional frictional dissipation which leads to an increased
macroscopic interface fracture energy. In both cases, apart from the bulk layers that
need to store more energy, a local crack opening displacement on the order of the
roughness or size of the asperities is necessary for the crack to grow. In shear dom-
inant tests (e.g. pure mode II), where the crack opening in normal direction is con-
strained, individual asperities will need to shear for the crack to grow. Therefore, ei-
ther frictional sliding or local shearing can explain the discrete crack growth with its
resulting characteristic wavy behavior for mode II dominant curves. To substantiate
this hypothesis, in-situ delamination tests under SEM at high magnifications (under
low vacuum mode) were carried out, confirming that the crack grows smoothly in
mode I dominant tests (ξ = 0-0.53), compared to more discrete or jerky crack growth
in mode II dominant tests (ξ = 0.53-1). This is also consistent with the trend in the
CERR in Fig. 3.14, where a CERR of ∼ 4.5 J/m2 that is constant within experimen-
tal uncertainty was observed until ψ ≈ 15

◦

(i.e. ξ = 0-0.53), followed by a sharp
increase with increasing mode angle towards position ξ = 1. To minimize the un-
certainty in CERR measurement due to the jerky crack growth (resulting from stick
slip behavior), the crack length increase between two consecutive unloads were kept
sufficiently large in mode II dominant tests.

(a) (b) (c)

Figure 3.15: SEM micrographs showing the evolution of crack (from a-c) in the pro-
cess zone during a mode I (ξ = 0) delamination experiment. The crack is
growing from the right to left.

In addition to the CERR measurements, real-time microscopic visualization allowed
extraction of additional information at the delamination front to trace the formation
and propagation of the crack in detail, providing valuable input for understand-
ing of the fracture mechanism and for predictive simulations of the delamination in
these interfaces. Specifically, the microscopic images allow for the following mea-
surements.

1. The precise crack tip position can be determined within an accuracy of 5 µm.

2. The delamination mechanism can be visualized at the interface. Figure 3.15
shows the evolution of the crack in the process zone. A brittle cleavage type of
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Figure 3.16: SEM micrograph showing small cracks and a limited number of bridges
at the interfaces (for a mode I experiment).

Figure 3.17: SEM micrograph with a DIC overlay of the y-displacement at a certain
opening. Opening displacement as a function of section length is shown
in the graph below.

failure was observed as the dominant mechanism indicating the brittle nature
of the interface. At high magnifications, some bridges were observed as shown
in Fig. 3.16.

3. The displacement field during delamination can be mapped using a digital
image correlation (DIC) technique. As a first demonstration of resolving lo-
cal strain fields, a DIC generated y-displacement field around the crack tip is
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shown in Fig. 3.17. By measuring the evolution of the full profile of the crack
opening during initiation of the delamination crack, important local informa-
tion such as the elongation of the interface (glue) layer at the crack tip, and the
rotation of the loading point can be extracted, which can be used in combina-
tion with the measured applied load and the sample width to calculate the full
interface traction-separation law using the approach proposed by Andersson
et al. [97].

3.6 Conclusions

An improved miniature mixed mode bending setup capable of in-situ delamination
testing in advanced microscope systems (e.g. scanning electron microscope) has been
proposed, designed, manufactured and tested. Improvements in the present design
are: (i) optimal number and location of the hinges, (ii) optimal elastic hinge geome-
tries for increased maximum rotation and (iii) minimized clearance at the connectors
and increasing robustness of the setup with additional guiding and alignment tools.
It was demonstrated that the improved setup exhibits

1. a wider application range to more interface systems because of its significant
increase of the maximum accessible load and stroke in all mode mixities,

2. good accuracy in measuring the load-displacement response, as demonstrated
from experiments on validation samples, confirming the significantly reduced
hysteresis,

3. excellent experimental reproducibility characteristics due to the newly added
alignment tools.

The improved setup was used for testing industrially relevant CuLF-MCE samples
in the full range of mode mixities. Unloading-reloading tests performed at different
mode mixities were used to calculate the CERR. In addition to the CERR measure-
ments, real-time microscopic visualization allowed the identification of the difference
in the crack growth behavior between different mode mixity tests. At small mode an-
gles (ψ < 15◦) relatively smooth crack growth behavior was observed resulting in a
constant CERR value of ∼ 4.5 J/m2. At mode angles greater than 15◦, however, a
jerky crack growth was observed with a serrated load-displacement response, which
suggest its direct correlation with the observed increase in CERR with increasing
mode angle from 15◦ to 90◦. In-situ visualization also allowed to determine the pre-
cise position of the crack tip, and the crack opening displacement using DIC tech-
nique, as well as a qualitative assessment of the active delamination mechanism at
the interface. A brittle cleavage failure type was observed for the investigated CuLF-
MCE samples, while at high magnifications, some crack bridges were also observed.
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Appendix

Expressions for the mode I (Eq. 3.2), mode II (Eq. 3.3) and relative loading position
for pure mode II (Eq. 3.4) are derived here. From Fig. 3.3, the force and moment
balances directly yields Eq. 3.3,

PII = PB = PMMMB
α

β
ξ. (3.3)

Other balance equations are,

PA = PI + PE (3.9)

PE + PF =
PII

2
. (3.10)

Combining K = PE

PF
with Eq. 3.10 gives,

PF =
PII

2(1 +K)
(3.11)

PE = K
PII

2(1 +K)
. (3.12)

Substituting Eqs. 3.1a and 3.12 in Eq. 3.9, results in,

PI = PMMMB(1 − ξ) −K
PII

2(1 +K)
. (3.13)

Furthermore, substituting Eq. 3.3 in Eq. 3.13 yields,

PI = PMMMB

(

1 − ξ −
Kα

2β(1 +K)
ξ

)

, (3.2)

which is the equation for mode I component (Eq. 3.2). For pure mode II loading,
substituting PI = 0 in Eq. 3.2 and solving for ξ yields Eq. 3.4:

ξII =
2(1 +K)β

Kα + 2(1 +K)β
. (3.4)





CHAPTER FOUR

Modeling and characterization of
irreversible mixed mode interface

delamination using a cohesive zone
with combined damage and plasticity 1

Abstract

Delamination is often identified as an important failure mechanism in structures
with high interface density, such as modern microelectronic systems and advanced
composite materials. Delamination tests performed on different interface structures
reveal complex failure mechanisms (crack bridging, grain bridging, fibre pull out,
micro-void coalescence, fibrilation, crack meandering, etc.) in the fracture process
zone that lead to an irreversible unloading response of the interface, ranging from
full damage to full plasticity. Modeling such an unloading interface behavior is im-
portant in applications, such as crack branching and crack propagation at multiple
interfaces, where the local unloading of the interface occurs during global loading
of the structure. Therefore, this article presents an irreversible combined plasticity-
damage unloading model, which can be used to extend the existing cohesive zone
(loading) models with an unloading description that is suitable for modeling the
unloading response resulting from fracture processes within the process zone. The
presented model is able to model the change in unloading response as a function of
mode mixity with coupling between different loading modes. As a demonstration,
the improved Xu-Needleman cohesive zone law has been extended with the com-

1Reproduced from: M. Kolluri, J.P.M. Hoefnagels, J.A.W. van Dommelen, M.G.D. Geers, Modeling
and characterization of irreversible mixed mode interface delamination using a cohesive zone with
combined damage and plasticity, to be submitted.
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bined damage-plasticity unloading formulation, and numerical simulations with this
extended model performed on a glue interface system were found to mimic the ob-
served behavior in delamination experiments, illustrating the applicability and rele-
vance of the presented model. In addition, a procedure to extract the model param-
eters is presented and illustrated for the glue interface system.

4.1 Introduction

Interface delamination is often identified as the prominent failure mechanism in
modern interface structures ranging from micro-electronic packages [3, 4], advanced
aerospace composite structures [6, 7] to the adhesive joints in honeycomb sandwich
structures [9], wind turbine blades [10], and for structural bonding of car body shells
[98]. Primary causes of delamination failure include: high thermal mismatch stresses
generated at the interface due to high density integration of dissimilar materials in
electronic packages, poor adhesion characteristics between matrix and fiber in com-
posite materials, and failure of glue in structures involving adhesive joints. Depend-
ing upon the interface type and loading state, different delamination failure modes
varying from brittle de-adhesion, crack bridging to ductile yielding can be observed.
Moreover, structures with a high interface density often fail by crack branching and
delamination at multiple interfaces where local unloading at the interfaces can also
occur while the structure is being loaded globally. Predictive finite element models
are often used to minimize these failures during the design and optimization of these
products. For successful prediction, a good interface model which can simulate both
the loading (i.e. increasing separation) and unloading (i.e. decreasing separation)
behavior of the interface is necessary. Cohesive zone models have been widely used
in the literature [45, 46, 49, 51, 54, 57, 99–101] to model the constitutive loading be-
havior of the interface during delamination. Moreover, in addition to the loading
behavior, a proper unloading description in a cohesive zone model is required for
applications where interface unloading is important (e.g. crack branching and de-
lamination at multiple interfaces etc). Without such an unloading description the
irreversible unloading response that result from various fracture mechanisms (e.g.
damage and plasticity) within the fracture process zone (FPZ) at the interface can
not be simulated.

There are several studies in the literature [3, 59, 102–106], where the unloading be-
havior of the interface is modeled by extending the standard cohesive zone mod-
els with a pure damage description or a complete plasticity description of the in-
terface. However, it is often difficult to model the unloading response with an a
priori assumption of a pure damage or pure plasticity behavior because, in prac-
tice, the unloading of an interface can be more complex depending on the various
dissipative fracture mechanisms within the FPZ (e.g. de-adhesion, cleavage fail-
ure, crack bridging, grain bridging, fibre pull out, micro-void coalescence, fibrilation,
crack meandering). Based on the particular mechanism involved, the unloading can
be categorized as damage (dominant) unloading, plasticicy (dominant) unloading
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or combined damage-plasticity unloading. For example, a brittle cleavage type of
failure leads to damage unloading, where the elastic stiffness of the material is re-
duced by damage leaving zero separation upon complete unloading. On the other
hand, pure ductile failure resulting from a micro-void coalescence mechanism leads
to plastic unloading, where the material deforms plastically, allowing only elastic re-
covery upon unloading with the initial stiffness. Often a mechanism that causes both
damage and permanent deformation of the interface (e.g. crack bridging) or a com-
bination of different types of mechanisms can be present, leading to a more complex
combined damage-plasticity type of unloading response. This can be illustrated with
load-displacement curves (shown in Fig. 4.1) of the in-situ mixed-mode delamination
growth (loading-delamination-unloading) experiments performed on two extreme
types of (industrially relevant) interface systems: (i) a copper lead frame-molding
compound epoxy (CuLF-MCE) interface representing a very brittle interface and (ii)
an adhesive joint of two spring steel layers (glue interface) representing a more com-
pliant interface. The sample geometry and loading conditions are given in Fig. 4.2
and material properties of the adherent structural layers of the two interface samples
are the same as given in Fig. 3.12. The full details of the experiments have been re-
ported in Refs. [93, 107]. From these unloading experiments, it can be seen that an in-
terface can exhibit a linear unloading, either with a negligible retained opening after
complete unloading indicating damage dominant mechanisms in the FPZ (as shown
in Figs. 4.1(c)(i) and 4.1(a)(i)), or with significant retained opening (as shown in Figs.
4.1(c)(ii), 4.1(a)(ii) and 4.1(b)(i,ii)) indicating the presence of plasticity or combined
damage-plasticity mechanisms within the FPZ assuming there is no plastic deforma-
tion in the sample structure. A combination of interface damage and plasticity is also
commonly seen in the literature. For instance, Biel and Stigh [105] reported that both
damage and plasticity accumulated at the crack tip influence the evaluated fracture
properties. Modeling such a broad range of irreversible behaviors requires a cohe-
sive zone model that is extended with an unloading description that can simulate
the interface behavior ranging from full damage to combined damage-plasticity to
full plasticity. Moreover, the measured Critical Energy Release Rate (CERR) varies
strongly with loading mode [35, 77, 88] as also shown for both interface systems in
Fig. 4.1(d). Therefore, the unloading model should allow for a change in unloading
response as a function of mode mixity.

Since, there exist several physically motivated cohesive zone laws [45, 46, 49, 51, 54,
57] that are derived for a particular type of interface failure, in the current paper the
aim is only to provide a suitable unloading model description that can be used to
extend the behavior of existing cohesive zone (loading) laws with irreversible un-
loading. The model description should be such that the unloading response can be
adapted to experimentally observed damage-plasticity behavior with a minimum
number of model parameters such that they can be characterized from dedicated
delamination experiments.

In conclusion, accurate description of the (range of) irreversible phenomena ob-
served in delamination experiments calls for a generic unloading description that
can be used to extend existing cohesive zone (loading) descriptions to simulate un-
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(a) (b)

(c) (d)

Figure 4.1: Results from delamination experiments on CuLF-MCE and glue interface
samples [93, 107]. (a) load-displacement plots from delamination tests of
the CuLF-MCE interface under (i) mode I and (ii) mixed mode loading (at
55o mode angle); (b) load-displacement plots of the glue interface under
(i) mode I and (ii) mixed mode loading (at 23o mode angle); (c) SEM mi-
crographs showing the delamination mechanism of (i) brittle de-adhesion
with small bridging at the CuLF-MCE interface and (ii) large scale bridg-
ing associated with plasticity at the glue interface; and (d) the Critical En-
ergy Release Rate versus mode angle, illustrating the strong dependency
of the CERR on the mode angle.

loading behavior ranging from full damage to a combination of damage and plastic-
ity to full plasticity under coupled mixed mode loading conditions. This article will
provide such an experimentally motivated interface model as well as a methodology
to determine the model parameters, as illustrated for delamination experiments on
the above mentioned glue interface system.

The article is organized as follows. First, a new combined damage-plasticity model
for irreversible unloading-reloading of a cohesive zone is described. Then, vari-
ous interface cohesive zone models commonly used in the literature are briefly re-
viewed to select a model that is capable of simulating interface loading over the full
range mode mixities with a coupling between different loading modes. As a demon-
stration, the improved Xu-Needleman cohesive zone (CZ) law is selected and ex-
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Figure 4.2: Geometry and the applied boundary conditions of the CuLF-MCE and
glue interface samples.

tended with the combined damage-plasticity formulation to incorporate irreversible
unloading-reloading behavior. Thereafter, various simulations are performed to il-
lustrate the applicability of the new unloading model to simulate the observed irre-
versible behavior in experiments. Finally, a procedure for parameter characterization
is given, after which conclusions are presented.

4.2 Irreversible unloading-reloading: a combined
damage-plasticity description

A new combined damage-plasticity description for modeling the irreversible
unloading-reloading behavior of a cohesive zone is presented in this section. For clar-
ification, the two extreme cases of full damage and full plasticity are presented first
before discussing the formulation for the combined damage-plasticity model. The
combined damage-plasticity model (described below) can be generally employed
to extend existing mixed mode cohesive zone laws (with or without coupling be-
tween different loading modes) that describe only the loading of the interface, with
an irreversible unloading-reloading behavior. The normal and tangential traction-
separation relations describing the loading behavior of a mixed mode cohesive zone
law with coupling can be expressed in general by,

Tn = Tn(Fn(∆n), F c
t (∆t)), (4.1)

Tt = Tt(Ft(∆t), F
c
n(∆n)), (4.2)

where ∆n and ∆t represent the separations in normal and tangential directions, re-
spectively. Functions Fn(∆n) and Ft(∆t) describe the particular shape (e.g. bilinear,
polynomial or exponential) of the traction-separation law and F c

t (∆t) and F c
n(∆n) are
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functions that introduce coupling between two loading modes. For a given type of
the cohesive zone, each of these functions are characterized by a set of characteristic
parameters that determine the shape of the traction-separation law. For example, in
case of an exponential cohesive zone law, φ, and δ represent the work of separation,
and critical separation, respectively, with subscripts n and t indicating the normal
and tangential directions as shown in Fig. 4.3.

In the following, Eqs. 4.1 and 4.2 will be extended with irreversible behavior upon
unloading and reloading in the presence of coupling between different loading
modes. The cross coupling terms (i.e F c

t (∆t) in Eq. 4.1 and F c
n(∆n) in Eq. 4.2) vanish

in case there is no coupling between different loading modes.

4.2.1 Damage formulation

In this section, a full damage description for the irreversible unloading-reloading of a
cohesive zone is presented. In this formulation, the unloading stiffness corresponds
to the secant stiffness of the chosen traction-separation curve as shown by line oq in
Fig. 4.3(a) and 4.3(b).

(a) (b)

Figure 4.3: The unloading-reloading behavior for the full damage (oq), full plastic-
ity (qq’) and combined damage-plasticity (qq”) description are schemat-
ically depicted in an arbitrarily chosen (a) exponential normal traction-
separation law (Eq. 4.31) and (b) exponential tangential traction-
separation law (Eq. 4.35) that describe interface loading behavior.

The initial stiffness of the cohesive zone in normal and tangential directions is given
by,

Ko
n =

[

∂Tn

∂∆n

]

∆n=0,∆t=0

, (4.3)
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Ko
t =

[

∂Tt

∂∆t

]

∆t=0,∆n=0

. (4.4)

Upon loading, both the normal and tangential stiffness degrade with both normal
and tangential openings. Hence, by introducing a damage parameter and a coupling
term for cross degradation, the traction-separation equation for normal traction (Eq.
4.1) can be redefined as:

Tn = Ko
n(1 − dnH(∆n))(1 − dc,tH(∆n))∆n, (4.5)

where dn is the damage due to normal opening and dc,t is the cross degradation of the
normal traction due to coupled tangential opening. H(∆n) is the Heaviside function
as given by:

H(∆n) =

{

0, ∆n < 0,
1, ∆n ≥ 0,

(4.6)

The damage parameters dn and dc,t present in Eq. 4.5 can be expressed as:

dn = dn(∆n,max); dc,t = dc,t(∆t,max). (4.7)

Herein, ∆n,max and ∆t,max are history variables indicating, respectively, the absolute
maximum opening sustained sofar in normal and tangential directions. Similarly, for
tangential loading, Eq. 4.2 can be written as,

Tt = Ko
t (1 − dt)(1 − dc,n)∆t, (4.8)

where dt is the damage due to tangential opening and dc,n is the cross degradation
of the tangential traction due to coupled normal opening as given in the following
equations:

dt = dt(∆t,max); dc,n = dc,n(∆n,max). (4.9)

Damage growth with normal opening occurs if the following conditions are satisfied:

fn = ∆n − ∆n,max = 0 and ḟn = 0. (4.10)

The damage loading function fn and the history parameter ∆n,max satisfy the follow-
ing Kuhn-Tucker conditions:

fn∆̇n,max = 0; fn ≤ 0; ∆̇n,max ≥ 0. (4.11)

When fn = 0 and ∆̇n > 0 the damage, dn, and the cross degradation, dc,n, increase
according to ∆̇n,max = ∆̇n. Similarly, the criterion for damage growth with the tan-
gential opening is given by:

ft = |∆t| − ∆t,max = 0 and ḟt = 0, (4.12)
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where also ft and ∆t,max satisfy the Kuhn-Tucker conditions:

ft∆̇t,max = 0; ft ≤ 0; ∆̇t,max ≥ 0. (4.13)

The damage, dt, and the cross degradation, dc,t, increase according to ∆̇t,max = |∆̇t|
when ft = 0 and ∆̇t∆t ≥ 0.

4.2.2 Plasticity formulation

Normal yielding

When the cohesive zone deforms fully plastically, unloading occurs with the initial
stiffness of the traction-separation curve, leaving a remaining permanent opening
∆n,p at zero traction. The total normal separation is the sum of an elastic contribution
and a plastic contribution, i.e. ∆n = ∆n,e + ∆n,p. The yield traction for normal
separation is given by the following equation:

Tn,y = Fn(∆n,eff )(1 − dc,t), (4.14)

where ∆n,eff is a history variable corresponding to the effective maximum opening
sustained sofar in normal direction as defined further on (in Eq. 4.19), and dc,t is the
cross degradation term (due to coupling) as given in Eq. 4.7. The initial yield traction
is zero and the plasticity begins only with the onset of positive normal loading. The
normal traction is then given by:

Tn = Ke
nn∆n,e, (4.15)

where, Ke
nn = Ko

n[1 − dc,tH(∆n,e)] represents the elastic stiffness of the normal cohe-
sive zone after cross degradation due to tangential opening. H(∆n,e) is the Heaviside
function as given by:

H(∆n,e) =

{

0, ∆n,e < 0,
1, ∆n,e ≥ 0,

(4.16)

indicating no degradation of the compressive stiffness due to the coupling term (dc,t),
see Fig. 4.4(a). The yield condition for normal loading is then:

fn,y = Tn − Tn,y = 0, and ḟn,y = 0, (4.17)

satisfying the following Kuhn-Tucker conditions:

fn,y∆̇n,eff = 0; fn,y ≤ 0; ∆̇n,eff ≥ 0. (4.18)
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Next, ∆n,eff is defined by the following logical statements:

(fn,y = 0) ∧ (∆̇n > 0) ⇒ ∆̇n,eff = ∆̇n;

(fn,y < 0) ∨ (∆̇n ≤ 0) ⇒ ∆̇n,eff = 0. (4.19)

Since this is a coupled formulation, degradation of the normal traction due to tan-
gential opening is incorporated. The criterion for cross degradation of the normal
traction (due to coupling) with tangential opening (as shown in Fig. 4.4(a)) is given
by Eqs. 4.12 and 4.13.
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Figure 4.4: (a) Influence of the coupled damage (dc,t) term on the normal traction-
separation law with fully plastic unloading. (b) The yielding behavior of
the tangential traction-separation law when the loading direction is re-
versed (at a and b’). The equivalent curve oabc shows the response when
the CZ is loaded monotonically in one direction. (c) The unloading behav-
ior of the new combined plasticity-damage CZ in normal opening above
and below the plastic limit (δn,pl). (d) The influence of δn,pl on the un-
loading behavior of the new combined plasticity-damage CZ in normal
opening.
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Tangential yielding

Similar as for normal yielding, the total tangential separation is written as ∆t = ∆t,e+
∆t,p and the yield traction for tangential separation is:

Tt,y = Ft(∆t,eff )(1 − dc,n), (4.20)

where ∆t,eff represents the effective maximum opening sustained sofar in tangential
direction, as defined further on, in Eq. 4.24. Similar to normal yielding, the initial
yield traction is zero, but plasticity sets in with the onset of loading in both positive
and negative shear directions, as shown in Fig. 4.4(b). The tangential traction is given
by

Tt = Ke
tt∆t,e, (4.21)

whereKe
tt = Ko

t (1−dc,n) represents the elastic stiffness of the cohesive zone after cross
degradation due to normal opening. Note that in contrast to the normal traction, the
tangential traction is affected by cross degradation due to the coupling term for both
positive and negative separations. The coupling parameter dc,n is defined in Eq. 4.9.
The yield criterion differs from Eq. 4.17 because yielding can occur in both directions
in shear (Fig. 4.4(b)):

ft,y = |Tt| − Tt,y = 0, and ḟt,y = 0, (4.22)

satisfying the following Kuhn-Tucker conditions:

ft,y∆̇t,eff = 0; ft,y ≤ 0; ∆̇t,eff ≥ 0. (4.23)

Next, ∆t,eff is defined by the following logical statements:

(ft,y = 0) ∧ (∆̇t∆t,e ≥ 0) ⇒ ∆̇t,eff = |∆̇t|;

(ft,y < 0) ∨ (∆̇t∆t,e < 0) ⇒ ∆̇t,eff = 0. (4.24)

The criterion for cross degradation of the tangential traction (due to coupling) with
normal opening is defined by Eqs. 4.10 and 4.11.

4.2.3 Combined plasticity-damage formulation

As explained earlier, it is often observed in reality that the fracture process zone at
the interface during delamination comprises a combination of damage and plastic-
ity mechanisms leading to an unloading-reloading response that is in between full
damage and full plasticity behavior as shown by line qq” in Figs. 4.3(a) and 4.3(b).
Therefore, in this section, a combined plasticity-damage formulation of the cohesive
zone is given that is suitable to model the unloading response resulting from both
damage and/ plasticity mechanisms as is observed in experiments (Section 4.1). To
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be able to achieve this, both damage and plasticity accumulations are incorporated in
a single cohesive zone by combining both the damage description of Section 4.2.1 and
the plasticity description of Section 4.2.2 and by introducing a new parameter called
the plastic limit (δpl) to vary the ratio of the plastic energy and the damage energy of
separation. Correspondingly, Eqs. 4.15 and 4.21 of the fully plastic formulation are
reformulated as:

Tn = Ko
n(1 − dnH(∆n,e))(1 − dc,tH(∆n,e))∆n,e, (4.25)

Tt = Ko
t (1 − dt)(1 − dc,n)∆t,e, (4.26)

where H(∆n,e) is defined in Eq. 4.16 and, dn and dt are damage parameters that
evolve with ∆n,eff and ∆t,eff , respectively, similar to ∆n,max and ∆t,max in Section
4.2.1, however, such that until the effective plastic opening reaches the plastic limit,
the cohesive zone behaves fully elasto-plastic:

∆n,p,eff ≤ δn,pl → dn = 0; (4.27)

∆t,p,eff ≤ δt,pl → dt = 0, (4.28)

where ∆n,p,eff = ∆n,p and ∆t,p,eff =
∫

|∆̇t,p|dt, are the effective plastic opening in
normal and shear direction, respectively, and δn,pl and δt,pl are the plastic limits in
normal and tangential direction. The conditions for yielding are the same as in Sec-
tion 4.2.2 for both normal and shear loadings. Similar to the plasticity formulation
(Section 4.2.2), the conditions for cross degradation (due to coupling) with normal
and tangential openings for the combined plasticity-damage formulation are given
by Eqs. 4.10 and 4.11 and Eqs. 4.12 and 4.13, respectively. The behavior of this
plasticity-damage formulation is most clearly represented in Fig. 4.4(c): once the ef-
fective maximum separation passes the critical limit (∆n,p,eff > δn,pl, ∆t,p,eff > δt,pl),
the plastically deformed cohesive zone damages with further separation because the
damage parameters dn and dt are defined such that the plastic opening does not grow
any further:

dn = dn(∆n,eff , δn,pl); (4.29)

dt = dt(∆t,eff , δt,pl). (4.30)

This combined plasticity-damage formulation gives the required freedom to describe
a cohesive zone failing with partial damage and partial plasticity by adapting the
ratio of the plastic energy and the total work of separation. That means, by choosing
the plastic limit δpl from zero to infinity, this ratio can be varied from zero to 1, i.e.
the irreversible interface behavior can be varied from full damage unloading to a
mixture of damage and plasticity to full plastic unloading (see Fig. 4.4(d)). Therefore,
this new combined formulation gives clear added value by providing the required
freedom to model the experimentally observed irreversible behavior with only two
additional parameters δn,pl and δt,pl in addition to the characteristic parameters of the
CZ law.
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4.3 Selection of a basis CZ law

The goal of this section is to briefly explore the existing CZ models in the literature
and to select the most suitable basis model which will be extended with the combined
damage-plasticity formulation described in Section 4.2.

The cohesive zone concept has been first introduced by Barenblatt in 1959 [46, 108] to
model cracks in brittle materials. In this approach, discontinuities are introduced to
model cracks in a continuum material. Constitutive equations (referred to traction-
separation laws) relating normal and tangential displacement jumps across the dis-
continuity with proper tractions define a cohesive zone model (CZM). Later, Dug-
dale in 1960 [45] used a similar concept to model the yielding of thin ideal elastic-
plastic steel sheets containing slits. Afterwards, several cohesive zone models have
proposed in the literature to solve wide varieties of fracture problems. Some ex-
amples include the cohesive zone model introduced by Needleman [109, 110] for
solving particle-matrix de-cohesion problems, by Rice and Wang [111] to model em-
brittlement of interfaces by solution segregation, by Tvergaard and Hutchinson [48]
for debonding in whisker reinforced metal matrix composites, by Xu and Needle-
man [50] for void nucleation by inclusion de-bonding, by Camacho and Ortiz [52]
for modeling impact damage in brittle materials, by Geubelle and Baylor [112] for
impact-induced delamination in laminated composites, by Li et al. [57] for fracture
of a fiber-reinforced polymer-matrix composites, and by Van den Bosch et al. [58] for
delamination in polymer-metal interfaces. From these examples, it is clear that the
concept of a CZ model is generic, however, the characteristics of the cohesive law
should be motivated by the ability to capture the associated dissipative mechanisms
during fracture or delamination as observed in experiments.

The above mentioned CZ models have different shapes of the traction-separation
curves. According to the elementary functions used in CZ models, they can be clas-
sified as (1) multilinear, (2) polynomial, and (3) exponential. Traction-separation rela-
tions for interface loading in normal and tangential directions for the rigid linear [52],
piecewise linear [55], polynomial [48], linear exponential [53], and exponential [50]
cohesive zone laws are depicted Fig. 4.5. A common feature in all these laws (except
for the rigid linear CZ law) is an initial hardening branch followed by a softening
tail. The exact shape of the cohesive law is generally assumed to be inconsequential
for the prediction of fracture involving small scale bridging phenomena. However,
in cases where large scale bridging occurs, the shape plays an important role because
the associated process zone size becomes comparable to the geometrical length scales
in the problem. Still, the shape does not affect the calculations for crack propagation,
for which the characteristic strength and toughness are the only important parame-
ters [28, 57]. However, for the current purpose of finding an appropriate CZ loading
model which serves as a basis to demonstrate the combined plasticity-damage un-
loading model, a generic model that can describe crack growth during delamination
in brittle as well as ductile interfaces is needed. Moreover, such a model should al-
low for modeling delamination over the full range of mode mixities. To this end,
the Xu-Needleman exponential CZ law seems most promising, because it has been



4.3 SELECTION OF A BASIS CZ LAW 63

extensively used for the analysis of a wide variety of problems involving, e.g., de-
bonding in adhesive joints [113], delamination by fibrillation in polymer coated steel
[114], interface cracking in dissimilar bi-material interfaces [100], as well as failures
in IC interconnects and solder joints [59, 115]. Additionally, for the few cases where
the explicit traction-separation behavior of the adhesive layer has been measured di-
rectly [55, 105], the traction-separation behavior seems best described by this expo-
nential cohesive law. The exponential cohesive law is also the most popular because
of its automatic phenomenological description of contact under normal compres-
sion, while the continuity of tractions and their derivatives eases the computational
implementation. Because of these reasons, for the present purpose, Xu-Needleman
exponential cohesive zone model was selected as the best generic choice for the shape
of the cohesive zone.

Figure 4.5: Schematic of the different cohesive zone laws for interface loading com-
monly used in the literature.

To accurately simulate mixed mode delamination for arbitrary loading paths, good
coupling between the two loading modes is required. In many cohesive zone mod-
els, this coupling is achieved by using an effective opening displacement λ which is
a function of normal and tangential openings, or by using coupling parameters. In
the former approach, where λ is used, both normal and tangential tractions are de-
scribed as a function of λ to incorporate degradation of normal traction due to tan-
gential separation and vice versa. However, Zhang and Paulino [116], showed that
coupling with λ leads to an identical work of separation for normal and tangential
loadings which disqualifies its applicability to problems where the work of separa-
tion (or equivalently, CERR) varies (strongly) with mode angle, as shown, e.g., in
Fig. 4.1(d). Alternatively, in Xu-Needleman [50] exponential cohesive law, coupling
between the loading modes is achieved by two coupling parameters which relate
the ratio between energy release rates of pure mode I and mode II loading and the
corresponding displacements. However, it was shown by Van den Bosch et al. [58]
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that this model shows unrealistic artifacts for mixed mode loading unless the energy
release rates of modes I and mode II are again equal. Therefore, Van den Bosch et
al. [58] proposed an improved version of the original Xu-Needleman exponential
cohesive zone law which allows modeling of a realistic coupled mixed mode behav-
ior (i.e. complete degradation of normal strength with an infinite separation only in
tangential direction and vise versa) with different values for the mode I and mode II
critical energy release rates.

This improved CZ law will be used for the present purpose as a basis for imple-
menting the combined damage-plasticity unloading description proposed in Section
4.2 in order to (i) demonstrate the capability of the model to simulate unloading re-
sponses varying from full damage to full plasticity under mixed mode conditions
with only two additional model parameters and (ii) describe the observed trends of
retained opeing after complete unloading in experimental results presented for the
glue interface system in Fig. 4.1(b).

4.4 Extension of improved Xu-Needleman model with
damage and plasticity

In this section, the improved Xu-Needleman model is extended with a description of
the unloading-reloading behavior incorporating either damage, plasticity or a com-
bination of damage and plasticity.

4.4.1 Exponential cohesive zone law proposed by Van den Bosc h
et al.

The improved Xu-Needleman exponential cohesive zone law for interface loading
proposed by Van den Bosch et al. [58] is given by the following equations for normal
and tangential tractions:

Tn =
φn

δn

(

∆n

δn

)

exp

(

−
∆n

δn

)

exp
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−
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δ2
t

)

, (4.31)

Tt = 2
φt

δt

(

∆t

δt
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δ2
t

)

exp
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−
∆n

δn

) (

1 +
∆n

δn

)

, (4.32)

where φ, ∆ and δ represent the work of separation, separation, and critical separa-
tion, respectively, with subscripts n and t indicating the normal and tangential direc-
tions. A constant elastic stiffness (φn/δ

2
n) is used to describe Tn in the compressive

regime (i.e. when ∆n < 0). The above traction-separation law is plotted in Fig. 4.6(a)
for pure mode I (∆t = 0) and in Fig. 4.6(b) for mode II (∆n = 0) loading cases. From
Fig. 4.6(b) it can be observed that the maximum tangential traction does not corre-
spond to an opening of δt giving rise to a non-physical definition of δt. Therefore, Eq.
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(a) (b)

Figure 4.6: (a) Normal traction-separation law as given by Eq. 4.31. (b) Tangential
traction-separation law as given by Eq. 4.32 and after reformulation as
given by Eq. 4.35.

4.32 is reformulated such that the following equations are satisfied:

[

∂Tt

∂∆t

]

∆t=δt

= 0,

∫

∞

0

Tt d∆t = φt. (4.33)

Moreover, in order to maintain the original shape of the normal traction-separation
curve, the coupling term in Eq. 4.31 is adapted as well. This yields the following
corrected traction-separation equations for Tn and Tt:
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Rewriting the traction-separation equations of improved Xu-Needleman CZ model
(Eqs. 4.34 and 4.35) according to generalized form given Eqs. 4.1 and 4.2 yields:

Tn = Fn(∆n)F c
t (∆t); Tt = Ft(∆t)F

c
n(∆n), (4.36)

where functions Fn, F c
t , Ft and F c

n can be expressed as below:
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and

Ft(∆t) =
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In the following, Eqs. 4.34 and 4.35 will be used and extended with irreversible
behavior upon unloading.

4.4.2 Improved Xu-Needleman model with combined plasticit y-
damage unloading

Full damage

For full damage behavior of the improved Xu-Needleman CZ law, the damage pa-
rameters defined in Eq. 4.7 for the normal traction-separation law (Eq. 4.5) can be
written as,

dn = 1 − exp

(

−
∆n,max

δn

)

; dc,t = 1 − exp
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−
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2δ2
t

)

. (4.39)

Similarly, the damage parameters defined in Eq. 4.9 for the tangential traction-
separation law (Eq. 4.8) are given by,
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The initial stiffness of the improved Xu-Needleman exponential cohesive zone in
normal and tangential directions are obtained using Eqs. 4.3 and 4.4:

Ko
n =

φn

δ2
n

, (4.41)

Ko
t =

φt

δ2
t

. (4.42)

Full Plasticity

In the plasticity formulation of the improved Xu-Needleman exponential CZ law, the
normal yield traction is given by:

Tn,y =
φn

δn

(

∆n,eff

δn

)

exp

(

−
∆n,eff

δn

)

(1 − dc,t), (4.43)

whereas the initial normal stiffness Ko
nn present in the elastic normal stiffness Ke

nn,
which is used to obtain the normal traction with Eq. 4.15, is given by Eq. 4.41.
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Similar to normal yielding, the tangential yield traction can be written as:

Tt,y =
φt

δt
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δt

)

exp

(

−
∆2

t,eff

2δ2
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and the initial tangential stiffness Ko
tt present in the tangential elastic stiffness Ke

tt,
which is used to obtain the tangential traction according to Eq. 4.21, is stated in Eq.
4.42.

Combined plasticity-damage

The damage parameters dn and dt of the normal (Eq. 4.25) and tangential (4.26)
traction-separation laws of the combined plasticity-damage formulation, respec-
tively, for the improved Xu-Needleman exponential CZ law are:
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4.5 Model application: Computational case study

In this section, the usefulness of the proposed combined plasticity-damage unload-
ing to simulate the experimentally observed global unloading-reloading behavior is
illustrated. Subsequently, the influence of the model parameters on the global load-
displacement response is discussed. To this end, delamination experiments at mode I
and mixed mode loading are simulated by employing the improved Xu-Needleman
exponential CZ law extended with the combined plasticity-damage unloading be-
havior. Purposefully, an interface system with no plasticity in the layers of the sam-
ple structure has been chosen because the separation of structural plasticity contri-
butions to the total energy dissipation requires a dedicated numerical-experimental
methodology which is beyond the scope of the current work and is discussed in the
next Chapter. Therefore, the glue interface between two spring steel layers intro-
duced in Section 4.1, has been chosen as a model system in this study because the
spring steel layers show no structural plasticity. In this case, the effects of damage
and plasticity mechanisms within the FPZ can directly be related to the unloading-
reloading behavior of the global load-displacement response.

The model described in Section 4.4.2 was implemented in the software package
MSC.Marc as an user element to model the required interface behavior. A return
mapping solution procedure was employed for the case of the plasticity formula-
tion. A 2D finite element model of the glue interface sample (with spring steel layers)
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including the full geometry of the setup (see Fig. 4.7) has been made in order to sim-
ulate the boundary conditions applied in the experiment. Four-node quadrilateral
elements were used to model the bulk layers of the sample and the full geometry
of the setup. Simulations were performed by assuming a plane strain condition. A
linear elastic material behavior (as given in Table 4.1) was used to model the spring
steel layers and the experimental setup because the maximum stresses observed at
the maximum applied load are well below the yield strength of the spring steel and
the titanium alloy of the setup. Frictionless contact conditions were used between
the two surfaces of the cracked regions of the specimen. The mesh was selectively
refined at the interface such that about 100 interface elements are spanning along the
length of the process zone to avoid convergence problems due to numerical instabil-
ity and mesh size dependency of the final results.

Table 4.1: Material properties of the experimental setup and sample layers.

Ti-6Al-4V (setup) Spring steel (sample layers)

Young’s modulus (GPa) 113.8 210
Poisson’s ratio 0.342 0.33
Yield stress (MPa) 880 1100

Global load-displacement curves simulated for mode I and mixed mode loads1 are
shown in Fig. 4.8. The measured values of the CERR for mode I and mode II (Fig.
4.1(d)) are used for the parameters φn and φt in the simulations. The shapes of the
simulated curves shown in Fig. 4.8 captured the observed trends in the experimen-
tal global load-displacement response depicted in Fig. 4.1(a) and 4.1(b). Mode I
curves simulated at different δn,pl are shown in Fig. 4.8(a). It is clear from this fig-
ure that in case of full damage behavior (δn,pl = 0), i.e. no retained opening after
complete unloading, is observed after unloading to zero load, as expected. But in
cases where δn,pl 6= 0, some retained opening is seen after unloading to zero (global)
load. Since in these simulations the spring steel layers are modeled as fully elastic,
any resultant (global) retained opening after complete unloading is the result of a
plastically/permanantly deformed CZ. It is noted that the plastically deformed CZ
retains all the plastic strain even after complete fracture of the interface which results
in a wedge effect in the crack wake during unloading leading to a finite global re-
tained opening after complete unloading. Therefore, the resultant permanent defor-
mation of the interface after complete global unloading can be modeled by adapting
the global retained opening (which can be measured experimentally) by changing
the parameter δpl. The resultant permanent deformation of the interface (assum-
ing no structural plasticity) directly depends on the specific (microscopic) fracture
mechanisms (e.g. de-adhesion, cleavage failure, crack bridging, grain bridging, fibre

1Pure mode II simulations are not shown because snap back events during delamination require a
different solution procedure such as the arc length method, an extremely fine mesh, or a mesh with
enhanced interface elements [117].
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Figure 4.7: Finite element model of the full geometry of the miniature mixed mode
bending setup [93, 107] with the sample and the applied boundary condi-
tions. Details of mesh refinement at the interface are shown in the magni-
fied view.

pull out, micro-void coalescence, fibrilation, crack meandering) within the FPZ. This
means that the combined plasticity-damage unloading formulation is able to model
the irreversible unloading behavior of the interface, originating from the fracture
mechanisms within FPZ at the interface.

From Fig. 4.8(a) it can be seen that the larger part of this retained opening is observed
in the first loading-unloading cycle when unloading after the maximum in the load.
This is also a feature that was observed in experiments (e.g. Fig. 4.1(b)). The first
loading-unloading cycle is different from the others because this cycle includes the
crack initiation regime in which the process zone at the crack front develops, whereas
in the subsequent cycles steady state crack growth occurs and the (fully developed)
process zone remains in good approximation constant. For a plastically deforming
interface, the initiation energy is much larger than that of a fully damaging interface
(for example area OPQ > area OPO). Since the parameter fracture toughness (or
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Figure 4.8: Global load-displacement response of mode I and mixed mode delami-
nation simulations using the combined plasticity-damage cohesive zone
interface model. (a) Influence of plastic limit on unloading-reloading be-
havior in mode I test. (b) Influence of Tn,max on the mode I response. (c)
Results of mixed mode simulations (at a nominal mode angle of ψ = 20◦

obtained from Fig. 3.12, where the relation between the relative loading
position and the mode angle was established) for different δn,pl and Tt,max

values.

CERR) is defined as the energy needed to propagate an existing crack over a unit
new surface area under the condition of stable crack growth, the measurement of
CERR should exclude any energy that is spent for crack initiation. Hence, the first
experimental loading-unloading cycle should be ignored for fracture toughness cal-
culations in order to have an accurate measurement of the CERR values.

Figure 4.8(b) shows the influence of Tn,max (or equivalently δn) on the observed re-
tained opening for a given value of δn,pl for the mode I load-displacement curves. It
is seen that the value of Tn,max not only influences the initial loading response but
also affects the retained opening (C’ versus C) for a given value of δn,pl.

Similar to the mode I case, the increase in retained opening during the first loading-
unloading cycle in a mixed mode test (Fig. 4.8(c)) is larger than that during later
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cycles due to crack initiation effects. The retained opening during the first cycle also
increases with increasing δn,pl. Variation of δt,pl shows a negligible contribution to
the observed retained opening in the mixed mode simulation and is therefore not
shown in Fig. 4.8(c). This might be due to the continuation of degradation of shear
traction during reversed loading (as shown in Fig. 4.4(b), during global unloading
local degradation continues along path a’b’ thereby further reducing the local trac-
tions). Such an interface plasticity mechanism is also expected in reality for the case
of friction between two contact surfaces, where local deformation of contact asperi-
ties during global unloading may cause local degradation of adhesion strength in the
shear direction.

In all, it can be concluded that the proposed combined plasticity-damage descrip-
tion can be successfully used to extend an existing cohesive zone interface loading
model with an irreversible loading-unloading behavior. This allows to model the (ex-
perimentally observed) unloading response resulting from the fracture mechanisms
within the fracture process zone with only two additional parameters (δn,pl and δt,pl).

4.6 Extraction of cohesive zone parameters

One of the important features of the new combined plasticity-damage unloading
model is its simplicity. As already mentioned in previous sections, the proposed in-
terface model not only can simulate the complex unloading-reloading behavior ob-
served in experiments but also allows for the experimental characterization of these
model parameters. A procedure to extract (all) the model parameters for the case
of the improved Xu-Needleman exponential CZ law extended with the combined
plasticity-damage unloading model is shown in this section.

One approach to determine the model parameters is to fit the simulated global load-
displacement response to the experimental load-displacement curve. Although this
approach may perhaps be sufficient to determine the plastic limit, δpl, by matching
the retained opening after unloading, Figs. 4.8(b) and 4.8(c) show that accurate de-
termination of Tn,max (or δn) and especially Tt,max (or δt) from only the global load-
displacement data is not possible. Hence, a detailed measurement of local data dur-
ing delamination is necessary to gain information on the shape of the cohesive zone,
or in the present case, to obtain the values of δn and δt.

Several local approaches that have been reported in the literature [97, 118] use the
balance of energetic forces to extract the full cohesive zone law using the local data
from a delamination experiment. Sørensen and Jacobsen’s approach [118] allows
a direct determination of mixed mode cohesive laws. However, this approach re-
quires the delamination experiments to be carried out by loading with pure bending
moments, a condition that is generally not satisfied for most delamination experi-
ments presented in the literature. Therefore, their approach is not employed for the
current study. Andersson and Stigh’s approach [97] requires measurement of the
applied force instead of bending moment, however, it is only suitable to determine
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mode I cohesive zone parameters. Hence, in the current study, a hybrid approach is
proposed to determine all model parameters of the mixed mode cohesive zone law.
First, Andersson and Stigh’s approach [97] is used to extract mode I parameters (φn

and Tn,max (or δn)) of the glue interface system. Then, the mode II interface strength
(Tt,max) is determined using the fracture toughness values obtained from mixed mode
tests performed at different mode angles spanning from mode I to mode II. Finally,
the plastic limit can be determined from an analysis of strain field maps or crack
opening displacement (COD) profiles obtained with digital image correlation (DIC).

4.6.1 Mode I cohesive zone parameter determination

Andersson and Stigh’s approach [97] to determine the full cohesive law from a mode
I delamination test requires the following local information: the elongation in normal
direction of the interface (glue) layer at the initial crack tip, ∆n,exp, and the rotation
of the loading point, θ. This information can be used in combination with the mea-
sured applied (force) load, F , and the sample width, B, to calculate the full interface
traction-separation (Tn,exp − ∆n,exp) relation using the following formula,

Tn,exp =
2

B

d(Fθ)

d∆n,exp
. (4.47)

As a first step, Andersson and Stigh’s approach was validated numerically by sim-
ulating a mode I delamination test (using the miniature mixed mode bending setup
geometry [107], as shown in Fig. 4.7) employing a known interface cohesive model
(in this case the exponential cohesive law) and by extracting the cohesive zone law
with Andersson and Stigh’s approach on the values of ∆n,cracktip, θ and F from sim-
ulations. A fair agreement between the input model and the measured cohesive law
is observed, as shown in Fig. 4.9(a). Hence, this approach is used to extract the mode
I parameters of the glue interface system. To this end, an in-situ delamination test
was performed with the miniature mixed mode bending apparatus mounted in a
micro-tensile stage. More details about the experimental methodology can be found
in Refs. [93, 107]. The applied global load, F , is measured directly using the load cell
in the micro-tensile stage. Images recorded during in-situ tests have been used for
digital image correlation analysis to extract the crack opening displacement fields.
The opening of the interface at the initial crack tip, ∆n,exp, and rotation of the load-
ing point, θ, have been obtained directly from the displacement field measured with
DIC. A 5th order polynomial fit (with R2 = 0.9996) to the experimentally measured
Fθ versus ∆n,exp data, as shown in the inset of Fig. 4.9(b), has been used to obtain the

derivative, d(Fθ)
d∆n,exp

, in Eq. 4.47. Using this information, the traction-separation law is

calculated and plotted in Fig. 4.9(b). The observed shape of the cohesive law matches
well with the adopted (improved) exponential Xu-Needleman CZ law (Eq. 4.34). A
fit of this CZ law to the measured cohesive law using δn and φn as fitting parameters
is also plotted in Fig. 4.9(b). A value of φn ≈ 25 J/m2 is obtained from this fit, which
is in fair agreement with the value of φn ≈ 40 J/m2 obtained from CERR values de-
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Figure 4.9: (a) Validation of Andersson and Stigh’s approach. The input traction-
separation law used for simulating a mode I test is compared with the
traction-separation law determined from the simulated result using An-
dersson and Stigh’s approach. (b) Mode I traction-separation law of the
glue interface system experimentally determined using Andersson and
Stigh’s approach (red line), shown together with the best-fit exponential
CZ law (Eq. 4.34) using δn and φn as fitting parameters while taking ∆t =
0 (blue line). The inset shows the experimental Fθ data as a function of
opening of the interface at the crack tip, ∆n,exp fitted with a 5th order poly-
nomial with an R2 value of 0.9996.

termined from the global load-displacement curves (Fig. 4.1(d)), taking into account
the uncertainties of both procedures. The measurement uncertainty in this (Ander-
sson and Stigh’s) approach mainly originates from: (i) the error in identification of
the initial crack tip position (where ∆n,exp is measured), (ii) the resolution of the DIC
analysis in measuring the correct ∆n,exp and θ values and (iii) the pre-strain of the
initial crack tip (leading to partial damage). Estimation of the latter one is difficult
and it can only be minimized by reducing the pre-loading of the crack tip during cre-
ation of the precrack. For the present case, a sub-micron resolution achieved in the
DIC displacements (by using a special nano-particle tracking pattern) which gives
an error of ∼ 20-30 % in the final CERR value, assuming negligible error contribu-
tions from the force measurements and the fitting procedure (Fθ versus ∆n,exp in Fig.
4.9(b)). Additionally, uncertainty contributions from crack tip identification and pre-
stressing of the crack tip need to be added. On the other hand, for the case of the
CERR determination from the global load-displacement curve, uncertainties in the
measurement of the increase in crack length, force and displacement contribute to
the final uncertainty in the CERR, which is ∼ 10 % for the present case. The fit to the
experimentally obtained traction-separation curve in Fig. 4.9(b) also yields δn ≈ 9
µm, from which Tn,max ≈ 1 MPa is obtained (with Eq. 4.34) which will be used in the
determination of the mode II cohesive parameters, as discussed in the next section.
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4.6.2 Mode II parameter determination

The mode II fracture toughness (φt) can be directly obtained from the mode II de-
lamination test (Fig. 4.1(d)). Identification of the mode II interface strength (Tt,max) is
performed by using a known dependency of the fracture toughness (or CERR) with
the mode angle. The fracture toughness values as a function of loading mode for
the glue interface system (Fig. 4.1(d)) were used for this analysis. For the interface
model currently used in this study, the total work of separation, ωtot, for the complete
separation of the interface is given by:

ωtot(ψ) =

∫

∞

0

Tn(∆n,∆t)d∆n +

∫

∞

0

Tt(∆n,∆t)d∆t, (4.48)

where, Tn(∆n,∆t) and Tt(∆n,∆t) are given by Eqs. 4.34 and 4.35 respectively, and

the mode angle, ψ = arctan
(

∆t

∆n

)

, is the separation angle with respect to the inter-

face normal. ωtot is plotted in Fig. 4.10 as a function of constant mode angle, ψ, at

different values of γ = Tt,max

Tn,max
. The value of γ ≈ 5 is obtained by fitting Eq. 4.48 to the

Figure 4.10: Experimentally measured critical energy release rate (from Fig. 4.1(d)
and the total work of separation of the cohesive zone model, ωtot, cal-
culated using Eq. 4.48, as a function of the mode angle, ψ for different

values of γ =
Tt,max

Tn,max
.

experimental fracture toughness versus mode angle results. With this information
the value Tt,max ≈ 5 MPa can be directly obtained using the previously determined
Tn,max ≈ 1 MPa for this specific interface. It is noted that in this approach the model
results (ωtot) for opening at a constant mode angle are compared with experimental
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CERR results for which the nominal mode angle is determined based on FE simula-
tions of the experiments, as shown in [93]. In order to identify a unique set of param-
eters in this approach, the mode angle needs to be constant with increase in crack
length. This has been checked and a maximum change in the mode angle of ∼ 5◦ is
identified for the present case in simulations of the experiment with a cohesive zone
model.

4.6.3 Determination of the plastic limit

The plastic limit is the key parameter that determines the unloading response of the
CZ from damage to plasticity (see Fig. 4.4(d)), while it also determines the shape
of the opened interface after unloading. The value of the plastic limit may be ob-
tained from a DIC analysis of unloading experiments. To this end, numerical mode
I simulation of an unloading experiment will be used to determine how the plastic
limit can be extracted from COD profiles. Figure 4.11(a) shows the unloading COD

(a) (b)

Figure 4.11: (a) Unloading crack opening displacement profiles obtained from a mode
I simulation using δn,pl = 16 µm as an input parameter. The inset
shows the simulated load-displacement response where the correspond-
ing global displacements of the COD profiles are marked (a,b,c and d).
(b) Experimentally obtained unloading COD profiles close to zero load
showing the plateau with a value of δn,pl = 16 µm. The inset shows a
micrograph of the edge of the sample (on the pre-cracked side) with the
DIC facet overlay in green.

profiles obtained at different global displacements of a mode I simulation. After un-
loading just below zero load, a plateau in the COD profile can be seen (curve c) as
shown in Fig. 4.11(a). Further unloading into the compressive regime leaves a re-
tained opening in the COD profile which corresponds closely to the input value of
the plastic limit, δn,pl. This can be understood because reducing the separation locally
below the plastic limit results in high local compressive stresses that prevent further
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closure. It was identified that the value of the plastic limit determined in this way
is independent of the crack length. Using this procedure, the normal plastic limit of
the glue interface is determined experimentally. Figure 4.11(b) shows the measured
COD profiles at different global displacements obtained from DIC of in-situ SEM im-
ages of a mode I delamination experiment. Note that the employed experimental
setup does not allow to continue loading into the compressive regime of a mode I ex-
periment during unloading. Hence, the experiment was stopped just below the zero
load. Similar to the simulation results in Fig. 4.11(a), a plateau was observed in the
measured COD at zero load (curve 5) as shown in Fig. 4.11(b). The retained opening
displacement, corresponding to this plateau is obtained as the value of δn,pl and was
found to be ∼ 16 µm for the glue interface. Although the global force-displacement
response and the local traction are less sensitive to the value of δt,pl (Section 4.5), δt,pl

may be obtained in a similar way as δn,pl, by extracting from COD profiles or strain
maps measured under mode II delamination.

Finally, the simulated load-displacement response at mode I loading with the param-
eters as determined in this section (φn ≈ 33 J/m2 which is taken as the average of 25
J/m2 and 40 J/m2; Tn,max ≈ 1 MPa; and δn,pl ≈ 16 µm) was already shown as curve b
in Fig 4.8(a). By comparing the simulated curve with the experimental mode I load-
displacement graph shown in Fig. 4.1(b), it can be concluded that a fair agreement
is observed between the two curves in the crack growth regime. The observed devi-
ation in the crack growth regime can be due to measurement inaccuracies, statistical
uncertainties, possible errors involved in CZ parameter extraction procedure and in-
accuracies due to the choice of the CZ law. The prediction can certainly be improved
by reducing the statistical uncertainty in the φn and φt measurements (with more ex-
periments) to get more accurate CZ parameters. It is noted here, however, that the
focus of this paper is not on exactly predicting the experimental load-displacement
response, but on presenting a damage-plasticity unloading model and illustrating
the capability of this model to simulate the experimentally measured unloading re-
sponse. The relatively a small number of experiments presented here suffice for this
purpose. Note also that the global retained opening observed after complete unload-
ing (from ≈ 600 µm opening displacement) is in good agreement between both cases
taking into account the measurement uncertainties. The deviation seen in the initial
portion of the measured experimental response can be attributed to several factors
such as sharpness of the crack, any pre-loading experienced by the crack tip before
actual loading, and unavoidable defects and inhomogeneities present at the inter-
face. The presence of a finite plastic limit (of ∼ 16 µm) indicates that the fracture at
the glue interface involves both damage and plasticity mechanisms, and, therefore,
a combined plasticity-damage model indeed needed to model this behavior.

4.7 Conclusions

The presence of combined damage and plasticity mechanisms at the interface is com-
monly observed in delamination experiments. Therefore, an interface model that can
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capture the irreversible unloading-reloading response is needed for predictive finite
element models, e.g., to predict crack branching and crack propagation in multiple
interfaces. To this end, this article introduced a new combined plasticity-damage
unloading description that can be used to extend existing cohesive zone (loading)
models with an irreversible unloading-reloading behavior suitable for mixed mode
loading conditions. Important features of the proposed model include the ability to
(i) extend (most of) the existing mixed-mode CZ models with and without coupling,
and (ii) simulate irreversible behavior ranging from full damage to full plasticity
while (iii) the model is relatively simple containing only two new parameters (δn,pl

and δt,pl) that can be determined experimentally. Case study simulations showed the
capability of the model to simulate the trends in the experimentally observed un-
loading behavior that results from irreversible fracture mechanisms at the interface.
Finally, it was shown that all the model parameters can be determined from ded-
icated in-situ delamination experiments combined with a digital image correlation
analysis of crack opening displacement (COD) profiles. Specifically, a procedure to
obtain the plastic limit(s) from COD profiles measured with DIC was developed by
analyzing numerical simulations and successfully applied experimentally.





CHAPTER FIVE

A semi-analytical approach for the
separation of interfacial toughness

and structural plastic dissipation in a
delamination experiment 1

Abstract

Interfacial delamination is a key reliability challenge in composites and micro-
electronic systems due to (high density) integration of dissimilar materials. Predic-
tive finite element models are generally used for the design of these materials and
systems to minimize delamination failures. Successful quantitative predictions re-
quire the input of interface properties that have to be determined accurately from
dedicated delamination experiments. Among all relevant interfacial properties, the
interface fracture toughness is perhaps the key parameter which is usually deter-
mined from the area under the load-displacement curve. For this purpose, an in-
terface delamination growth experiment with a constant process zone is commonly
used, relying on the assumption that there is no permanent deformation in the layers
of the sample structure. Much evidence in the literature exists confirming that plas-
ticity often does occur in the sample structure, particularly, if the layers forming the
sample structure are ductile and the interface is strong. The plastic dissipation in the
sample structure should be adequately subtracted from the total steady state work of
separation (during a delamination experiment) to obtain the true value of the inter-
face fracture toughness (independent of the thickness of the two sample arms form-

1Reproduced from: M. Kolluri, J.P.M. Hoefnagels, J.A.W. van Dommelen, M.G.D. Geers, A semi-
analytical approach for the separation of interfacial toughness and the structural plastic dissipation in
a delamination experiment, to be submitted (2011).
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ing the sample structure). Hence, a proper experimental analysis method is required
that can separate structural plastic dissipation of sample layers, using standard ex-
perimental delamination set-ups. In contrast to existing approaches that require ei-
ther complex numerical simulations or analytical solutions, this paper presents a
semi-analytical and easy-to-implement approach that is applicable to most existing
mode I experimental techniques that apply loads (instead of moments) to trigger de-
lamination. The procedure does not require knowledge of the constitutive behavior
of the adherent layers to separate structural plastic dissipation from interface frac-
ture toughness. The proposed approach is numerically verified and experimentally
assessed, where it is shown that applying this approach can lead to a correction of
the interface fracture toughness of more than a factor of two, demonstrating the sig-
nificance of correcting errors induced by plastic deformation of the structural arms
of a sample during a delamination experiment.

5.1 Introduction

Interfacial delamination is a key reliability issue in (laminate) composites [6, 7, 119]
and micro-electronic systems [3, 4], where (high density) integration of dissimilar
materials is required to achieve superior mechanical, physical and functional proper-
ties. As a consequence, identification of interfaces which are prone to delamination is
important for the design and optimization of these systems. Hence, predictive mod-
els that can accurately capture the failure mechanisms of the interfaces are required
for adequate design of these products. These models rely on a detailed characteri-
zation of the interface properties with an understanding of failure mechanics from
dedicated experiments. Among all relevant interface properties, the interface frac-
ture toughness, representing the amount of energy per unit area that is absorbed by
the interface upon fracture, is perhaps the key parameter for modeling these inter-
faces. In case of delamination between perfectly brittle materials, this fracture energy
is approximately equal to the surface energy (that is needed for the creation of new
surfaces). On the other hand, for interfaces between deformable materials, the forma-
tion of the new surfaces often also triggers dissipative mechanisms, such as damage
and plasticity, in the adjoining materials in the immediate vicinity of the interface,
identified as the fracture process zone as shown in Fig. 5.1. Therefore, the surface
energy and the energy spent for the fracture processes within the fracture process
zone together contribute to the interface fracture toughness. However, the measured
value of the interface fracture toughness, which is the characteristic property of the
interface, should be independent of the geometry of the adjoining material layers.

Traditionally, linear elastic fracture mechanics (LEFM) based techniques [22, 67, 89,
113, 120] are employed to experimentally characterize interface fracture toughness.
In this approach, the determination of interface fracture toughness requires (i) the
measurement of the critical load or moment at which the interface delaminates, start-
ing from an initial precrack (with known length), (ii) the analytical energy release
rate for the considered specimen geometry and loading configuration, derived from
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Figure 5.1: Schematic diagram of the fully unloaded interface sample illustrating
the damage and plasticity mechanisms within the fracture proces zone
(dashed envelope) at the interface and permanent deformation in the
structural layers of the sample (structural plasticity).

LEFM principles, and (iii) the material properties of the adherent layers. This class
of experiments is widely used in the literature for interface fracture toughness anal-
ysis because of their standardization and relative ease to exploit experimental data.
However, it is important to note the issues and the underlying assumptions that limit
the applicability of this widely used approach for interface fracture toughness mea-
surement:

• Experimental inaccuracies in the measurement of the critical load of delamina-
tion can be significantly influenced by the condition of the precrack.

• Obtaining closed form analytical solutions for the determination of the energy
release rate, particularly by incorporating the influence of transverse shear load
[78], is difficult for dissimilar material interface structures in mixed mode load-
ing cases.

• This approach intrinsically assumes that the fracture process zone (involving
irreversible mechanisms like damage, plasticity and fracture at the interface) is
very small. The approach also assumes that the supplied energy to trigger de-
lamination growth is stored elastically in the structure without any permanent
deformation of the layers.

Delamination growth experiments [25, 93, 107] resolve some of the above mentioned
difficulties and are able to characterize the interface fracture toughness of interface
structures with any (small or large) size of the fracture process zone. In these ex-
periments, the full load versus displacement response is recorded during initiation
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and propagation of delamination starting from an initial precrack. A schematic load-
displacement diagram illustrating the initiation and propagation regimes is shown
in Fig. 5.2(a). Once the process zone is fully developed (i.e. after the crack initia-
tion regime), the local crack opening geometry within the process zone remains con-
stant with increasing crack length, and therefore, the developed process zone moves
along the interface upon further loading (i.e. in the propagation regime). The in-
terface fracture toughness is simply calculated from the energy needed to propagate
a fully developed crack per unit of delaminated area, i.e. the energy spent in one
loading-unloading cycle (hashed region in Fig. 5.2(a)), divided by the sample width,
B, times the crack length increase (i.e. ∆a = a2 − a1). If the delamination setup
allows for in-situ (microscopic) visualization of the crack propagation and thus accu-
rate determination of the crack length increase for a constant crack opening geometry
(e.g. [107, 121]), then only the measurement uncertainties in force, displacement, and
crack length affect the measured interface fracture toughness without contributions
of any model assumptions. Without in-situ visualization, a2 − a1 can still be obtained
either by ex-situ crack length examination before and after the loading-unloading
cycle. However, this increases the measurement uncertainty as the crack length is
measured in a closed position. Alternatively the structural stiffness, K, of the partly
delaminated specimen can be related to a crack length a (whereby the structural stiff-
ness is estimated from beam theory analysis or finite element simulations [25]). In all
cases, though, the uncertainties involved with manufacturing of the precrack and the
initial development of the process zone are avoided by ignoring the crack initiation
regime of the load-displacement response.

Similar to LEFM approaches, delamination growth experiments intrinsically assume
that the supplied energy to trigger delamination growth is stored elastically in the
structure (e.g. the delaminating layers composing the specimen structure), without
any permanent deformation of the sample layers. In such a situation, without any
plasticity mechanisms within the fracture process zone of the interface, the unload-
ing curve starting at a crack length a should return to the origin (along a straight
line). This behavior is indeed often observed in experiments, e.g. curve 1 in Fig.
5.2(b), showing the load-displacement response measured from a mode I delamina-
tion experiment on a coated copper lead frame (CuLF)-molding compound epoxy
(MCE) interface [107]. On the other hand, in the absence of permanent structural
deformation, any retained opening after complete unloading should be the result of
plasticity of the material within the fracture process zone during the separation of
the two materials.

In reality, however, during the delamination experiment there can be permanent de-
formation of the sample structure (referred as structural plasticity, see Fig. 5.1) lead-
ing to an additional energy dissipation besides the energy spent for the actual delam-
ination process (i.e. the sum of the surface energy and dissipated energy due to the
damage and the plasticity mechanisms within fracture process zone) and resulting
in an additional retained opening after complete unloading. That means that the ob-
served retained opening in curve 2 of Fig. 5.2(b) (measured for a similar sample as for
curve 1 but without interface coating) might originate from either plasticity mecha-
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(a) (b)

(c)

Figure 5.2: Illustration of delamination growth experiments. (a) Schematic plot illus-
trating how the interface fracture toughness is obtained either from the
energy spent in one loading-delamination-unloading cycle (hashed area)
with known increase in crack length or with estimated stiffness lines for
chosen crack lengths. (b) Experimental load-displacement curves exhibit-
ing no plasticity (curve 1) after unloading and significant (retained) plas-
ticity (curve 2) after unloading [107]. (c) A schematic load-displacement
response curve of an interface system that has plasticity mechanisms
within the fracture process zone at the interface, and shows structural
plasticity as well. Consequently, resultant retained opening is due to plas-
ticity within the fracture process zone at the interface (up,int) and due
to the permanent deformation of the sample structure (up,struct). The
hashed regions indicate the total dissipated energy during one loading-
delamination-unloading cycle in cases of with and without structural plas-
ticity.
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nisms within the fracture process zone at the interface or from structural plasticity of
the sample layers or from both. Fig. 5.2(c) shows a schematic load-displacement re-
sponse of an interface system that exhibits plasticity mechanisms within the fracture
process zone at the interface, as well as structural plasticity. This figure illustrates
the contributions of retained opening due to the plasticity within the fracture pro-
cess zone at the interface (up,int) and due to the permanent deformation of the sample
structure (up,struct) to the measured (total) retained opening. Only the interface frac-
ture energy (Φint), which is the sum of the surface energy and the energy dissipated
due to the damage and the plasticity mechanisms within the fracture process zone,
should be part of the measured interface fracture toughness but not the energy that
is plastically dissipated in the sample structure (Φstruct). However, it is not known a
priori whether both structural plastic dissipation and plastic dissipation within the
fracture process zone are present. Therefore, the contribution of structural plasticity
should be identified quantitatively and should be separated in order to obtain the
correct value of interface fracture toughness.

In the literature, much emphasis was given to understand and separate the influence
of structural plasticity on interface fracture toughness measurements. In the early
nineties, ’first principle’ predictions for mode I toughness of an interface between a
homogeneous elastic-plastic solid were made by Tvergaard and Hutchinson [28]. A
separation law was embedded to model the interface fracture, revealing an increase
in mode I toughness due to plasticity in the sample structure. Similar studies [29–33]
were performed to understand the influence of structural plasticity on the mode de-
pendent fracture toughness of an interface between dissimilar elasto-plastic solids.
All these studies predicted that plastic deformation outside of the fracture process
zone leads to an increase in apparent fracture toughness. Later, Yang et al. [122]
performed a numerical analysis of interface fracture in adhesively bonded beams
failing with extensive plastic deformation using an embedded process zone model
(EPZ) developed by Tvergaard and Hutchinson [28] and found the EPZ parameters
to be independent of plasticity in the layers of the sample structure. Thouless et
al. [123] presented an analytical solution for the fracture toughness of an adhesively
bonded double-cantilever beam (DCB) that fails with extensive plastic deformation
of the adherents. This solution is suitable for delamination experiments in which
pure bending moments are applied to trigger delamination. In this analysis, the au-
thors assumed a plastic constitutive law with power law hardening to describe the
plasticity in the sample structure. All these efforts indeed indicate that the plastic
dissipation in the sample structure should be separated from the total steady state
work of separation (during a delamination experiment), to obtain the interface frac-
ture toughness that is independent of the geometry of the adjoining material layers.

Most studies cited above are valuable to understand and evaluate the influence of
structural plasticity on interface fracture toughness measurements, but they require
either analytical solutions or numerical simulations with a representative plastic de-
scription of the adherent material layers. This does not enable a direct interpretation
of data from delamination experiments to obtain the correct value of the interface
fracture toughness. In contrast, the present paper presents a methodology that re-
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quires neither an analytical solution or a numerical simulation nor the constitutive
behavior of the adherents, to separate the energy dissipated due to permanent defor-
mation of the sample structure from the total energy dissipated during crack growth
for a mode I test. The proposed methodology is applicable to most of the existing de-
lamination growth experiments that apply loads to trigger delamination, and it does
not require in-situ visualization of the delamination process under a microscope.

The article is organized as follows. First, a semi-analytical approach is proposed to
separate the contribution of structural plastic dissipation from the total energy spent
during a delamination experiment. Then, the proposed approach is numerically ver-
ified by employing a finite element model with cohesive zone elements (at the inter-
face). Finally, the proposed approach is experimentally assessed by characterizing
the interface fracture toughness of industrially relevant copper lead frame-molding
compound epoxy (CuLF-MCE) structures with different layer thicknesses.

5.2 Procedure to extract interface fracture toughness

In this section, the methodology for the separation of structural plastic dissipation
from the measured total dissipated energy during a delamination experiment is pre-
sented, as well as the underlying assumptions. The key principle relies on the re-
construction of the fictitious force-displacement response (in the crack propagation
regime) that would have been measured in the absence of structural plasticity, for
which the interface fracture toughness can be determined directly (as explained in
Fig. 5.2(b)). To be able to reconstruct this fictitious structural plasticity-free force-
displacement curve, the following assumptions, which will be numerically verified
in the next section, are made:

(1) Plasticity in the sample structure has no influence on the structural (unloading)
stiffness, for a given crack length, with or without plasticity within the fracture
process zone at the interface.

(2) For a given crack length, the critical global load required for a crack to grow with
or without structural plasticity is the same (i.e. the load depends on the interface
fracture resistance only).

5.2.1 Case 1: Structural plasticity, no plasticity in the fr acture
process zone at the interface

As already discussed in the previous section, the observed retained opening can orig-
inate from either plasticity mechanisms within the fracture process zone at the inter-
face or from structural plasticity of the sample layers or from both. In the case of only
structural plasticity, the procedure for reconstruction of the force-displacement that
corresponds to the (fictitious) case without structural plasticity is relatively simple.
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In Fig. 5.3, the black solid curve represents an experimentally measured load-
displacement response during a loading-unloading experiment. Area ACDB rep-
resents the total energy (Φtot) dissipated during the crack growth of ∆a = aC − aA

between two consecutive unloadings. This total energy contains the interface frac-
ture energy (Φint) and the structural plastic dissipation (Φstruct). Using assump-
tion 1, the unloading stiffness lines AB and CD can be translated horizontally to-
wards the origin over the distance OB and OD (i.e. up,struct,B and up,struct,D), re-
spectively, in order to find the points A′(uA′ , PA) and C ′(uC′ , PC) where u and P
indicate the displacement and load, respectively. The points X ′(uX′ , PX) between
A′ and C ′ (the dashed curve in Fig. 5.3) can be reconstructed using the relation,
up,struct,X = up,struct,A +

up,struct,C−up,struct,A

uC−uA
(uX − uA), which represents a linear interpo-

lation of up,struct,X between up,struct,A and up,struct,C. This results in the dashed curve,
from which the interface fracture energy Φint can be determined directly as it is equal
to the areaOA′C ′. As explained above, Φint divided by the increase in crack length ∆a
and the width of the sample, w, yields the interface fracture toughness. It is worth
mentioning here that only ∆a is needed (and not the absolute values of the crack
lengths at the unloading points) to calculate the interface fracture toughness. This is
important because identifying the exact crack tip, and finding exact crack length val-
ues for interface structures involving large process zones is cumbersome even with
high magnification microscopic visualization of the delamination front. The exact
crack length also depends on the definition of a crack tip. On the contrary, the value
of ∆a can be obtained relatively easily with high accuracy for a steady state mov-
ing process zone, e.g. by matching displacement fields obtained with digital image
correlation (DIC).

Figure 5.3: Schematic diagram illustrating the reconstruction of the virtual plasticity-
free load-displacement response for a measurement in which only struc-
tural plasticity is present.
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5.2.2 Case 2: Structural plasticity and plasticity within t he frac-
ture process zone at the interface

In case when both structural plasticity and plasticity within the fracture process zone
at the interface, again, the total energy dissipated between two consecutive unload-
ings for the crack to grow by ∆a (area ACDB in Fig. 5.4) contains the interface
fracture energy (Φint) and the structural plastic work (Φstruct). However, the total re-
tained opening after complete unloading, up, is now the sum of the retained opening
due to structural plasticity up,struct, and the plasticity within the process zone up,int.
In this case, the structure will exhibit a stiffer unloading response (CD) compared to
the case of only structural plasticity or no plasticity at all (Fig. 5.3). Therefore, the
procedure for the separation of structural plastic dissipation and plasticity within the
fracture process zone is less trivial because the measured stiffness lines can no longer
be translated to the origin (O) as done in the previous case.

Figure 5.4: Schematic diagram illustrating the reconstruction of the virtual plasticity-
free load-displacement response for a measurement in which both struc-
tural and interface plasticity are present.

To solve this problem, a semi-analytical approach, which relies only on experimen-
tal measurements, is proposed to separate the structural plastic dissipation Φstruct

and the interface fracture energy Φint. In this approach, first the individual contri-
butions due to structural plasticity (up,struct) and plasticity within the process zone
at the interface (up,int) to the total retained opening (up) are identified for (at least)
two unloading steps (explained below). Then, the experimental unloading stiffness
lines are translated towards the origin by the corresponding retained opening due
to structural plasticity, up,struct (yet to be determined). This allows to identify (in the
propagation regime) the virtual force-displacement curve equivalent to the no struc-
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tural plasticity case. For example in Fig. 5.4, lines AB and CD are translated by
BB′ and DD′ (i.e. up,struct,B and up,struct,D), respectively, to find A′ and C ′. The points
X ′(uX′ , Px) between A′ and C ′ (the dashed curve in Fig. 5.3) can be obtained using
the relation, up,struct,X = up,struct,A+

up,struct,C−up,struct,A

uC−uA
(uX −uA), as explained earlier in

section 5.2.1. Then, area A′C ′D′B′ represents the interface fracture energy Φint for the
crack to grow from aA to aC , which divided by ∆a and w gives the interface fracture
toughness.

Key part of the approach is the separation of the individual contribution of structural
plasticity (up,struct) and plasticity within the process zone at the interface (up,int) from
the total retained opening (up), for which the following two additional assumptions
are used:

(3) The size and shape of the process zone is constant during the crack propagation
regime. That means that after the initiation regime, the fully developed crack
tip simply translates during further delamination. Most delamination growth
experiments intrinsically use this assumption.

(4) Plasticity in the sample structure develops only in the region surrounding the
process zone since the stresses in the layers are the highest there. This means
that the plastic curvature at a certain position does not change anymore after the
process zone has passed by.

The procedure for obtaining the retained opening due to structural plasticity in-
volves the following steps. First, for each layer the retained crack opening displace-
ment (COD) profile, un, (defined with respect to the undeformed interface, i.e. Oxend

in Fig. 5.5) of the fully unloaded sample at the end of the delamination test is de-
termined. The retained COD profiles of both adherent bulk layers can be obtained,
for example, from a recorded micrograph of the fully unloaded sample, e.g. us-
ing a digital imaging correlation (DIC) technique as shown in Section 5.4. The pro-
cess zone and the region close to the process zone (referred to as region 1 in Fig.
5.5), are influenced by both plasticity in the process zone and structural plasticity,
whereas the measured retained curvature in the layers in region 2 is the result of
structural plasticity only. Region 3 and 4 in Fig. 5.5 represent the crack initiation
and pre-crack regions, respectively. Region 2 can be fitted with a low order polyno-
mial equation, which can be extrapolated into region 1 to identify the point afit

c on
the undeformed sample axis Oxend, see Fig. 5.5. The tangent of the fitted curve at
afit

c extended to x = xend reveals the contribution of plasticity, in the process zone

up,int, (i.e. up,int = (xend − afit
c )

[

d(ufit
n (x=afit

c ))
dx

]

) at the end of the sample, where the

load was applied. Next, the contribution of structural plasticity up,struct, to the total
retained opening, up, is recovered by up,struct = up − up,int. In Fig. 5.5, this procedure
is illustrated for the top bulk layer. The same procedure is repeated for the bottom
layer if both sample layers undergo permanent deformation during delamination.
The total retained openings due to structural plasticity, up,struct, and the plasticity
within the process zone up,int are obtained by adding the corresponding individual
contributions from both layers.
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Figure 5.5: Schematic figure showing the fully unloaded sample (top) and the corre-
sponding retained opening profile of the top layer (bottom) with respect
to undeformed sample axisOxend. The figure also shows the four different
regions of the delaminated sample, i.e. (1) the region influenced by both
structural plasticity and plasticity within the fracture process zone, (2) the
region where the the measured retained curvature is influenced by struc-
tural plasticity only, (3) the crack initiation region and (4) the pre-cracked
region. Region 2 is fitted with a low order polynomial and extrapolated

into region 1 to identify the point ufit
n (afit

c ) = 0 intersecting Ox. Separa-
tion of structural plasticity, up,struct, and the plasticity within the process
zone, up,int, is obtained by constructing a tangent to the extrapolated curve

at afit
c .

5.3 Numerical verification

In this section, first, the four assumptions made in the previous section are verified
numerically using finite element simulations employing an interface cohesive zone
(CZ) model that allows for modeling the irreversible unloading response that result
from the combined damage and/or plasticity mechanisms within the process zone
at the interface [121]. That means that all the dissipative (damage and plasticity)
mechanisms within the fracture process zone are lumped into the interface behavior
described with the cohesive zone model. A brief review of this CZ model is given
in Section 5.3.1. After verification of the assumptions, the proposed approach to sep-
arate the structural plasticity contribution from the total energy dissipated during a
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delamination experiment is verified, in order to recover the correct interface fracture
toughness value.

5.3.1 Summary of the irreversible interface model

The combined plasticity-damage CZ model proposed by Kolluri et al. [121] allows
for irreversible openings due to damage and/or plasticity. The combined (plasticity-
damage) behavior depends on the ratio of the plastic energy and the total energy
of separation using one additional parameter called the plastic limit, δpl. The other
parameters are standard ones (i.e. the interface fracture toughness φ and critical
displacement δ characterizing the loading behavior of the traction-separation law).
The plastic limit, δpl, is defined such that for an effective maximum separation ∆eff

smaller than δpl, the cohesive zone behaves fully elasto-plastic (i.e. the interface stiff-
ness, K, remains equal to the initial stiffness, Ko). Once the effective maximum sep-
aration passes δpl, the plastically deformed cohesive zone damages elastically with
further separation (i.e. the interface stiffness decreases with damage parameter d)
, as presented in Fig. 5.6(a). In this figure, this irreversible CZ behavior is used in
conjunction with the improved Xu-Needleman CZ law for normal separation, which
is used to describe the interface loading behavior.

Fig. 5.6(b) shows that by varying the plastic limit from 0 to ∞, the irreversible inter-
face behavior of the CZ can be varied from full damage to a mixture of damage and
plasticity to full plasticity. In this model, the compressive stiffness of the CZ is not
influenced by the damage. For more details, the reader is referred to Chapter 4.
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Figure 5.6: (a) The unloading behavior of the combined plasticity-damage CZ in nor-
mal opening above and below the plastic limit δpl. (b) The influence of
δpl on the unloading behavior of the combined plasticity-damage CZ in
normal opening.
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5.3.2 Verification of the assumptions

In order to verify the assumptions made in the previous section, finite element sim-
ulations of a mode I delamination test on a dissimilar bilayer interface sample are
performed for four classes of material behavior for the interface and bulk (repre-
senting the behavior of the fracture process zone and sample structure, respectively),
given in Table 5.1. A 2D finite element model of the bilayer sample with the geometry
and boundary conditions given in Fig. 5.7 has been made. The mesh was selectively
refined at the interface to avoid mesh size dependency on the final results. Four-
node quadrilateral elements with a maximum size of 100 µm and a minimum size
of 1.6 µm are used to model the top and bottom layers of the sample. Frictionless
contact conditions were used between the two surfaces of the precrack region of the
specimen. Simulations were performed by assuming plane strain conditions. The
CZ model described in Section 5.3.1 was implemented, whereby a return mapping
solution procedure was employed to incorporate the plasticity. The behavior of the
bottom layer is assumed to be elastic in all the simulations for simplicity. Hence,
structural plasticity is only present in the top layer for simulations MB2 and MB4.
The material properties of the two layers of the sample structure and the cohesive

Table 5.1: The four classes of interface (representing the fracture process
zone) and bulk (representing the sample structure) material be-
havior used for the simulations.

Class Interface (fracture process zone) Bulk (sample structure)

MB1 full damage elastic
MB2 full damage elasto-plastic
MB3 partial damage - partial plasticity elastic
MB4 partial damage - partial plasticity elasto-plastic

zone parameters of the interface used in the simulations are given in Table 5.2. The
cohesive zone parameters of the interface are chosen such that there is considerable
permanent deformation due to plasticity in the fracture process zone (for a clear in-
fluence of process zone plasticity) and the interface strength is relatively low. Finally,
the resulting load displacement responses from the simulations of the four different
material classes are shown in Fig. 5.8.

Figure 5.7: Geometry of the sample and the applied boundary conditions for simula-
tions.
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Table 5.2: Material properties of the sample layers and cohesive zone pa-
rameters of the interface.

Material parameters Top layer Bottom layer

Young’s modulus (GPa) 120 30
Poisson’s ratio 0.33 0.25
Yield stress (MPa) 67(for MB2 and MB4) -
Hardening parameter (GPa) 5 (for MB2 and MB4) -

Cohesive zone parameters

φn (J/m2) 4.7
δn (µm) 3
or Tn,max (MPa) 0.576
δpl (µm) 10 (MB1 and MB3)
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Figure 5.8: Load-displacement results from the finite element simulations of a mode
I delamination test performed with the four classes of interface and bulk
structural material behavior given in Table 5.1.

To verify assumption 1, the (structural) unloading stiffness, K, corresponding to a
given crack length, a, should not be influenced by the presence of structural plastic-
ity, with and without interface plasticity. Because of the complications in controlling
two simulations with different material behavior to unload at exactly the same crack
length, a direct comparison of unloading stiffness values obtained from simulations
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with structural plasticity (MB2 and MB4) with those from simulations without struc-
tural plasticity (MB1 and MB3), respectively, is not possible. To circumvent this prob-
lem, the unloading stiffness values of all four material behavior classes are plotted
(in Fig. 5.9(a)) as K−1/3 versus the corresponding crack lengths a at each opening
displacement (because K−1/3 should scale linearly with a when linear elastic beam
theory would be valid). Note that each data point has been obtained from a separate
simulation (from crack initiation to unloading) to exclude possible effects of a prior
unloading. The data points from simulations with and without structural plasticity
fall on one (quadratic) curve in the absence of interface plasticity (MB1 and MB2)
(see Fig. 5.9(a)). Likewise, in the case with interface plasticity (MB3 and MB4), the
simulations with and without structural plasticity fall on another (quadratic) curve.
This demonstrates that there is indeed a negligible influence of structural plasticity
on the unloading stiffness in both cases, which verifies assumption 1. Note that the
slight non-linearity in relation between K−1/3 and a demonstrates that linear elastic
beam theory oversimplifies the sample structure geometry. To check assumption 2,
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Figure 5.9: (a) The unloading stiffness, K, and the corresponding crack lengths a at
each opening displacement are plotted as 1

K1/3
versus a for all four classes

of interface and bulk structural material behavior given in Table 5.1. The
same (quadratic) dependency identified for cases without (MB1 and MB3)
and with (MB2 and MB4) structural plasticity supports the assumption 1.
(b) The inverse of the critical load points 1/P of the delamination curve
plotted as a function of the corresponding crack lengths a for cases with-
out (MB1 and MB3) and with structural (MB2 and MB4) plasticity in order
to verify assumption 2.

the inverse of the critical load points on the delamination curve are plotted as a func-
tion of the corresponding crack lengths for both cases with and without structural
plasticity as shown in Fig. 5.9(b). The observed linear dependency between P−1 and
a with the same slope for all cases (MB1 and MB3, MB2 and MB4) indicates that the
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critical load for delamination is the same for samples with and without structural
plasticity.
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Figure 5.10: (a) Retained crack opening displacement (COD) profiles after complete
unloading of cycle 1 and cycle 2 for the case of MB4 (both interface and
structural plasticity), and (b) corresponding curvature plots illustrating
the four different regions. Fig. (b) shows that the size and shape of the
(fully developed) process zone remain constant with respect to the crack
tip position during crack growth from cycle 1 to cycle 2, while the plastic
curvature in region 2 stays nearly constant in time and place. Fig. (a) also
shows the procedure to obtain the contribution of structural plasticity to
the retained opening for cycle 1 and cycle 2 (i.e. u1

p,struct and u2
p,struct,

respectively) using the proposed approach.

To check the validity of assumption 3 and 4, the retained curvature after complete
unloading of cycle 1 and cycle 2 for the case of MB4 is shown in Fig. 5.10. The dif-
ferent regions of the retained opening profile (of cycle 2) identified on the curvature
plot are also shown in Fig. 5.10. The curvature graph (Fig. 5.10(b)) shows that the
size and the shape of the (fully developed) process zone (region 1) stays nearly con-
stant with respect to the crack tip location and simply traverses with further growth
of delamination from the point of unloading of cycle 1 to unloading of cycle 2, i.e.
supporting assumption 3. This figure also shows the same retained structural plastic
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curvature in region 2 (of delaminated specimen arms) for both cycles, indicating that
the plastic curvature stays nearly constant in time with further loading once the pro-
cess zone has passed. Therefore, figure 5.10 shows that the structural layers of the
sample deform plastically only in the region close to the process zone (i.e. region 1),
consistent with assumption 4.

Since all four assumptions made in the previous section have been numerically ver-
ified, the proposed approach is next applied to a numerical problem for which both
bulk and interface plasticity are present.

5.3.3 Numerical verification of the approach

Using the areaACDB from the load-displacement curve of MB4 (Fig. 5.11) for which
both structural and interface plasticity are present, an interface fracture toughness
value of 6.05 J/m2 would be obtained without separation of structural plastic contri-
butions. This value is 29% larger than the actual input value of 4.7 J/m2. Therefore,
as a verification of the proposed approach, the structural plastic contribution to the
dissipated energy is separated to assess the obtained value for the interface fracture
toughness. The regions 2 of the retained COD profiles corresponding to the unload-
ing of cycle 1 and cycle 2 are fitted with cubic polynomials (as shown in Fig. 5.10(a)).
Cubic polynomials were selected because the curvature profiles vary nearly linear
with section length for both cycles in region 2. The fitted curves are extrapolated
into the corresponding region 1 of each cycle to find the intersection points on the
axis Oxend. The tangents drawn at these intersection points are extended to xend to
obtain the retained openings due to structural plasticity, u1

p,struct and u2
p,struct of cycle

1 and cycle 2, respectively (Fig. 5.10(a)). As explained in section 5.2.2, the unloading
stiffness lines corresponding to cycle 1 and cycle 2 are then translated over a dis-
tance u1

p,struct and u2
p,struct towards the origin to identify the two points, A′ and C ′,

(corresponding to A and C respectively) on the reconstructed curve. The points X ′

between A′ and C ′ are obtained by linear scaling of up,struct,X′ between u1
p,struct and

u2
p,struct as explained in Section 5.2.2. Using the area A′C ′D′B′ from the reconstructed

curve (Fig. 5.11), an interface fracture toughness of 4.82 J/m2 is obtained which is in
good agreement with the input value of 4.70 J/m2.

5.4 Application: determination of the interface frac-
ture toughness in CuLF-MCE

In this section, the proposed approach for the separation of structural plastic contri-
butions from the measured load-displacement response is experimentally assessed
by separating the induced structural plasticity and comparing the resulting interface
fracture toughness with the value obtained from another sample of the same inter-
face in which no structural plasticity occurred. For this purpose, industrially relevant
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Figure 5.11: Load-displacement response for MB4 (structural and interface plasticity).
The structural plastic contribution is separated from the total dissipated
energy (ACDB) for MB4 by employing the procedure described in Sec-
tion 5.2.2 (i.e. by reconstructing A′C ′D′B′).

copper lead frame-molding compound epoxy (CuLF-MCE) bilayer samples with two
different thicknesses, 0.2 mm and 0.15 mm, of the CuLF layer and, the same thickness
0.5 mm, of the MCE layer are chosen. Rest of the dimensions (5 mm width, 35 mm
length and 0.5 mm MCE layer thickness) are the same for both samples. The thick
CuLF layer shows no structural plasticity, whereas considerable structural plastic-
ity occurs in the thin CuLF sample during delamination. The MCE layer is always
elastic in both cases.

The load-displacement response of a mode I delamination experiment performed on
the thick CuLF-MCE sample is shown in Fig. 5.12(a). From the graph it is clear that
there is indeed no interface or structural plasticity present in this first experiment.
An interface fracture toughness value of 36 J/m2 is obtained by simply dividing the
energy dissipated in a loading-delamination-unloading cycle with the correspond-
ing increase in crack length and sample width. Note that the first loading-unloading
cycle is generally ignored because it includes the crack initiation regime and the de-
velopment of the process zone. On the other hand, the load-displacement response
of a mode I delamination experiment performed on a thin CuLF-MCE sample (black
line in Fig. 5.12(b)) reveals considerable retained opening after unloading to zero
load. The interface fracture toughness value calculated using the total energy spent
in the second loading-unloading cycle (area BACD in Fig. 5.12(b)) and the corre-
sponding increase in crack length during this cycle gives a value of 73 J/m2 which is
more than twice the value measured for the thick copper layer.
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(a) (b)

Figure 5.12: Load-displacement response of a mode I delamination experiment con-
ducted on (a) a thick CuLF(0.2 mm)-MCE(0.5 mm) bilayer sample show-
ing negligible retained opening after complete unloading; (b) a thin
CuLF(0.15 mm)-MCE(0.5mm) bilayer sample exhibiting a retained struc-
tural opening. The shaded grey area (ACDB) shows the total energy
spent during loading-unloading cycle 2. The reconstructed curve with
the enclosed magenta filled area (OA′C ′) shows the delamination energy
in cycle 2 after separation of the structural plastic contribution.

For the present situation, it is known that the complete retained opening in Fig.
5.12(b) and the additional dissipation originates from plasticity in the layers of the
sample structure, because there was no interface plasticity observed for the thick
CuLF-MCE sample. Nevertheless, the general procedure described for the case of
both interface and structural plasticity (see Section 5.2.2) is applied for the separation
of the structural plastic contribution. That means, first the retained COD profiles of
the sample after unloading of cycle 1 and cycle 2 to zero load (i.e. at pointsB andD in
Fig. 5.12(b)) are obtained by digital image correlation (DIC) analysis of images of the
sample taken before the start and after each cycle of the delamination test. To obtain
a random pattern that allows for accurate image correlation, the surface of each sam-
ple is carefully polished after which silver nano-particles (with a size of 50 - 100 nm)
are applied before the beginning of the actual delamination test. The micrograph of
the retained opening profile with the DIC measured displacement field overlay and
the corresponding COD profile after unloading of cycle 2 are shown in Fig. 5.13. Re-
gion 2 (identified as outlined in Section 5.3.3) of the measured COD profiles are fitted
accurately (R2 > 0.9995) with cubic polynomials and extrapolated into region 1 onto
the axis Ox. The polynomial fit extrapolated to Ox for the unloaded COD profile
(cycle 2) are shown in the middle figure of Fig. 5.13. It should be noted that the er-
ror between the measured COD profile and the fitted curve in region 2 is noticeably
small as shown in the bottom graph of Fig. 5.13. The extrapolated cubic polynomial
curve touches the axis Oxwith an almost zero slope (lowest point in the zoom box of
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Figure 5.13: A micrograph of the sample taken after complete unloading of cycle
2 with a digital image correlation (DIC) displacement field overlay is
shown in the top figure. The retained crack opening displacement (COD)
profile measured (by DIC analysis) for the sample after complete unload-
ing of cycle 2, and the different regions are shown in the middle figure.
The error in the cubic polynomial fit of region 2 as a function of the sec-
tion length is shown in the bottom figure. It can be observed that the
polynomial fits the COD data with an error of less than 0.1 µm over the
full length of region 2.

Fig. 5.13) confirming that, indeed, there is only structural plasticity present during
this delamination experiment. Accordingly, the identified values of u1

p,struct = 50 µm
and u2

p,struct = 150 µm are exactly the same as the global retained openings u1
p and

u2
p found from the load-displacement graph after unloading of each cycle. Subse-

quently, the unloading stiffness lines AB and CD are translated towards the origin
over a distance u1

p,struct and u2
p,struct (or OB and OD) to identify the two points A′

and C ′ on the reconstructed curve, respectively. The points in between A′ and C ′ on
the reconstructed curve are obtained by using the interpolation function described
in Section 5.2. The area surrounded by the curves OA′C ′ corresponds to the energy
spent for interface delamination only. The fracture toughness value obtained is 31
J/m2 which is in adequate agreement with the value of 36 J/m2 for the thick CuLF-
MCE sample without observable structural plasticity and which is less than 50% of
the value (73 J/m2) obtained before application of the structural plasticity separa-
tion method. The remaining deviation is attributed to measurement uncertainties in
the delamination experiment (load, displacement, crack length and COD measure-
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ments), statistical differences in the interface behavior of the two different sample
(although they are from the same batch), and the model approximations made. The
small error involved in fitting the plastically deformed region (region 2) contributes
negligibly to the observed deviation. As a conclusion, it can be stated that, if ignored,
the structural plastic deformation of the sample layers during delamination can in-
troduce large errors in the measurement of the interface fracture toughness. The
developed procedure for the separation of structural plasticity is a useful method
that is generally applicable to most of the existing delamination growth experiments
(that apply loads to trigger delamination) to obtain realistic values of the interface
fracture toughness, if (structural) plastic deformation occurs in the adherent layers
forming the interface.

5.5 Conclusions

Delamination characterization of multi-layer structures containing ductile layers is
challenging because of the occurrence of permanent deformation of adherent layers
of the sample structure during delamination. Large errors in the measurement of
the interface fracture toughness can result if these structural plastic dissipations are
neglected in the calculation of the interface fracture toughness. Therefore, a semi-
analytical approach accounting for the structural plasticity in adherent layers of the
sample is proposed, aiming for accurate values of the interface fracture toughness
in a mode I experiment. The approach relies on the reconstruction of the equiva-
lent force-displacement curve for the no structural plasticity case, departing from
the measured force-displacement response. Individual contributions of structural
plasticity and interface plasticity to the total retained opening are identified after
complete unloading of the sample. This is achieved by assuming (for a given crack
length) that both the structural unloading stiffness and the critical load for delami-
nation are not affected by permanent deformation of the sample structure. The parti-
tioning of the individual contributions of structural plasticity and interface plasticity
to the total retained opening is achieved on the retained crack opening profiles of
the sample. This procedure assumes a constant size and shape of the process zone
and a sample structure that deforms plastically only in the region close to the pro-
cess zone (i.e. no increase in structural plasticity after the process zone has passed
by). The proposed approach and its underlying assumptions have been numerically
verified by employing a finite element model with a known cohesive zone response
at the interface. As a verification of the approach, the structural plastic contribu-
tion to the dissipated energy was successfully separated from a numerical simula-
tion of a delamination experiment where both structural and interface plasticity are
present thereby recovering the correct value for the interface fracture toughness. The
proposed approach has also experimentally been assessed by characterizing the in-
terface fracture toughness of industrially relevant copper lead frame-molding com-
pound epoxy (CuLF-MCE) samples. In this example, it was found that a correction
of the interface fracture toughness of more than a factor of two results by applying
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this approach. The approach presented in this paper is generally applicable for most
of the existing delamination growth experiments, as it only requires the determina-
tion of the crack opening displacement profile before and after the delamination test.
Moreover, the approach does neither require any analytical solution or numerical
simulation nor the explicit details of the constitutive behavior of the adherents. Fi-
nally, it is noted that the proposed approach is not applicable when the structural
arms of the sample undergo plastic deformation during unloading (i.e. reverse plas-
ticity), because reverse plasticity changes the structural unloading stiffness making
assumption 1 no longer valid.



CHAPTER SIX

Characterization of industrially
relevant interface structures

Abstract

In this Chapter, the experimental tools developed in this thesis are employed for the
characterization of delamination in two types of industrially relevant interface sam-
ples, i.e. uncoated copper lead frame-white molding compound (uncoated CuLF-
WMC) and coated copper lead frame-molding compound epoxy (coated CuLF-
MCE). A comparative study of the differences in the load-displacement responses,
critical energy release rate versus mode angle trends, cohesive zone traction-
separation laws and the observed delamination mechanisms is presented. It was
found that the fracture toughnesses of both interfaces differ by approximately a fac-
tor of two, whereas the measured traction-separation laws showed that the coated
CuLF-MCE interface is approximately a factor of 14 more brittle than the uncoated
CuLF-WMC interface. These differences in toughness and brittleness of the inter-
faces may be explained on the basis of microscopic examination of the delamination
front, which provides evidence of large scale bridging in case of uncoated CuLF-
WMC compared to localized, brittle de-adhesion behavior observed in coated CuLF-
MCE samples.

6.1 Introduction

As already emphasized in the previous chapters, interface delamination is often con-
sidered as a reliability concern in packaging of micro-electronic systems due to the
presence of (manufacturing induced) high thermal stresses at the interfaces between
the encapsulant (which is typically a molding compound epoxy (MCE) and the dif-
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ferent outer material layers of the micro-electronic system such as lead frame, die
and die pad. Consequently, there is considerable interest in the development of new
encapsulant materials with better adhesion properties. For example, a new molding
compound epoxy encapsulant named white molding compound (WMC) is being de-
veloped by the industry to replace the conventional (black) MCE. Once a new ma-
terial is developed, it is necessary to characterize the delamination behavior of the
associated interfaces to assess the adhesion performance of the new interface sys-
tem. Moreover, accurate quantification of interface properties is needed for further
optimization of the overal design of micro-electronic systems, for example, by using
predictive finite element models.

The goal of this chapter is to fully characterize and compare the delamination be-
havior (including the mixed mode cohesive zone (CZ) properties) of (i) an interface
between a newly developed encapsulant (WMC) and an uncoated copper lead frame
(CuLF), and (ii) a reference interface between conventional (black) molding com-
pound epoxy and an alloy coated CuLF (for which the CERR values were already
determined in Chapter 3). To this end, the developed miniature mixed mode bend-
ing (MMMB) setup (Chapter 3) and parameter identification procedure (Chapter 4)
are employed.

This chapter is organized as follows. First, a brief description of the manufactur-
ing procedure, geometry and material properties of the samples is given, followed
by the specimen preparation procedure for digital image correlation (DIC) analysis
on either optical microscopy or scanning electron microscopy (SEM) images. Next,
a comparative discussion of the measured load-displacement responses, CERR ver-
sus mode angle trends, CZ traction-separation laws and the observed delamination
mechanisms is given and, finally, conclusions are drawn.

6.2 Sample specification

Bi-layer samples of both the uncoated CuLF-WMC and coated CuLF-MCE inter-
face systems have been manufactured at Philips Applied Technologies. The material
properties of the adherent (bulk material) layers (supplied by the manufacturers) and
geometry of both the bi-layer samples are given in Tab. 6.1 and Fig. 6.1, respectively.

Table 6.1: Material properties of the two different interface samples used in
this study.

Material parameters coated CuLF MCE uncoated CuLF WMC

Young’s modulus (GPa) 120 30 120 8
Poisson’s ratio 0.33 0.25 0.33 0.25

A similar production procedure was applied for both sample types. First, the lead
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Figure 6.1: Geometry of both the interface samples used in this study.

frame was heated to 180◦ C for 2.5 minutes followed by high pressure hot injection
molding of the molding compound. Afterwards, the samples were laser cut to the
required dimensions (35 × 5 mm). After the molding process, the samples received
a post mold cure for 4 hours at 175◦ C. At the end of each sample, a pre-crack (∼ 6
mm) was created by sliding a thin (∼ 10 µm) knife edge between the two layers.

6.3 Specimen preparation for digital image correlation

The goal of the in-situ mixed mode delamination experiments is not only to obtain the
CERR values at all mode mixities but also to quantitatively identify all the CZ param-
eters (e.g. the critical separation length) such that the interface traction-separation
relation can be modeled using a cohesive zone approach. A procedure for extraction
of all CZ parameters of the improved Xu-Needleman model (Eqs. 4.34 and 4.35) us-
ing the data obtained from the in-situ measurements was described in Section 4.5. To
be able to use the proposed procedure for CZ parameter extraction, measurements
of the local displacement field at the crack tip and rotations at the loading points are
needed in addition to the global load-displacement response. Moreover, it is also im-
portant to capture the displacement fields to analyze and separate possible plasticity
in the adherent bulk layers during delamination, as explained in Chapter 5, and to
accurately measure the increase in crack length during delamination (to obtain cor-
rect CERR values). To obtain the displacement fields, the images captured during
delamination are analyzed by digital image correlation (DIC). To be able to accu-
rately determine the displacement fields using DIC analysis, a random grey scale
speckle pattern without sharp variations in the averaged brightness between dif-
ferent regions of the surface is needed. For the current interface samples, without
additional preparation, a sharp variation in the brightness levels is observed (un-
der optical stereo microscopic visualization) because the layers forming the interface
(metal and epoxy) have largely different light reflective properties. Moreover, the
contrast of the microstructural features (on the surface) of the layers was insufficient
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to obtain a sub-micron scale resolution in the displacement measurement. Therefore,
the following specimen preparation procedure is applied in order to obtain a ran-
dom pattern that allows for accurate high-resolution correlation. First, the surface
(perpendicular to the plane of the interface) of each sample is carefully fine polished
using a standard metallographic procedure (with a succession of intermediate and
fine polishing steps), after which, the surface is cleaned with ethanol. Next, silver
nano-particles (with a size of 50-100 nm) are applied by dipping the polished side
of the surface in a container with nano particles. Figure 6.2 shows the distribution
of nano-particles. It was observed that the nano particles form random clusters with
sizes up to tens of micrometers which provide good randomness and contrast, as
required for the speckle pattern for correlation. The particles are applied after in-
troducing the required pre-crack at the end of the sample and attaching the dovetail
connectors as explained in Section 3.5.1.

Figure 6.2: Micrograph of a bi-layer CuLF-WMC specimen (with attached dove-tail
connectors) showing the distribution of nano particles on the surface (per-
pendicular to the plane of the interface) of the sample. Note that the spec-
imen is loaded in normal direction (mode I), therefore, showing the crack
in an open position.

Figure 6.3 shows the stereo micrographs of the uncoated CuLF-WMC samples taken
at four different global opening displacements with a DIC total strain field overlay
and corresponding position displacement profiles. From this figure, lateral move-
ment of the crack tip with increase in global opening displacement can be clearly
seen. The measured displacement field provides the data required for the measure-
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ment of the traction-separation law, as explained in the next sections.

Figure 6.3: (a-d) Stereo micrographs of the uncoated CuLF-WMC samples with a DIC
total strain field overlay taken at four different global opening displace-
ments. (e) Vertical position displacement profiles, corresponding to the
DIC strain fields of (a-d).
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6.4 Experimental results and discussion

6.4.1 Measurement of CERR versus mode angle

Before conducting actual delamination experiments, to estimate the mode angle at
the interface for different relative loading positions, finite element (FEM) simulations
were performed for all loading positions using the full model of the setup and an
elastic material model of both the coated CuLF-MCE sample and the uncoated CuLF-
WMC samples as explained in Sections 2.2.3 and 3.4.2. The simulations of the mode
angle (ψ, as defined in Eq. 3.8) versus the relative MMMB loading position (ξ, as
explained in Section 2.2.1) for both samples are shown in Fig. 6.4. Pure mode II
positions shown in the graph are obtained using Eq. 3.4. For a given relative loading
position, the difference in the mode angle between the two samples (Fig. 6.4) is
explained by the dependency of the mode angle on the geometry and the material
properties of the two adherent layers.
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Figure 6.4: Mode angle obtained by FEM analysis as a function of relative loading po-
sition (ξ) for (i) the coated CuLF-MCE samples and (ii) the uncoated CuLF-
WMC samples used in this study, as simulated for a pre-crack length of 6
mm and a global displacement of 200 µm.

Figure 6.5(a) shows the load-displacement plots of the in-situ delamination experi-
ments conducted on the uncoated CuLF-WMC interface system under a stereo mi-
croscopic observation at mode I (ξ = 0) and mixed mode loading positions (ξ =
0.27, 0.4, 0.53, 0.67 and 0.8). For the sake of comparison, load-displacement plots of
the coated CuLF-MCE (at ξ = 0, 0.4, 0.67 and 0.8), which were already presented in
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Chapter 3, are also shown in Fig. 6.5(b). For all experiments and at all mode mixities,
first a linear increase in the load is observed with increasing displacement up to a crit-
ical load at which a sudden decrease in the load occurs with further increase in the
displacement, which is caused by the onset of delamination for all mode mixities. A
direct comparison of the load-displacement values at mode I (ξ = 0) reveals that the
critical load levels during delamination growth in the case of uncoated CuLF-WMC
are higher compared to the coated CuLF-MCE case.

Critical energy release rate values are obtained by dividing the energy absorbed in
each loading-delamination-unloading cycle with the corresponding increase in the
crack length and the width of the sample. Comparison of the CERR versus mode
angle curves (shown in Fig. 6.6) for both interface structures, shows that the CERR
values at any given mode angle are higher for uncoated CuLF-WMC interface struc-
tures, which corresponds to the higher critical loads observed in Fig. 6.5. Moreover,
there is a considerable difference in the overal trends of both interfaces. For exam-
ple, differences in the rate of increase of CERR with increasing mode angle indicate
a marked difference in the mixed mode coupling between the two interfaces. For
coated CuLF-MCE structures, at low mode angles (ψ < 25◦) this rate (i.e. mode angle
dependency) is almost negligible, indicating that CERR values in the mode I dom-
inant regime are not much influenced by a shear contribution. In contrast, for the
uncoated CuLF-WMC interface, there is a strong influence of shear separation on
mixed mode CERR values already starting from ψ = 10◦.

6.4.2 Extraction of cohesive zone parameters

Extraction of mode I traction-separation law

A procedure for extraction of all the parameters of a chosen mixed mode cohesive
zone law, in this case the improved Xu-Needleman exponential CZ law, from the
in-situ delamination experiments performed using the MMMB setup was given in
Section 4.5. In this procedure, first, the full mode I traction-separation relation of the
interface is extracted using Andersson and Stigh’s approach [97]. The formula given
by Andersson and Stigh is generalized for dissimilar DCB interface samples for the
current purpose:

Tn,exp =
d(F (θt + θb))

Bd(∆n,exp)
, (6.1)

where, F is the force applied at the loading point on a DCB specimen (Fig. 6.7),
∆n,exp is the opening displacement of the interface layer at the initial crack tip, B is
the width of the sample and θt, θb are the rotation at the loading points of the top and
bottom layers of the DCB specimen, respectively.

The displacement field data obtained from the DIC analysis (see Section 6.3) was
used to obtain the crack opening displacements at the initial crack tip (∆n,exp) and ro-
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(a)

(b)

Figure 6.5: Comparison of load-displacement plots of mode I and mixed mode exper-
iments conducted on (a) uncoated CuLF-WMC and (b) coated CuLF-MCE
samples.

tations at the loading points of both layers (θt and θb). Substituting this data together
with the global force measurement into Eq. 6.1 yields the traction-separation relation
of the interface for mode I loading. Figure 6.8 shows the traction-separation plots



6.4 EXPERIMENTAL RESULTS AND DISCUSSION 109

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

70

Mode angle, ψ (o)

C
rit

ic
al

 E
ne

rg
y 

R
el

ea
se

 R
at

e 
(C

E
R

R
),

J/
m

2

 

 

uncoated CuLF−WMC
γ=8
coated CuLF−MCE
γ=3.6

Figure 6.6: Experimentally obtained CERR values of uncoated CuLF-WMC and
coated CuLF-MCE samples as a function of the mode angle, ψ. Also
shown is the total work of separation of the improved Xu-Needleman co-
hesive zone model, ωtot (as given by Eq. 4.48), fitted to the experimental
CERR versus model angle curves.

Figure 6.7: DCB specimen indicating the loading points and the corresponding rota-
tions of the top and bottom layers.
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obtained for both uncoated CuLF-WMC and coated CuLF-MCE interface samples.
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Figure 6.8: Comparison of the measured traction-separation behaviors of the un-
coated CuLF-WMC and coated CuLF-MCE samples.

Note that the measured traction-separation curve can be directly used to model and
predict the interface behavior for mode I loading. However, this method may not
be straightforward for situations where modeling of the complete mixed-mode be-
havior of the interface is needed. Therefore, a mixed-mode CZ law that adequately
represents the traction-separation behavior of the interface of interest is used, where
identification of all parameters of the model allows to describe the full mixed-mode
behavior of the interface. In the present study, the improved Xu-Needleman CZ law
was chosen. Mode I parameters (φn and Tn,max (or δn)) are obtained by fitting the
chosen CZ law to the measured traction-separation relation as shown in Fig. 6.9. It is
obvious from Fig. 6.9 that the coated CuLF-MCE shows a relatively brittle behavior
with a critical separation length (δn) that is 14 times lower compared to the uncoated
CuLF-WMC interface, whereas the difference in the CERR (φn) is only a factor 2.

In situ SEM studies of the uncoated CuLF-WMC samples reveals the existence of a
large fracture process zone with crack bridging over hundreds of microns away from
the crack tip (see Fig. 6.10). This is illustrated in Fig. 6.10, in which several images
taken along the interface are stitched together to show the large process zone and the
details of the crack bridges along the process zone for uncoated CuLF-WMC. On the
other hand, a brittle de-adhesion mechanism associated with rare bridging (see Fig.
3.16) within 100 microns from the crack tip was observed in the case of the coated
CuLF-MCE samples. The observed difference in crack bridging behavior seems to be
correlated to the measured difference in critical separation lengths δn.
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Figure 6.9: Normal traction-separation relations of (a) uncoated CuLF-WMC and (b)
coated CuLF-MCE interfaces. The improved Xu-Needleman normal CZ
law is fitted to extract the CZ parameters, i.e. φn and δn.

Figure 6.10: SEM micrographs showing the bridge ligaments (shown with arrows) far
(> 100 µm) from the crack tip for a mode I delamination test on uncoated
CuLF-WMC.

Figure 6.10 also shows a maximum bridge length of ∼ 3 µm for uncoated CuLF-
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WMC compared to values of < 1 µm in case of coated CuLF-MCE. Even though the
observed difference in the maximum bridge length of both interfaces may be related
to the difference in measured traction-separation laws (shown in Fig. 6.8), there is an
apparent discrepancy between the absolute values of microscopically observed max-
imum bridge lengths and fracture opening displacements, i.e. δf ≈ 4δn (at which
the traction drops (almost) to zero) obtained from the measured traction-separation
responses. This discrepancy could be attributed to the following reasons. On one
hand, in the Andersson and Stigh approach, the bulk adherent layers are assumed to
be fully elastic, and therefore, the technique lumps all the dissipative mechanisms,
which include both interface deadhesion, plastic deformation at the interface, and
possible plastic deformation in an adjacent bulk region, into the measured traction-
separation behavior of the interface. On the other hand, in the visual measurement
of the crack bridge lengths on the basis of the SEM images, plastic deformation of
the interface and plastic deformation in an adjacent bulk region are completely ig-
nored. Indeed, a preliminary analysis shows that a normal opening of ∼ 10 µm was
measured from the DIC data (shown in Fig. 6.3) at the location where the interface
appears to be still intact in the SEM micrograph just before the crack tip (Fig. 6.10),
thereby indicating the presence of significant plastic deformation in the interfacial
region that is ignored in the crack bridge length measurement. In addition to the
above arguments, other sources of error might contribute to the above-mentioned
apparent discrepancy, including the measurement uncertainties of both techniques,
the possible significant influence of polishing of the side of the sample which may
induce partial damage in the interface close to the edge due to material removal,
and the possible systematic errors in the measured traction-separation behavior due
to the underlying assumptions in the Andersson and Stigh approach. To conclude,
it is clear that a complete (quantitative) understanding of the observed discrepancy
requires a more detailed analysis of all the above mentioned issues.

Mode II parameter extraction

Since the pure mode II loading position falls between two discrete loading positions
for these specific interfaces, it is not possible to carry out pure mode II tests. Hence,
the fitted curves are extrapolated to 90◦ to get the mode II CERR values (plotted as
stars in Fig. 6.6). The mode II interface strength (Tt,max) is determined using the
CERR values obtained from mixed mode tests performed at different mode angles
spanning mode I to mode II. This is done by fitting Eq. 4.48 to the CERR versus mode
angle data. The same procedure as explained in Section 4.6.2 was used and hence not
repeated here. Values for γ ∼ 8 (or Tt,max ≃ 2.3 MPa) and ∼ 3.6 (or Tt,max ≃ 7.3 MPa)
are obtained for uncoated CuLF-WMC and coated CuLF-MCE samples, respectively.
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6.5 Conclusions

In this study, the mixed mode delamination behavior of (industrially relevant) un-
coated CuLF-WMC interfaces and coated CuLF-MCE interfaces was characterized
using the various methods and tools developed in this thesis. The CERR versus mode
angle trends showed that the fracture toughness of the uncoated CuLF-WMC inter-
face is approximately a factor of two higher than that of the coated CuLF-MCE inter-
face over the full range of mode mixities. From the CERR versus mode angle trends,
it was also observed that there is a difference in the coupling between different open-
ing modes of the two interfaces. For example, in the case of coated CuLF-MCE, the
influence of shear separation on normal traction was almost negligible for low mode
angle tests until ψ = 25◦, whereas a more dominant shear contribution was observed
in case of uncoated CuLF-WMC. The traction-separation behavior of the two inter-
faces revealed a pronounced difference in the maximum traction illustrating the big
difference in the brittleness of the behavior between the two interfaces. In-situ mi-
croscopic visualization revealed the presence of a large fracture process zone with
crack bridging in uncoated CuLF-WMC samples compared to a more localized, brit-
tle de-adhesive failure mechanism in coated CuLF-MCE interface samples, partly
explaining the observed differences in the CERR versus mode angle and measured
traction-separation curves. However, the maximum length of bridging ligaments,
observed from in-situ microscopic visualization, particularly in the uncoated CuLF-
WMC interface, did not correspond with the fracture length scale of opening in the
measured traction-separation law. Although, preliminary studies indicated that the
presence of significant plastic deformation in the interfacial region, which is ignored
during the visual crack bridge measurement, might be a possible cause for the ob-
served discrepancy, further investigation is required for a complete understanding.





CHAPTER SEVEN

Conclusion and Recommendations

Abstract

The aim of this thesis was to develop an experimental-numerical methodology for
characterization and prediction of interface delamination in dissimilar multi-layer
systems. To achieve this goal, (i) an experimental setup suitable to characterize de-
lamination in dissimilar bi-layer material systems was designed and realized, (ii) a
numerical model that can simulate the irreversible loading-delamination-unloading
behavior of the interface was formulated and (iii) a procedure to extract the relevant
parameters of the interface from the delamination experiments was developed. In
this chapter, the methods, analyses, results and conclusions of the thesis are briefly
summarized and finally an outlook on future work is given.

7.1 Conclusions

The development of the experimental setup began with a literature review to eval-
uate the suitability of existing experimental setups for characterization of delami-
nation and to identify the requirements for the new setup. Experimental methods
based on linear elastic fracture mechanics (LEFM) approaches [11, 13, 17, 19–24, 26]
are widely used in the literature for delamination studies. The critical load for de-
lamination together with information about the crack length are the only values re-
quired from the experiment to obtain the interface toughness using existing LEFM
approaches (assuming the geometry and material properties of the adherent layers
are known). Unfortunately, this approach might fail for cases where the interface
exhibits a relatively large fracture process zone (compared to the crack length) for
at least two reasons: (i) the validity of LEFM solutions for interface toughness is
questionable, and (ii) a description/characterization of the interface behavior with
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only one parameter is insufficient. Therefore, detailed characterization of the frac-
ture process zone is needed to quantify the behavior of such interfaces. Cohesive
zone (CZ) models, where the shape of the constitutive law is a priori assumed and
is described with at least two parameters (e.g. interface toughness and characteris-
tic fracture length scale), are widely used to describe the behavior of such interfaces.
This means that apart from the interface toughness, additional parameters that quan-
tify the fracture processes within the process zone are needed from the delamination
experiments. Moreover, the setup should allow for the measurement of interface
toughness without any LEFM solution. Many reports in the literature [34–39] have
shown that the interface fracture toughness varies significantly with mode mixity.
Therefore, the interface toughness should be evaluated over the full range of mode
mixities. Although several experimental setups for mixed mode delamination char-
acterization are available in the literature [21–25], they are not suitable for in-situ
visualization of the delamination process under a microscope which is mandatory
for the evaluation of details of the process zone (e.g. local crack opening displace-
ment fields at the delamination front) to quantify the input parameters needed for
CZ models.

Therefore, in Chapter 2, a novel Miniature Mixed Mode Bending (MMMB) delamina-
tion setup, capable of in-situ characterization of interface delamination in miniature
multi-layer structures, was designed and realized. An inventive loading configu-
ration in combination with friction free elastic hinges is employed in the setup to
sensitively measure global load-displacement delamination curves for the full range
of mode mixities from which the interface toughness or Critical Energy Release Rate
(CERR) can be determined. The setup was designed to work in a horizontal plane
with sufficiently small dimensions to fit in the chamber of a scanning electron micro-
scope or under an optical microscope allowing visualization of the detailed real-time
fracture process during delamination. Finite element analysis of the setup proved
the capability of the new setup to achieve a full range of mode mixities, with a con-
stant mode angle as a function of the crack length and crack opening displacement.
Analysis of the loading configuration revealed that the conventional end notch flex-
ure test (ENF) may not be a good representation of mode II delamination, because
the friction (resulting from the compressive normal stresses) between the two layers
in the cracked region during the ENF test can lead to overestimation of the mode II
interface toughness. This problem can be circumvented in the new MMMB setup by
performing a delamination test in a pure mode II loading configuration. The mea-
surement concept of the new MMMB setup was successfully validated by testing
homogeneous bilayer samples with a glue interface system over the full range of
mode mixities. Finally, it was also demonstrated that the crack length can be mea-
sured more precisely and the delamination mechanism (crack bridging) can be seen
more in detail by performing in-situ delamination tests.

The validation experiments (on the glue interface system) also revealed room for im-
provement of the measurement accuracy, robustness, and applicability. Therefore,
in Chapter 3, further optimization in the design was performed by (i) optimizing
the number and location of the hinges, (ii) optimizing the elastic hinge geometries
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for increased maximum rotation, (iii) minimizing clearance in the connectors and
(iv) increasing the robustness of the setup with additional guiding and alignment
tools. A simple finite element beam model, where the arms of the setup were mod-
eled with 2-node beam elements and the hinges were modeled using nodal ties and
rotational springs, was employed for identifying the optimal number and location
of the hinges. Optimization of the thickness of the hinge was done using a closed
form compliance equation for elliptic hinges. It was demonstrated that the improved
setup exhibits (i) a wider application range to more interface systems because of its
significant increase of the maximum accessible load and stroke for all mode mixities,
(ii) high accuracy in measuring the load-displacement response, as demonstrated
from experiments on validation samples, confirming the significantly reduced hys-
teresis, (iii) excellent experimental reproducibility characteristics due to the newly
added alignment tools. The maximum accessible load of the improved setup is 50
N whereas the maximum achievable displacement will depend on the geometry and
the material properties of the adherents.

The improved setup was used for testing industrially relevant (coated) CuLF-
MCE samples for the full range of mode mixities. As explained earlier, loading-
delamination-unloading tests were used to calculate the CERR for different mode
mixities. In addition to the CERR measurements, real-time microscopic visualiza-
tion allowed for the identification of the difference in the crack growth behavior be-
tween different mode mixity tests and the correlation of the observed behavior with
the measured CERR. A relatively brittle cleavage type of fracture was observed for
the investigated CuLF-MCE samples, although at high magnification, limited crack
bridging was observed.

In the delamination growth experiments conducted in this thesis, the energy dis-
sipated in one loading-delamination-unloading cycle (i.e. the area under the load-
displacement curve) is divided by the corresponding increase in crack length during
that cycle and the sample width to obtain the interface fracture toughness. This pro-
cedure for determination of the interface toughness is valid for any size of fracture
process zone and only assumes that (i) the size and shape of (a fully developed) pro-
cess zone remain constant during the crack growth, (ii) the energy supplied to trig-
ger delamination growth is stored elastically in the specimen structure, without any
plastic dissipation in the adherent layers (an assumption that is also employed for
LEFM approaches). Consequently, the interface toughness can be straightforwardly
obtained from the measured load-displacement response of delamination growth ex-
periments when there is no plasticity in the layers of the sample structure. However,
there is much evidence in the literature showing that plasticity often does occur in the
layers of the sample structure, particularly, if the layers forming the interface are duc-
tile and the interface is strong. Consequently, it has been reported that large errors
in the measurement of the interface fracture toughness can occur if these structural
plastic dissipations are neglected. Moreover, in-situ SEM observation of delamina-
tion on different interface structures revealed (Chapter 2 and 3) failure mechanisms
ranging from interface damage to interface plasticity. However, identification and
separation of structural plasticity contributions to the total dissipated energy dur-
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ing a delamination experiment is not trivial, particularly in the presence of plasticity
mechanisms within the fracture process zone which is part of the interface fracture
toughness. To be able to understand the individual contribution of structural and
interface plasticity to the total energy dissipated during a delamination experiment
and to the global retained opening of the sample after complete unloading, a numer-
ical model that can incorporate both damage and plasticity behavior of the interface
along with plastic behavior of the sample structure was developed.

For this purpose, a combined plasticity-damage cohesive zone model that allows
for modeling of irreversible unloading behavior with partial damage and partial
plasticity by extending the existing coupled mixed mode (loading) CZ models with
unloading behavior was implemented and presented in Chapter 4. The combined
plasticity-damage formulation is generic in the sense that it can be applied irrespec-
tive of the shape of CZ law used. In the current research, it was implemented based
on the improved Xu-Needleman CZ law. The combined plasticity-damage behav-
ior is accomplished by altering the ratio of the plastic energy and the total energy
of the separation with one additional parameter called the plastic limit in addition
to the standard CZ parameters (such as the interface toughness and critical displace-
ment) that characterize the loading behavior of the traction-separation law used. The
plastic limit was defined such that until the effective maximum separation of the co-
hesive zone reaches the plastic limit, the cohesive zone behaves fully elasto-plastic.
Once the effective maximum separation passes the plastic limit, the plastically de-
formed cohesive zone damages with further separation. It was demonstrated that by
varying the plastic limit from 0 to ∞, the irreversible interface behavior of the CZ can
be varied from full damage to a mixture of damage and plasticity to full plasticity.
The CZ with a plastic limit (and without plasticity in adherent layers) provided a
way to model the global retained opening due to only interface plasticity for mode
I and mixed mode situations. A hybrid approach was proposed and demonstrated
to determine all parameters of the mixed mode CZ law for a glue interface system.
In this approach, first, Andersson and Stigh’s method [97] is used to extract mode I
parameters. Then, the mode II interface strength (and critical opening displacement)
was determined using the fracture toughness values obtained from mixed mode tests
performed at different mode angles ranging from mode I to mode II. Finally, the plas-
tic limit was determined from an analysis of displacement field maps obtained with
digital image correlation.

In Chapter 5, a semi-analytical approach was proposed that can be used to account
for structural plastic contributions to the total energy dissipated during delamination
experiment to obtain an accurate value for the interface fracture toughness from a
mode I experiment. This approach is based on reconstructing the force-displacement
curve equivalent to the plasticity free case from the measured force-displacement re-
sponse by identifying the individual contribution of the retained openings due to
structural and interface plasticity to the total retained opening after complete un-
loading of the sample. This was achieved by assuming (for a given crack length) that
(i) both the structural unloading stiffness and (ii) the critical load for delamination re-
main constant with and without structural plasticity. The partitioning of the individ-
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ual contribution of structural plasticity and interface plasticity to the total retained
opening is obtained by using retained crack opening profiles of the sample together
with the assumptions that (iii) the size and shape of the process zone are constant and
(iv) the sample structure deforms plastically only in the region surrounding the pro-
cess zone. The proposed approach and underlying assumptions were numerically
verified by employing a finite element model with the combined damage-plasticity
cohesive zone elements at the interface. An experimental assessment performed on
CuLF-MCE samples with different thicknesses of the CuLF layers demonstrated that
the correction of the interface fracture toughness due to structural plasticity, result-
ing from this approach, was more than a factor of 2. This approach was developed
such that it is generally applicable for most of the existing delamination growth ex-
periments, as it only requires the determination of the crack opening displacement
profile before and after the delamination test. Moreover, the approach requires nei-
ther any analytical solution or numerical simulation nor the constitutive behavior of
the adherents. Finally, it is noted that the proposed approach is not applicable when
the structural arms of the sample undergo plastic deformation during unloading (i.e.
reverse plasticity), because reverse plasticity changes the structural unloading stiff-
ness making assumption 1 no longer valid.

In Chapter 6, the experimental tools developed in this thesis were employed for
the characterization of delamination in (i) coated CuLF-MCE interface samples
(for which the CERR values were already determined in Chapter 3) and (ii) un-
coated CuLF-new MCE interface samples. The differences in the measured load-
displacement responses, CZ traction separation laws, CERR versus mode angle
trends and the observed delamination mechanisms were discussed.

In summary, the combined application of in-situ MMMB experiments, the analytical
procedure to determine the CERR, and the cohesive zone model with a parameter
identification procedure allows for accurate characterization of delamination mech-
anism(s) and prediction of interface mechanics.

7.2 Recommendations

In this section, the recommendations for future work are formulated:

• It was identified that large errors might occur due to visual analysis of the crack
tip data for measuring the crack length (or increase in crack length) which is
necessary for interface toughness determination. Instead, it is recommended
to use DIC measurements to determine the increase in crack length, as was
demonstrated in this thesis.

• The thermo-mechanical processing history of manufacturing the multi-layer
structures typically induces (large) residual stresses into in the layers. The in-
fluence of residual stresses on the measured interface properties could be ana-
lyzed by using the in-situ capabilities of the current setup in combination with
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DIC analysis. DIC measured displacement and strain fields might provide a
way to measure the residual stresses in the delaminated layers which can be
analyzed by comparing with the corresponding analytical [124] or numerical
predictions.

• In-situ study of interface delamination behavior for varying environmental con-
ditions (e.g. variable humidity and temperature) could be interesting to corre-
late (i) the variability of the interface properties with corresponding changes in
the delamination mechanism and (ii) the dependency of interface properties on
environmental conditions. The MMMB setup has been designed such that it
is small enough to fit in a climate box [125] which fits under an optical micro-
scope. Therefore, these studies can be readily performed by using the MMMB
setup.

• The methodology to account for a structural plasticity contribution to the total
energy dissipated needs to be extended to mixed-mode and mode II exper-
iments. A similar procedure developed for mode I might be used but then
the approach and assumptions should first be verified numerically and experi-
mentally for mixed mode and mode II loading conditions. This could be done
relatively easily by employing the ingredients developed in this thesis, i.e. the
combined plasticity-damage mixed mode CZ model and the MMMB setup.

• The applicability of the combined plasticity-damage cohesive zone model can
be broadened (for brittle interfaces) by using advanced adaptive interface el-
ements (e.g. the self-adaptive enriched element developed by Samimi et at.
[117]) which lead to better convergence.

• The developed combined plasticity-damage cohesive zone model can be ex-
tended to 3D without any expected fundamental limitations.

• Micro-scale experimental setups that can test (real size) interfaces in microsys-
tems taken directly from the photo lithography/micro-fabrication line have
been developed recently. Calibration or validation of such setups is needed
and could be performed by using a combination of various tools (MMMB setup,
combined plasticity-damage cohesive zone model) developed in this thesis.

• The MMMB setup developed in this project is suitable for testing a wide range
of dissimilar interfaces but requires macro-scale samples. Nevertheless, the
setup could still be used to test micron-scale interfaces, such as a stack of thin
films on a substrate, by attaching a stiffener on top of the thin film stack [62].
This might provide a way to test 3D interface structures over the full range
of mode mixities under in-situ SEM observation in order to identify the weak
spots and to analyse plasticity in the thin film stack (e.g. using DIC).
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Samenvatting

Een in-situ experimenteel-numerieke aanpak voor

karakterisatie van interface delaminatie

Interface delaminatie is een belangrijke uitdaging voor de betrouwbaarheid van com-
posieten en microelektronische systemen door de integratie van verschillende ma-
terialen op kleine schaal. Delaminatie treedt op als gevolg van aanzienlijke span-
ningen op de interfaces, die bijvoorbeeld worden veroorzaakt door thermische be-
lasting ten gevolge van de verschillen in thermische uitzettingscofficint en Poisson-
verhouding tussen de aangrenzende lagen. Voorspellende eindige elementenmodel-
len worden gebruikt tijdens de ontwerp- en optimalisatiefase om het falen van deze
materialen en systemen door delaminatie te minimaliseren. Succesvolle voorspelling
is echter alleen mogelijk met een relevant interface model dat het (onomkeerbare)
scheurinitiatie- en scheurgroeigedrag beschrijft zoals waargenomen in experimen-
ten. Dientengevolge, zijn toegespitste delaminatieproeven met in-situ microscopi-
sche visualisatie nodig om de relevante delaminatiemechanismen te identificeren en
de grensvlakeigenschappen, zoals de scheurtaaiheid, nauwkeurig te meten als een
functie van de belastingshoek, ook wel ’modehoek’ genoemd. Daarom is het doel
van dit onderzoek om experimenteel-numerieke instrumenten te ontwikkelen die
nodig zijn voor nauwkeurige karakterisatie en voorspelling van interface delamina-
tie.

Als eerste stap om dit doel te bereiken, is een nieuwe Miniatuur Mixed Mode
Buigopstelling (MMMB) ontworpen en gerealiseerd, waarmee grensvlakdelaminatie
in kleinschalige multilaagstructuren in-situ kunnen worden gekarakteriseerd. De de-
laminatieopstelling past een inventief mechanisme toe om nauwkeurig het verband
tussen de globale belasting en verplaatsing tijdens de scheurgroei onder elke mode-
hoek te kunnen meten. Hiermee kan de scheurtaaiheid worden bepaald als functie
van de modehoek. De opstelling is tevens voldoende klein om in de kamer van een
scanning elektronenmicroscoop (SEM) of onder een optische microscoop te passen,
wat het mogelijk maakt de scheurgroei rechtstreeks onder hoge vergroting te volgen.
De mogelijkheden van de opstelling zijn aangetoond met behulp van speciale inter-
face preparaten, ondersteund door een eindige elementenanalyse. Het meetconcept
is succesvol gevalideerd op metingen aan een preparaat van twee homogene lagen
verbonden met een lijmlaag. De validatieproeven toonden ook ruimte voor verbe-
tering van de meetnauwkeurigheid, robuustheid en toepasbaarheid. Daarom is het
ontwerp verder geoptimaliseerd wat tot een verbeterde versie van de MMMB op-
stelling heeft geleid. Deze verbeterde opstelling is robuuster en kan een aanzienlijk
groter scala aan grensvlaksystemen karakteriseren met een significant hogere nauw-
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keurigheid en reproduceerbaarheid in de belasting-verplaatsingsmeting. Vervolgens
is de potentie van de nieuwe in-situ experimentele techniek voor identificatie van
de interface parameters gellustreerd. Onder andere is gedemonstreerd dat in-situ
hoge resolutie SEM visualisatie van de lopende scheurgroei het mogelijk maakt de
faalmechanismen van het grensvlak te identificeren en kwantitatieve rekvelden en
scheuropeningsprofielen met behulp van digitale beeldcorrelatie te meten.

In-situ SEM observatie van het loslaten van verschillende interface structuren laat
faalmechanismen zien varirend van schade tot plasticiteit in de grenslaag. Daarom
is een model nodig dat het experimenteel waargenomen onomkeerbare belasting-
ontlastingsgedrag van het grensvlak kan beschrijven. Wanneer zo’n model wordt
gemplementeerd in een eindige elementenmodel, kan, bijvoorbeeld, scheurvertak-
king en scheurpropagatie van meerdere grensvlakken nauwkeurig worden voor-
speld. Een gecombineerde schade- en plasticiteitsformulering is ontwikkeld die ge-
schikt is voor de modellering van interface ontlasting varirend van volledige schade
tot volledige plasticiteit. De formulering introduceert een minimum aantal modelpa-
rameters, welke ook experimenteel kunnen worden bepaald. Het ontlastingsmodel
kan worden gebruikt in combinatie met bestaande ’cohesize zone’ beschrijvingen die
worden gebruikt om de belasting van het grensvlak onder een gemengde modehoek
te modelleren. De relevantie en de toepasbaarheid van het ontlastingsmodel zijn
aangetoond, in combinatie met de zogenaamde ’verbeterde Xu-Needleman cohesive
zone’ beschrijving, door de schade en plasticiteit die beide zijn waargenomen tijdens
het loslaten van bovengenoemde lijmlaagstructuren te modelleren. Bovendien is een
procedure aangereikt om de modelparameters te identificeren.

Blijvende vervorming van de structuur van het preparaat treedt vaak op tijdens dela-
minatietests, in het bijzonder, als de lagen aangrenzend aan de interface ductiel zijn
of de interface sterk is. Nauwkeurige bepaling van de scheurtaaiheid van de inter-
face vereist daarom identificatie en scheiding van de bijdrage van structurele plas-
ticiteit aan de totale energiedissipatie, waarbij rekening gehouden dient te worden
met plastische mechanismen binnen de scheurzone van het grensvlak die bedragen
aan de scheurtaaiheid van het grensvlak. Derhalve is een semi-analytische proce-
dure ontwikkeld om voor de structurele plasticiteit in de lagen van het proefstuk
te compenseren, ter verkrijging van een nauwkeurige waarde voor de scheurtaai-
heid van de interface in een mode I experiment. De procedure is numeriek geve-
rifieerd met behulp van een eindige elementenmodel met cohesive zone elementen
(op het grensvlak). De voorgestelde procedure is experimenteel gecontroleerd door
de scheurtaaiheid van de interface van industrieel relevante CuLF-MCE structuren
(d.w.z. epoxycomposiet spuitgegoten op een koperen ’lead frame’) te karakteriseren
voor verschillende laagdiktes.

Samenvattend kan worden gesteld dat de gecombineerde toepassing van de in-situ
MMMB experimenten, de semi-analytische procedure ter bepaling van de scheur-
taaiheid, en het cohesive zone ontlastingsmodel met bijbehorende parameter iden-
tificatieprocedure het mogelijk maakt om delaminatiemechanisme(n) nauwkeurig te
karakteriseren en de interface mechanica te voorspellen. Als demonstratie zijn twee
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typen van de industrieel relevante CuLF-MCE structuren (met of zonder coating en
met, respectievelijk, wit of zwart epoxycomposiet) in detail in kaart gebracht met het
ontwikkelde experimentele gereedschap.
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