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ABSTRACT 
 
Interfacial delamination is a key reliability challenge in composites and micro-electronic systems due to (high density) 
integration of dissimilar materials. Predictive finite element models are used during the design and optimization stage to 
minimize delamination failures, however, they requires a relevant interface model to capture the (irreversible) crack initiation 
and propagation behavior observed in experiments. Therefore, a set of experimental-numerical tools is presented to enable 
accurate characterization of delamination mechanism(s) and prediction of the interface mechanics.  
First, a novel Miniature Mixed Mode Bending (MMMB) delamination setup is presented that enables in-situ SEM 
characterization of interface delamination mechanisms while sensitively measuring global load-displacement curves for the 
full range of mode mixities. Accurate determination of the critical energy release rate from the global load-displacement 
curve requires, however, identification and separation of bulk plastic contributions from the measured total energy 
dissipation; to this end, an analytical procedure is presented. Finally, a cohesive zone model suitable for mixed mode loading 
with realistic coupling is presented that can capture the range of interface failure mechanisms from damage to plasticity, as 
observed in-situ with SEM, as well as a parameter identification procedure. The set of experimental-numerical tools is 
validated on delamination measurements of a glue interface. 
 
 
INTRODUCTION 
 
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 continuous miniaturization and 
multi-functionality of electronic devices led to the development of new packaging technologies like ”system in packages” in 
which multiple, thin, stacked layers manufactured using different materials and processes are integrated 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 [6, 9] and wind turbine blades [10]. Figure 1 show 
the examples of delamination failures observed in a typical lead frame based 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 ratio of the adherent layers or by mechanical 
loading of the structure. No adequate methodologies are currently available for the proper characterization and prediction of 
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interfacial failure in these systems. As a consequence, the industry is still heavily depending on trial-and-error methods for 
product/process development. Predictive finite element models are required to minimize delamination failures during the 
design and optimization of these materials and systems. Successful prediction, however, requires a relevant interface model 
that can capture the observed (irreversible) crack initiation and propagation behavior in experiments. 
 

 

Figure 1. Example of delamination failures in (a) lead frame based package [3] and (b) 0o/90o ultra high molecular weight 
polyethylene composite [6]. 

 
To minimize the delamination failures and to improve the design rules of these products a generic experimental-numerical 
methodology that can accurately characterize and predict interface delamination is needed. Therefore, the aim of this work 
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 delamination 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 proceeding, the methods, analyses, 
results and conclusions of this work are briefly summarized. 
 
 
RESULTS AND DISCUSSION 
 
A miniature mixed mode delamination setup for in-situ microscopic interface failure analyses 
 
The development of the experimental setup started with a literature review to evaluate the suitability of existing experimental 
setups for characterization of delamination and to identify the requirements for the new setup. Experimental methods based 
on linear elastic fracture mechanics (LEFM) approaches [11–25] are widely used in the literature for delamination studies. 
The critical load for delamination together with information about the crack length are the only values required 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) validity of LEFM solutions 
for interface toughness is questionable, and (ii) quantification of interface behavior with only one parameter is insufficient. 
Therefore, detailed characterization of fracture 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 parameterized with at least two 
parameters (e.g. interface toughness and characteristic fracture length scale), are widely used to describe the behavior of such 
interfaces. This means that apart from the interface toughness, additional parameters that quantify 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 solutions. Many reports in the literature [26–31] 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 characterization are 
available in the literature [20–24], they are not suitable for in-situ visualization of the delamination process under a 
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microscope which is mandatory for the evaluation of details of the process zone (e.g. local crack opening displacement fields 
at the delamination front) to quantify the input parameters needed for CZ models.  
 

 

Figure 2.�(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) sample 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 [32,33]. 

 
Therefore, a novel Miniature Mixed Mode Bending (MMMB) delamination setup, capable of in-situ characterization of 
interface delamination in miniature multi-layer structures, was designed and realized [32,33], see Fig. 2. An inventive loading 
configuration 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 microscope 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 constant mode angle as a function of the crack length and crack 
opening displacement, see Fig. 3. Analysis of the loading configuration revealed that the conventional end notch flexure 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.  
It was found that the setup exhibits (i) a wide application range of interface systems because of its large maximum accessible 
load (50N) and large stroke (the maximum achievable displacement depends on the geometry and the material properties of 
the adherents) for all mode mixities, (ii) high accuracy in measuring the load-displacement response, as demonstrated from 
experiments on validation samples, which showed negligible hysteresis (Fig. 4(a)), (iii) excellent experimental 
reproducibility characteristics due to the specially designed alignment tools.  
The measurement 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. It was also demonstrated that the crack length can be measured 
with high precision (Fig. 5(a)) and the delamination mechanism (crack bridging) can be visualized in detail by performing in-
situ delamination tests (Fig. 5(b) and 5(c)).  
The setup was employed for testing industrially relevant (coated) copper lead frame – molding compound epoxy (CuLF-
MCE) samples in the full range of mode mixities (Fig. 4(b)). As explained earlier, loading-delamination-unloading tests 
performed were used to calculate the CERR at different mode mixities (Fig. 4(c)). In addition to the CERR measurements, 
real-time microscopic visualization allowed for the identification of the difference in the crack growth behavior between 
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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 (Fig. 5(d)). 
 

 

Figure 3. Mode angle obtained by FEM analysis as a function of (a) relative loading position ( ) for a crack length of 6 mm 
at 400 m MLM displacement, (b) displacement applied to MLM for three loading positions for a 6mm crack length 

specimen, and (c) crack length for three loading positions at 400 m MLM displacement. 

 
�

�

�

�

(a) (b) (c)  

Figure 4. (a) Load-displacement results for loading-unloading cycles with the 12 mm validation sample at different loading 
positions (indicated by ); the inset shows the notched extremity of a validation sample used for mode I to pure mode II tests  

= 0 − 0.8. (b) Comparison of load-displacement plots of a mode I (  = 0) and mixed mode (  = 0.4, 0.67, 0.8) experiments 
conducted on CuLF-MCE samples; the inset shows a magnification around the origin of the  = 0.8 curve illustrating the 

residual opening after unloading to zero load. (c) Critical energy release rate with standard deviation band width as a 
function of mode angle for the CuLF-MCE samples. 

 
 

�

�

� �

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

Figure 5. (a) SEM micrograph showing the precise crack tip location. (b,c) SEM micrographs of the glue interface samples 
showing the mechanism of delamination: bridging of the small cracks into a main crack. (d) SEM micrographs of the CuLF-

MCE samples showing small cracks and a limited number of bridges at the interfaces. 
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Modeling and characterization of irreversible mixed mode interface delamination using a cohesive zone with combined 
damage and plasticity 
 
In the delamination growth experiments conducted in this work, the energy dissipated 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 procedure 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) 
process zone remain constant during the crack growth, (ii) the energy supplied to trigger 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 experiments when there is no plasticity in adherent bulk layers. 
However, there is much evidence in the literature 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. 
Moreover, in-situ SEM observation of delamination on different interface structures revealed failure mechanisms ranging 
from interface damage to interface plasticity (Figs. 4 and 5). However, identification and separation of bulk plasticity from 
the total dissipated energy during a delamination experiment is not trivial, particularly in the presence of interface plasticity 
which is part of the interface fracture toughness. To be able to understand the individual contribution of bulk and interface 
plasticity to the total energy dissipated during a delamination experiment and to the global retained opening of the sample 
after complete unloading (inset of Fig. 4(b)), a numerical model that can incorporate both damage and plasticity behavior of 
the interface along with bulk plastic behavior 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 and is suitable for mixed mode loading with a coupling between different 
modes was implemented [34], which is summarized here and is illustrated in Fig. (6). The combined plasticity-damage 
formulation is generic in the sense that it can be applied irrespective of the shape of CZ law used. In the current research, it 
was implemented based on the improved mixed-mode Xu-Needleman CZ law (Fig. 6(a,b)). The combined plasticity-damage 
behavior 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, n,pl, in addition to the standard CZ parameters (such as the interface toughness and critical 
displacement) 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 cohesive zone reaches the plastic limit, the cohesive zone behaves fully 
elasto-plastic, as schematically shown in Fig. 6(c,d). Once the effective maximum separation passes the plastic limit, the 
plastically deformed cohesive zone damages with further separation (Fig. 6(c)). 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 (Fig. 6(d)). The CZ with a plastic limit (and without plasticity in adherent layers) provides a 
way to model the global retained opening due to only interface plasticity for mode I and mixed mode situations (Fig. 7).   
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 [35] is applied to extract mode I parameters (Fig. 
8(a)). 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 from mode I to mode II (Fig. 8(b)). Finally, the plastic limit is determined 
from an analysis of displacement field maps obtained with digital image correlation (Fig. 8(c)). 
 

(a) (b) (c) (d) 

Figure 6. Schematic illustration of the combined plasticity-damage cohesive zone interface model (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 reversed (at a and b’). The equivalent curve oabc shows the 
response when the CZ is loaded monotonically in one direction. (c) The unloading behavior of the new combined plasticity-

damage CZ in normal opening above and below the plastic limit ( n,pl). (d) The influence of n,pl on the unloading behavior of 
the new combined plasticity-damage CZ in normal opening. 
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(a) (b) (c)  

Figure 7. Global load-displacement response of mode I and mixed mode delamination simulations using the combined 
plasticity-damage cohesive zone interface model. (a) Influence of plastic limit on unloading-reloading behavior in mode I 

test. (b) Influence of Tn,max on the mode I response. (c) Results of mixed mode simulation (  = 20o) at different n,pl and Tt,max. 
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(a) (b) (c)  

Figure 8. (a) 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 using n and n as fitting parameters while 
taking t =0 (blue line); the inset shows the experimental F  data as a function of opening of the interface at the crack tip, 

n,exp fitted with a 5th order polynomial with an R2 value of 0.9996. (b) Experimentally measured critical energy release 
rates and the total work of separation of the cohesive zone model, tot, as a function of the mode angle, ,  for different 

values of  = Tt,max / Tn,max. (c) Experimentally obtained unloading crack opening displacement profiles close to zero load 
showing the plateau with a value of n,pl = 16 m; the inset shows a micrograph of the edge of the sample (on the pre-

cracked side) with the digital image correlation (DIC) facet overlay in green. 

 
A semi-analytical approach for separation of interfacial toughness and bulk plastic dissipation in a delamination experiment  
 
Finally, a semi-analytical approach is proposed that can be used as a data analysis tool to account for plasticity in the adherent 
(bulk) layers to obtain an accurate value for the interface fracture toughness from a mode I experiment [34]. This approach is 
based on reconstructing the force-displacement curve equivalent to the plasticity free case from the measured force-
displacement response by identifying the individual contributions of bulk and interface plasticity to the total retained opening 
after complete unloading 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 remain constant with and without bulk plasticity. The 
partitioning of the individual contributions of bulk 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 bulk deforms plastically only in the region surrounding the process 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 bulk 
plasticity, resulting from this approach, was more than a factor of 2, see Fig. 9. Finally, this approach was developed such that 
it is generally applicable for most of the existing delamination growth experiments, as it only requires the determination 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 constitutive behavior of the adherents. 
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(a) (b) 

Figure 9. Load-displacement response of a mode I delamination experiment conducted on (a) a thick CuLF(0.2 mm)-
MCE(0.5 mm) bilayer sample showing negligible retained opening after complete unloading yielding CERR = 36 J/m2, 

and on (b) a thin CuLF(0.15 mm)-MCE(0.5mm) bilayer sample of exactly the same interface, which exhibits a significant 
retained bulk plasticity. The shaded grey area (ACDB) shows the total energy spent during loading-unloading cycle 2, 

corresponding to an apparent CERR of 73 J/m2. The reconstructed curve with enclosed magenta filled area (OA C ) 
shows the delamination energy in cycle 2 after separation of the bulk plastic contribution by applying the semi-analytical 

approach, yielding a corrected CERR value of 31 J/m2 which agrees within measurement uncertainties. 

 
SUMMARY 
 
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 
mechanism(s) and prediction of interface mechanics. 
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