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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) accurate 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 addressed 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
presented, 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 mixities, (ii)
has significantly higher accuracy in load-displacement measurement due to its reduced
clearance at the connectors, which is particularly relevant for miniature samples, and
(iii) has a high reproducibility due to a newly added setup alignment tool. The
measurement concept is validated on (industrially relevant) copper 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 measured 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.

Confidential: not for distribution. Submitted to IOP Publishing for peer review  13 September 2010
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1. Introduction

Interfacial delamination is a major concern in the micro-electronics industry (see,

e.g. [1, 2] and Fig. 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 significant

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

molding 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

interfaces, shown as dashed lines in Fig. 1(c)). Specifically, delamination of copper

lead frame (CuLF)-MCE interfaces attracted significant attention from researchers

[3–9]. 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 delamination occurs in

concurrence with plasticity in the bulk layers, which prevents accurate determination of

representative Critical Energy Release Rate (CERR) values. Accurate prediction of the

interface behavior in SiP manufacturing and exploitation is necessary to minimize these

delamination failures and to improve design rules accordingly. Successful prediction

of interfacial failure using available interface models [10–12], 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.

(a) (b) (c)

Figure 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 delamination are marked as
dashed lines.

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
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tip (i.e. loading mode) [13–19]. A complete description of an interface necessitates

its characterization over the complete range of mode angles from mode I to mode II.

Figure 2 shows the loading configurations typically used for testing under mode I (double

cantilever beam (DCB) test, Fig. 2(a)) and mode II (end notch flexure (ENF) test, Fig.

2(b)). In contrast, Figure 2(c) shows the mixed mode bending test, which is capable

of testing the full range of mode mixities. Besides controlling 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 scanning electron microscopes. This enables

to precisely identify the crack tip position and to understand the active delamination

mechanism in addition to the CERR measurements. 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 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 [7, 9, 16, 20–23], have been proposed in the literature. The setup of Reeder and

Crews [20] is well known [9, 16, 24, 25] and can access a large range of mode mixities,

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 [9]. 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 is required to

enable the use of standard microscopes to trace the crack tip movement 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 redesigned miniature mixed mode bending

(MMMB) setup was recently introduced by Kolluri et al. [26].

Proof of principle measurements on glued interfaces [26] indeed demonstrated that
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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 [26] are

(i) the maximum applied load (too limited) and (ii) maximum applied displacement

(too small), (iii) instrumental hysteresis that required an elaborate digital image

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 prevent

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 repeated 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.

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 [26]. The mixed mode bending loading configuration shown in

figure 2(c) was adopted because of its ability to apply different mixed mode loading

conditions and the fact that it is standardized (ASTM D6671-01, 2001, [27]), and widely

accepted for interface delamination characterization. Figure 3 (left) shows the design of

the original MMMB device to achieve the required mixed mode bending 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, can be written as:

PA = PMMMB(1 − ξ) (1a)

PB = PMMMB
α

β
ξ (1b)

PC =
PB

2
(1c)

PD = −PA +
PB

2
, (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

mechanism (indicated in Fig. 3). Variation in the mode mixities is obtained by changing

ξ over 13 discrete positions from 0 (DCB) to 1 (ENF).
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Figure 3. Design of the original MMMB device with: (1) the main loading mechanism
(MLM) with (2) elastic hinges, (3) the bottom support hinge, (4) the left support, (5)
the bilayer sample with (6) precrack, (7) the dovetail connector, 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).

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. Pure mode II loading

is defined as the case for which the separating parts of the cracked specimen deform

with the same curvature, resulting in a zero mode I component at the interface. 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 [26]. 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

)
, (2)

PII = PMMMB
α

β
ξ, (3)

where K = PE

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

the two adherend dissimilar layers, which is equal to K = EtIt

EbIb
under the assumption of

linear beam theory, with Ei and Ii the Young’s modulus and moment of inertia for the
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top and bottom layers respectively. It is clear from the Eqs. 2 and 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 loading (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 toughness because of the

friction between the two delaminated crack surfaces. For instance, results published

by Kolluri et al. [26] 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 position 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
. (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.

2.1. Advantages of the MMMB setup

The following reported advantages of the original MMMB setup are recalled: (i)

delamination can be tested over the full range of mode mixities, (ii) precise force

measurement 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 [26].

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 reported

in [26], the clearance in the dovetail connectors may still lead to hysteresis in loading-

unloading cycles in the MMMB setup. Using image analysis of the displacements 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.
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3. Improved Miniature Mixed Mode Bending setup

The design of the new improved MMMB focused on various fundamental improvements

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 robust.

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 maximum 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.

Figure 4. FE beam model of the MMMB setup with new additional hinges. An
asterisk ’*’ indicates the newly added elastic hinges (9 and 10). Details of the nodal
ties and hinges are also shown.

3.1. Optimization of the elastic hinge positions

A simple finite element beam model representing the MMMB device shown in figure

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 rotational

angle of the elastic hinges), as shown in Fig 4. The hinges in the model are numbered
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Figure 5. Comparison of the maximum global displacement between the original and
improved MMMB configurations, obtained from FE beam simulations performed on a
homogeneous bilayer sample with a fixed crack length of 6 mm.

and represented with black circles. A beam model was used because 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 corresponding 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 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. 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 6 shows the schematic comparison 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) significantly 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.

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

optimized for an increased maximum rotation, is used to replace the previous circular
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Figure 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).

Figure 7. Elliptical flexure hinge with geometrical parameters. The stress
distributions across the thickness at t due to the applied moment and the axial force
are also shown.

hinges in these critical locations. The other hinges were kept circular because they more

accurately preserve the center of rotation than elliptical hinges [28,29]. Figure 7 shows

the parameters representing the geometry of the hinge. The maximum rotation of a
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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., [30] for elliptic hinges:

Mz =
θzEwt

3

24aγ
, (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
. (6)

The maximum rotation of the hinge can be retrieved by rearranging equations (5) and

(6) as,

θz =

[
σY

1 + ζ
− Fy

tw

]
48aIzz

KtEwt4
γ(b, t). (7)

θz in equation (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. 7, it is obvious that θz

increases 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., [28] for optimal hinge performance with respect to maximum

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. 8. A maximum rotation angle θzmax of 8.62◦ is found (without any safety factor) for

t = 28 µm as shown in Fig. 8. With a safety factor 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. 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 minimum distance (y = x
2
) without influencing the

maximum rotation of the hinge [29], in order to maximize the distance between hinge 1

and 2 (Fig. 4).



An improved miniature mixed mode delamination setup 11

Figure 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. Final improved MMMB design

Incorporating the above mentioned modifications, FE beam simulations were performed

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. 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. 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 accurately 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. 10. Besides the above mentioned improvements

in maximum load and displacement, also the remaining nonlinearities and robustness

were further addressed, which is discussed next.

3.4. Clearance and Robustness of the setup

As was reported in [26], the clearance in the dovetail connectors resulted in hysteresis

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 [31], 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 manufactured as shown in Fig. 10b.
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Figure 9. Design of (a) the original and (b) the improved MMMB setup.
Improvements are highlighted and numbered: (1) introduction of new hinges, (2)
replacement of the critical hinges with elliptical hinges for increased rotation, (3)
optimization of hinge geometry and increased robustness, (4) redesign of compressive
hinges to tensile loading, and (5) increased length of the MLM.

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 sample 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.

(i) The thickness of the device is increased from 2 to 6 mm

(ii) 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.

(iii) A separate bottom hinge shown in Fig. 10 (as 2b) is used when the load at this

hinge is compressive (PD < 0) to avoid an unstable bottom hinge configuration.

(iv) Several components including guiding pins (to prevent in-plane motion) as well as
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Figure 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) 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.

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 minimizing the risk for

handling errors.

4. Analysis of the new improved MMMB setup

4.1. Validation and accuracy assessment

The performance of the improved MMMB setup is evaluated using specially designed

validation samples to assess the influence from inaccuracies in the manufactured

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
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mm. The inset in Fig. 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 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. 10b). The relative hysteresis, defined as the dissipated energy during

a loading-unloading cycle, relative to 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 [26], even without

the need for an elaborate digital image correlation correction procedure. To assess the

precision of the complete experimental procedure, repeated tests were performed at one

loading position 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. 11b). Specifically, the error in the stiffness was less than

0.7% which demonstrates the achieved precision of the new design.

(a)
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Figure 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.

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) [13], ψ
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is defined at a certain reference length, δ:

ψ = arctan
(
σ12

σ22

)

δ

, (8)

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 [13, 14] 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 [13], 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. 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 homogeneous 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 previously [26]. 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.
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Figure 12. Mode angle obtained by FEM analysis as a function of relative loading
position (ξ) for (i) a homogeneous equal thickness bilayer sample and (ii) the CuLF-
MCE sample used in this study, with a crack length of 6 mm at 200 µm MLM
displacement.
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5. Study of coated copper lead frame - molding compound epoxy

(CuLF-MCE)

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), consisting

of 0.2 mm thick preplated (Au-Pd-Ni) copper lead frame and 0.5 mm thick molding

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 interface at high magnifications. The dovetail

connectors were attached on both sides 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 3.4.

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 corresponding 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.

5.2. Results and discussion

Figure 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-unloading cycle

is less pronounced compared to the sharp maximum observed in the subsequent cycles,

as highlighted in red in Fig. 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 direction. 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
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first mode I cycle was ignored for the calculation of the CERR and is also not shown

for the mixed mode experiments in Fig. 13.

Figure 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.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 crack tip position under the SEM, therefore, there is

no need to use approximate analytical formula or numerical tools for the crack length

prediction to calculate the CERR values. The resulting CERR values are shown in

Fig. 14 as a function of the mode angle (the latter is determined from FE simulations).

Note that the CERR measured represents the macroscopic interfacial fracture energy,

which may include contributions from other dissipative mechanisms like plasticity in

the layers and/or at the interface. This is particularly the case when a ductile layer

is present in the composite stack [32, 33]. For instance, the inset in Fig. 13 shows a

zoom around the origin of the load-displacement plot for ξ = 0.8, revealing a residual

opening after complete unloading indicating plasticity contributions to the measured

CERR. Identification of the individual contributions of plasticity, e.g. to eliminate bulk

plasticity from the calculation of CERR, requires a dedicated numerical-experimental

methodology which is beyond the scope of this paper. For the present work, the

maximum contribution to the measured CERR value due to bulk plasticity has been

estimated from Fig. 13 by assuming a full damage unloading 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
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I dominant mixed mode tests.

Figure 14. Critical energy release rate with standard deviation bandwidth as a
function of mode angle.

Besides the energy absorbed between two successive loading-unloading cycles, other

important details are visible in Fig. 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. 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) compared

to the wavy curves in mode II dominant tests (ξ = 0.67, 0.8). This difference 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 roughness 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 dominant tests (e.g. pure mode II), where the crack

opening in normal direction is constrained, individual asperities will need to shear for

the crack to grow. Therefore, either 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 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. 14, where a CERR of ∼ 4.5 J/m2 that is constant within experimental

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.
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(a) (b) (c)

Figure 15. SEM micrographs showing the evolution of crack (from a-c) in the process
zone during delamination. The crack is growing from the right to left.

Figure 16. SEM micrograph showing small cracks and a limited number of bridges
at the interfaces.

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 understanding of

the fracture mechanism and for predictive simulations of the delamination in these

interfaces. Specifically, the microscopic images allow for the following measurements.

(i) The precise crack tip position can be determined within an accuracy of 5 µm.

(ii) The delamination mechanism can be visualized at the interface. Figure 15 shows

the evolution of the crack in the process zone. A brittle cleavage type of 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. 16.

(iii) The displacement field during delamination can be mapped using a digital image

correlation (DIC) technique. As a first demonstration of resolving local strain fields,

a DIC generated y-displacement field around the crack tip is shown in Fig. 17. By

measuring the evolution of the full profile of the crack opening during initiation of

the delamination crack, important local information 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 combination with the measured applied load and
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Figure 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.

the sample width to calculate the full interface traction-separation law using the

approach proposed by Andersson et al. [34].

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 geometries

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

(i) a wider application range to more interface systems because of its significant

increase of the maximum accessible load and stroke in all mode mixities,

(ii) good accuracy in measuring the load-displacement response, as demonstrated from

experiments on validation samples, confirming the significantly reduced hysteresis,

(iii) 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 measurements, real-

time microscopic visualization allowed the identification of the difference in the crack

growth behavior between different mode mixity tests. At small mode angles (ψ < 15◦)
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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 precise position of the crack tip, and the

crack opening displacement using DIC technique, 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. 2), mode II (Eq. 3) and relative loading position for

pure mode II (Eq. 4) are derived here. From Fig. 3, the force and moment balances

directly yields Eq. 3,

PII = PB = PMMMB
α

β
ξ. (3)

Other balance equations are,

PA = PI + PE (A.1)

PE + PF =
PII

2
. (A.2)

Combining K = PE

PF
with Eq. A.2 gives,

PF =
PII

2(1 +K)
(A.3)

PE = K
PII

2(1 +K)
. (A.4)

Substituting Eqs. 1a and A.4 in Eq. A.1, results in,

PI = PMMMB(1 − ξ) −K
PII

2(1 +K)
. (A.5)

Furthermore, substituting Eq. 3 in Eq. A.5 yields,

PI = PMMMB

(
1 − ξ − Kα

2β(1 +K)
ξ

)
, (2)
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which is the equation for mode I component (Eq. 2). For pure mode II loading,

substituting PI = 0 in Eq. 2 and solving for ξ yields Eq. 4:

ξII =
2(1 +K)β

Kα+ 2(1 +K)β
. (4)
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