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Abstract

Modern power semiconductor devices used in automotive products and industrial
systems have to reliably withstand up to 10 and more high power density electrical
pulses. The heat generated during the electrical power pulses (active cycling) results
in temperature fluctuations leading to thermally-induced cyclic stresses in the met-
allization stack of power semiconductors which may cause material degradation and
device failure. The present work aims to develop a simulation methodology for mod-
eling damage behavior in the metallization stack of power semiconductors subjected
to active thermal cycling. The developed methodology is applied in Finite Element
Method simulation studies to improve the understanding of the degradation behavior

in the chip metallization under such loading conditions.

The work focuses on the description of fatigue failure in the power metallization stack.
The problem at hand is dealt with by utilizing two complementary approaches. First,
to predict the locations of fatigue crack formation when these are not known a priori,
the simulation methodology employs fatigue indicator parameters based on multiaxial
fatigue models. By application of the critical plane based fatigue indicators, the
orientation of the crack plane during the early crack growth can be predicted as
well. To this end, the procedure for computation of the critical plane based fatigue
indicators is implemented in an in-house parallel software code. The predicted crack
nucleation sites and directions of the early growth in the power metallization layer
under active cycling conditions are compared with experimentally observed cracks in

the power-Cu layer of a power semiconductor device.

Second, fatigue crack growth under active cycling conditions is simulated using the
cohesive zone modeling concept within the framework of the Finite Element Method.
To this end, a cyclic cohesive zone model based on a damage evolution equation is

extended onto the case of transient thermal loading conditions and is implemented
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into a commercially available Finite Element simulation code. The thermal and me-
chanical interaction of the cohesive surfaces is taken into account for both open and
closed crack states. By incorporating the temperature dependence of the cohesive
zone model parameters, the model is also extended onto cases of nonisothermal fa-
tigue. To speed-up fatigue simulations, the cyclic cohesive zone model is equipped
with the cycle jump technique based on direct iteration of the damage evolution equa-
tion. The implemented thermomechanical cyclic cohesive zone model is applied to a
problem of interfacial debonding between two layers of a power metallization stack

subjected to the active thermal cycling.

The numerical simulation of crack growth in microelectronic devices under active
cycling conditions is a computationally intensive task. To obtain computationally
efficient Finite Element Models while preserving high spatial resolution in the re-
gions of cracking, the model size reduction is performed based on the submodeling
technique. The obtained detailed temperature, stress and strain fields are analyzed
by the developed methodologies with respect to the fatigue behavior of the power
metallization layer. The evolution of cyclic stress and cyclic plastic strains including

the effect of residual stresses is considered.
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Kurzfassung

Moderne Leistungshalbleiter, die in Automobilprodukten und Industriesystemen An-
wendung finden, miissen bis zu 10° und mehr elektrischen Pulsen mit hoher Leistung
zuverlissig standhalten. Die lokale Warmeentwicklung beim Schalten hoher Leistun-
gen (,active cycling”) fithrt zu Temperaturschwankungen und thermisch induzier-
ten zyklischen Spannungen in der Metallisierung der Leistungshalbleiter, die eine
Materialdegradation und damit verbundene Ausfille verursachen koénnen. Die vor-
liegende Arbeit ist darauf ausgerichtet, eine Simulationsmethodik zur Modellierung
des Schidigungsverhaltens in den Metallisierungslagen (engl. metallization stack) un-
ter aktiv-thermischer zyklischer Belastung zu erarbeiten. Die entwickelte Methodik
wird in den Simulationsrechnungen der Finite-Elemente-Methode dazu verwendet,
ein besseres Verstandis vom Degradationsverhalten in der Chip-Metallisierung unter

den beschriebenen Bedingungen zu erzielen.

Im Mittelpunkt der Arbeit steht die Beschreibung des Ermiidungsrisswachstums in
den Metallisierungslagen. Zur Loésung des vorliegenden Problems werden zwei sich
erganzende Losungszuginge verwendet. Die vorerst unbekannten Rissentstehungsor-
te werden mittels der auf multiaxialen Ermiidungsmethoden basierenden Indikato-
ren vorhergesagt. Durch die Verwendung des Verfahrens der kritischen Ebene wird
die Vorhersage der Orientierung des Anfangsrisses ermoglicht. Dazu wird das Be-
rechnungsverfahren von Ermiidungs-Indikatoren in einem parallelisierten Computer-
Programm implementiert. Die vorhergesagten Rissentstehungsorte sowie die Rissori-
entierung beim Anfangswachstum werden mit beobachteten Rissen in der Kupferme-

tallisierung eines Leistungshalbleiters verglichen.

In weiterer Folge wird das Ermiidungsrisswachstum zufolge aktiv-thermischer Zy-
klierung unter Verwendung des Kohésiv-Zonen-Modellierungsansatzes mit Hilfe der

Finite-Elemente-Methode modelliert. Dazu wird ein auf dem Schadigungsevolutions-
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gesetz basierendes zyklisches Kohésiv-Zonen-Modell auf transiente thermische Bean-
spruchung erweitert und in ein kommerzielles Finites-Elemente-Simulationsprogramm
implementiert. Dabei wird die thermische und mechanische Interaktion der kohé&siven
Fléachen sowohl im offenen, als auch im geschlossenen Zustand beriicksichtigt. Durch
die Implementierung der temperaturabhéngigen Parameter des Schidigungsevoluti-
onsgesetzes wird das Kohésiv-Zonen-Modell auch auf nicht-isothermische Ermiidung
erweitert. Zur Steigerung der rechnerischen Effizienz der Simulationen wird das zy-
klische Kohésiv-Zonen-Modell mit der Lastzyklussprung-Methode (engl. cycle jump)
ausgestattet. Das implementierte thermomechanische zyklische Kohésiv-Zonen-Modell
wird auf das Problem der Rissausbreitung in einer Grenzfliche zwischen zwei Schich-

ten eines Leistungshalbleiters unter aktiv-thermischer Zyklierung angewandt.

Die numerische Simulation des Risswachstums in mikroelektronischen Bauteilen un-
ter aktiver Zyklierung stellt ein aufwéandiges rechnerisches Problem dar. Demzufolge
wird die Reduzierung der Modellgrofie mittels der Submodellierungsmethode durch-
gefithrt um einerseits, in Bereichen der Rissbildung rdumlich hochaufgeloste und an-
dererseits, rechnerisch effiziente Finite-Elemente-Methode Modelle zu erzielen. Die
mit dem hochaufgelosten Modell berechneten zyklischen Temperatur-, Spannungs-
und Verzerrungsfelder werden mit Hilfe der entwickelten Methodik beziiglich des
Ermiidungsverhaltens der Metallisierungsschicht analysiert. Dabei wird insbesondere
auf die Entwicklung der zyklischen Spannungen und zyklischen plastischen Verzer-

rungen unter Beriicksichtigung von Eigenspannungen eingegangen.
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Abbreviations
FEM
BC
DMOS
MOSFET
SEM
DOF

CTE
LCF
HCF
TMF
FIP
CDF
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CDM
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CCzZM
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XFEM

. cyclic crack tip opening displacement
. continuum damage mechanics
. cohesive zone model

. cyclic cohesive zone model

thermomechanical cyclic cohesive zone model
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Chapter 1

Introduction

1.1 Background, motivation

Semiconductor power switches have found application in a large number of products
ranging from consumer battery chargers to power converters for transportation sys-
tems and renewable energy devices. In these applications, the power semiconductors
have to satisfy increasing requirements to safety, cost, efficiency, time of service, oper-
ation in harsh conditions, etc. Besides electrical and thermal management issues, the
challenges connected to mechanical reliability have been recognized to play a major

role in addressing these requirements [61].

To ensure reliable operation under normal as well as overload conditions, such as short
circuit events, the power semiconductor devices are subjected to the so-called “active
cycling” tests [52, 53]. During active cycling, very short but extreme high power
density electrical pulses result in rapid local heating in the active DMOS area up to
about 350°C, as examplified in figure 1.1. To avoid device destruction due to (local)
overheating, the generated heat has to be effectively dissipated in the surrounding

material.

Modern power microelectronics typically include a thick power metallization layer for
improved thermal and electrical management. During active cycling, the power met-
allization experiences large temperature swings with typical ranges of AT = 100°C
or more with peak temperatures reaching about 250-300°C depending on metal-

lization technology [68]. As a result, thermally-induced cyclic stresses arise in the
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Figure 1.1: Applied power pulse and the temperature evolution at the MOSFET
hot-spot. (Courtesy of Infineon Austria AG, Villach. Adapted from
[94]).

Figure 1.2: SEM image of power metal degradation after 107 active cycles. (Cour-
tesy of Infineon Austria AG, Villach).

power metallization from themal expansion mismatch between the device materials,
microstructural heterogeneity, external constraints and large temperature gradients.
Experimental observations reveal that these stresses may lead to formation of cracks
and cavities in the power metallization as well as at the interfaces to other layers, as
shown in figure 1.2. The mechanical degradation results in measurable detereoration
of electrical and thermal properties [94, 109, 116]. For power semiconductors used in

the automotive or industrial applications, numerical simulations show that even small
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defects of about 20-30 pm between the power metallization and the underlying layer
may impinge the heat transport and cause significant local overheating in the active
Si area [95]. Once the defects reach a critical size, the local temperature exceeds a
critical value and the semiconductor device enters into an unstable self-heating regime

resulting in a local melt-up and a complete device failure [36-39].

The cyclic nature of the loading suggests that fatigue is one of the main damage
mechanisms responsible for degradation of the power metallization. However, due to
increased temperatures and exposure to air, other TMF damage mechanisms, such
as creep and oxidation-assisted cracking are also likely to occur in Al- and Cu-based
power metallizations [60, 88]. Moreover, for loading with cycle asymmetry, e.g.,
rapid heating followed by slower cooling, which is a typical loading case for power
semiconductor devices subjected to active cycling, the creep-fatigue interaction may
play an important role as well [9]. The deformation and the damage processes are
additionally complicated by microstructural evolution, such as grain size changes,

grain boundary grooving [66], etc.

Due to complexity of the damage mechanisms occuring at the nano- and microscales,
prediction of fatigue crack formation presents a substantial challenge [91]. Conse-
quently, in industrial applications, the engineering approaches based on empirical re-
lations such as the Coffin-Manson type criteria are widely used for lifetime estimation
of power microelectronic devices [62]. Various FIPs have been used to characterise
fatigue behavior under active cycling conditions as, for example, the temperature
range in a cycle [116], the electrical energy dissipated per active cycle [109], the ac-
cumulated equivalent plastic strain [123]. Darveaux [33] applied a dissipated strain
energy based FIP to predict fatigue life of solder joints in microelectronic packages
subjected to passive thermal and active power cycling. Since the measures like the
temperature range and the dissipated electric energy are not directly connected to
damage driving forces, they cannot provide an insight into conditions leading to
material degradation. The approaches utilizing mechanical quantities, such as the
accumulated equivalent plastic strain or dissipated strain energy, are more appropri-
ate for characterizing damage accumulation, although not all dissipated strain energy
is spent on material degradation. FIPs based on critical plane approaches are more
physically sound [125], since they directly take into account the strain and stress

components controlling fatigue damage. The trade-offs when using the critical plane
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based approaches are, however, a necessity to carry out extensive computations and

an unclear definition in case of nonisothermal loading.

Prediction of the number of active cycles until a formed crack reaches a critical
size requires analysis of cyclic crack propagation. Several aspects make numerical
simulation of crack propagation in power semiconductors due to active cycling a

challenging task.

o Complex model geometry, multiple scales. A typical power semiconductor chip-
package system contains features scaling from tens of millimeters down to a
submicrometer range spanning at least five orders of magnitude. Producing a
high quality finite element mesh of the whole chip-package is not feasible with
the current state of the software and hardware technology. To be able to analyze
failure occuring at the integrated circuit level, bridging the scales using model
reduction techniques, such as submodeling, non-conforming meshes or similar,
can be often the only possibility.

e Large number of cycles. Depending on product and loading, the number of cy-
cles to (electric) failure of power semiconductors may vary from 10° to 10° cycles
and beyond. Obviously, simulation of problems of practical interest on a cycle-
by-cycle basis is not feasible yet with this number of cycles. To circumvent this
issue, the application of cycle jump or multiscale in time domain techniques in
combination with the model reduction is necessary.

e Interaction of mechanical, thermal and electrical fields. During active cycling,
the cracks in the power metal stack grow in a strongly nonuniform time de-
pendent electro-thermal field caused by very short extreme high power density
electrical pulses. To date, however, most studies related to mechanical be-
havior during the active cycling focused on vastly simplified thermomechanical
simulations.

e Temperature and rate dependence. In the range between -50 and 250 °C, the
inelastic deformation behavior of the power metal stack materials, such as Al
and Cu, shows significant temperature dependence [49]. Preliminary studies
indicate that during very short extreme high power density pulses the materials
in the power metal stack exprerience high strain rates, which needs to be taken
into account as well. The considerations of temperature and rate dependence

apply to damage behavior of the power metal stack materials as well.
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e Microstructurally small critical flaw size. As pointed out above, a complete
device failure due to local overheating can occur with flaws of 20-30 pm in size
[95], which is comparable to the grain size in the Cu metallization. In such
cases, the influence of microstructure may have a major impact on growth of
these small cracks even up to a device failure. Therefore, modeling initiation
and growth of these cracks in the power metallization has to take into account

the microstructural aspects, which is still an area of active scientific research.

The above points show that besides knowledge of material and damage behavior down
to the microscale level for a wide range of temperatures and strain rates, simulation
of problems of interest of power metal degradation under active cycling conditions
arrives at boundaries of current modeling and computational capabilites. Further
difficulties arise when using currently available commercial FEM software packages
for modeling the cyclic crack growth, since analysis of fatigue cracking under general
yielding conditions is still not part of standard implemented procedures. This shows
a clear need in developing simulation methodologies that would allow to tackle at
least some of the challenging issues without oversimplifications. Such simulations,
combined with an appropriate experimental support, could then provide insight into
conditions leading to failure of power microelectronics subjected to active cycling and

help designing more reliable products.

1.2 Scope of the work

The objective of this thesis is to develop a simulation methodology for modeling power
metal stack degradation during active cycling of a power semiconductor device. In
this work, the focus is set on fatigue as the dominating damage mechanism. To
this end, the methodology and simulation tools for analysis of fatigue behavior are

developed and implemented.

The fatigue behavior is analyzed using two complementary approaches. The first
approach is based on fatigue indicator parameters used for identification of potential
crack formation sites and direction of early growth. The approach is implemented
as a stand-alone parallel Python code [136] and ANSYS® APDL [5] scripts. The
second approach is based on cohesive zone modeling within the FEM framework

used for simulation of fatigue crack propagation under transient thermal loading.
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The cohesive zone model is implemented in ANSYS® USERINTER user-defined

subroutine for contact interfacial behavior [8].

To reduce modeling effort and computational cost, the model reduction is performed
using the submodeling technique and suitably chosen boundary conditions. This
allowed to obtain results for detailed DMOS-cell level FEM models.

1.3 Thesis outline

The thesis is organized in seven main chapters. After the introduction, chapter 2
highlights the analysis of cyclic plastic strains and overviews multiaxial fatigue models
used throughout this study. A procedure for identification of critical planes used in

this work is also described in this chapter.

Chapter 3 gives an overview of cyclic crack growth modeling approaches. The chapter
focuses mainly on discussion of crack growth descriptions within the framework of
the classical linear and nonlinear fracture mechanics and the cohesive zone modeling
approaches. Extensions of cohesive zone models onto thermomechanical cases are

discussed as well.

Chapter 4 presents a thermomechanical cohesive zone model used for modeling the
cyclic crack growth under transient thermal loading. The chapter includes description

of the cycle jump technique applied in this work and aspects of implementation.

In chapter 5, a FEM study of fatigue crack formation in power metallization of a power
semiconductor device subjected to active cycling is presented. After an extensive
description of the FEM model, where a special attention is paid to the model size
reduction, the predicted cyclic stress-strain fields are presented and discussed. The
numerical predictions of potential fatige crack formation sites and direction of early

growth are analyzed in detail and compared with available experimental data.

Simulations of the interface crack growth in the metallization stack of a power semi-
conductor device under active cycling conditions are presented in chapter 6. Following
the model reduction procedure established in the previous chapter, the simulations

are performed on a detailed DMOS-cell model.
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Finally, chapter 7 summarizes the proposed simulation methodology and makes sug-

gestions for future work.



Chapter 2

Multiaxial fatigue models

2.1 Analysis of cyclic plastic strains

The analysis of failure due to cyclic loading requires a careful examination of the
evolution of plastic strains since different damage mechanisms governing fatigue crack

formation are pertinent to the nature of plastic strain accumulation.

Under cyclic loading, a ductile material may experience different types of response,
such as elastic shakedown, reversed cyclic plasticity and plastic ratcheting. The elastic
shakedown occurs when the plastic strains cease due to residual stresses or strain
hardening and the material response becomes purely elastic. Crack nucleation and
early growth in this case is pertinent to the HCF regime. Reversed cyclic plasticity
or plastic shakedown is characterized by steady plastic strains from cycle to cycle
with no net accumulation of directional plastic strains. In this case, crack nucleation
may occur in the LCF regime. Plastic ratcheting or cyclic creep is a type of material
response in which the net directional plastic strain is accumulated in each cycle.
The ratcheting failure occurs when the accumulated plastic strain reaches a critical
value which is comparable to a strain to failure in a monotonic test. Under the LCF
conditions, ratcheting can contribute to fatigue damage [137] or act as a competing

damage mechanism itself [65].
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Figure 2.1: Schematic illustration of cyclic loading and various cyclic plastic strain
responses.

Following Begley and Hutchinson [15], the individual components of the ratcheting

and the cyclic plastic strain ranges are defined as

Ag?t = 8f;(tend) - 5%‘1(tbegin)a (2.1)
AR = (Al max — A}, (2.2)

where teng and fpegin correspond to times at the end and the beginning of a stabilized
cycle, respectively, and (As%l)max is the maximum plastic strain range in the cycle

(see figure 2.1).

Consistent with the J, flow theory of plasticity, the effective measure of both cyclic
and ratcheting strain ranges can be defined as [15]

2
Aeds =) Z A" Al (2.3)

eqv 3 iy

2
Acly, =y FA A (2.4)

The regions of dominance of the ratcheting/cyclic plastic behaviour and potential
crack initiation sites can be identified using the "plastic zone maps”, in which the
larger value of the effective plastic strain ranges defined by equations (2.3) and (2.4)

is mapped onto the model geometry, as proposed in [2, 3, 15].
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Figure 2.2: Original fatigue crack formation models according to Fatemi-Socie [42],
(left) and Smith-Watson-Topper [122], (right).

2.2 Ciritical plane apporaches

Critical plane approaches are based on observations that fatigue cracks nucleate and
grow on specific planes during early stages of life. Many models have been proposed in
the literature. Especially attractive for fatigue analyses are physically-based models
which allow to attribute model parameters to physical processes observed on the

microscale. Two such critical plane models are briefly described below.

For materials with shear dominated fatigue damage, the shear strain based critical
plane approach of Fatemi-Socie [42] was found to give superior correlation with fatigue
lives. In this approach, the damage parameters governing fatigue crack formation
are the maximum shear strain amplitude A7,,.,/2 occurring on a particular plane
and the maximum normal stress in a cycle 0, max acting on that plane. According
to the original model, the fatigue crack nucleation and early growth occur on a
plane experiencing the maximum shear strain amplitude Avy,ax/2 (see the left image
of figure 2.2) and the fatigue life is estimated from the accumulated damage on
this plane. The Fatemi-Socie FIP, also called the effective maximum shear strain

amplitude, is given by

A max On,max
Pts orig = ’}/2 (]— + k/‘,—> ) (25)

Oyield

where oyieq is the yield strength and k is the factor weighing the influence of 0y, max,
usually taken equal unity. The fatigue damage governing parameters in equation

(2.5) are to be taken for a stabilized cycle.
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For materials in which fatigue cracks form predominantly in tensile mode, Smith
et al. [122] proposed a normal strain based critical plane approach. In this approach,
the damage parameters governing fatigue crack formation are the maximum normal
strain amplitude Aey,ax/2 occurring on a particular plane and the maximum normal
stress in a cycle 0, max acting on that plane. In the originally proposed formulation,
a critical plane is identified as the plane experiencing the maximum normal strain
amplitude Aep.x/2 (the right image of figure 2.2) and the FIP is given by

Aemax
Pswt,orig = Taan,max- (26)

Both critical plane approaches presented above are able to take into account the influ-
ence of the mean stress, as the maximum normal stress is the sum of the alternating

and the mean stresses:

Omax = Oq 1+ O (27)

For cases of complex loading histories, Bannantine and Socie [10] proposed to use
a modified FIP, in which the critical plane is identified as a plane experiencing the
maximum value of the damage parameter. In this case, the modified Fatemi-Socie

and the Smith-Watson-Topper parameters are defined as

A’Y On,max
= | 2F (1 4 g Tmamax : 2.8
b |: 2 ( " ineld >:|max ( )
Ae

Pswt = |: 9 O-n,max:| .
max

The critical plane approaches described in this section have been originally devel-

(2.9)

oped for isothermal fatigue conditions and are not easily extendible to nonisothermal
cases. For example, the FIP of Fatemi-Socie given by equation (2.5) contains the ex-
perimental coefficient k& and the normalising term oy;eq Which, in general, may vary
significantly over a wide range of temperatures. Moreover, at higher temperatures
the dominant damage mechanism may shift from the assumed dislocation glide to a

diffusional type mechanism invalidating the underlying damage assumption.
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Figure 2.3: Strain vectors on an elementary plane (left). The shear strain amplitude
~a in a stabilized cycle (right).

2.2.1 Identification of critical planes and implementation as-

pects

In case of non-proportional loading, determination of the shear strain amplitude
7. required for calculation of the Fatemi-Socie FIP discussed in section 2.2, is a
non-trivial task and usually requires numerical search algorithms. A procedure for

identification of the critical planes used in this work is briefly outlined below.

Consider a point in a body with a stress-strain state characterized by the stress and
strain tensors o and € given in the reference coordinate system (z,y, z). For a given
unit normal vector n identifying the orientation of an elementary plane A, which
passes through this point, and two additional unit vectors [ and s lying in that plane
and forming an orthonormal basis n, I, s (see the left part of figure 2.3), the [ and s

components of the shear strain vector « can be expressed by

n=1-€"n, (2.10)
s =8-€"-n, 2.11
5

where ()" denotes a transpose.
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The values of normal stress and strain components acting on the elementary plane A

can be obtained from

The calculation of the normal strain amplitude Ae/2 on an elemetary plane A for a

stabilized cycle is straightforward.

The coordinates of the unit vectors m, I, s in the reference coordinate system (x,y, 2)
are given by the following trigonometric expressions in terms of two rotation angles

0 and ¢:

cospcosf) —sinf sin g cos
(n,1,8) = | cospsind cosf sinpsinf | - (2.14)

—sinp 0 cos

The shear strain amplitude on an elemtary plane A can be obtained based on the
following considerations. In a stabilized cycle the tip of the shear strain vector ~(t)
forms a closed curve ¥ on the elementary plane A, as shown in figure 2.3 on the
right. The unambiguous definition of the shear strain amplitude ~,, as proposed in
[102], is the radius of a circle circumscribing the curve W with the center defining the
tip of the mean shear strain vector v,,. Finding a pair (74, ym) can be formulated as

a min-max optimization problem in a set of two equations as [16]

Yo = ma |y — . (2.15)

Ym = minmax vy =~ (2.16)
‘Y’

The solution of the min-max problem given by equations (2.15) and (2.16) can be

found using numerical optimization routines as well as genetic algorithms [64].

Based on the critical plane identification procedure presented above, an in-house
Python-based software code was developed for post-processing ANSYS® simulation
results and identification of the critical planes. The software code utilizes the freely

available numerical optimization package OpenOpt [76]. To speed-up computations,
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Figure 2.4: Strain energy density dissipated over a stabilized cycle.

the code was adopted to run on multicore parallel compute nodes using the IPython
parallelazation framework [108]. In addition, APDL and Python scripts were de-
veloped for importing and vizualizing the calculated FIPs in ANSYS® FEM and
ParaView vizualization software [126]. Documentation of the software code is given
in [74].

2.3 Dissipated strain energy based approaches

The dissipation strain energy based approaches involving the product of stress and
strain tensors avoid the conceptual difficulty with temperature dependece. The dis-
sipated strain energy density parameter, firstly proposed by Feltner and Morrow [43]

for predicting fatigue failure, is calculated as
Aw :/ O'ijéijdt, (217)
cycle

where 0;; and ¢;; are the components of the stress and strain tensors, respectively.
A schematic representation of the dissipated strain energy density dissipated in a

stabilized cycled is illustrated in figure 2.4.

The approaches based on the dissipated strain energy density have been reported to
give good correlations with fatigue lives under isothermal LCF at room and elevated
temperatures as well as the TMF for steels and super alloys [29, 30], solders in

microelectronic devices subjected to thermal cycling [33], etc.
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It can be noted that the modified Smith-Watson-Topper parameter given by equa-
tion (2.9) represents a rough approximation of the dissipated strain energy density
per cycle on a plane of maximum pg,¢ parameter which could be used for assessing
fatigue behavior for tensile mode dominated damage under nonisothermal loading
[28].

For deviatoric type constitutive laws, the Aw parameter given by equation (2.17)
does not capture the mean stress in a stabilized cycle. To include the influence of
the mean stress, Park and Nelson [105] proposed an effective total strain energy
parameter, in which the Aw parameter was corrected with stress triaxiality factors
associated with mean and alternating hydrostatic stresses. A simpler approach for
taking into account the mean stress influence was later proposed by Amiable et al.
[4], where the Aw parameter was augmented with the maximum hydrostatic pressure

Ohmax reached in a cycle:
AWod = AW + Q0L max- (2.18)

The coefficient a was reported to give best correlation with experimental data for
values of 0.0055 and 0.007 in case of an AISiCu alloy and austenithic stainless steels,
respectively, subjected to LCF and TMF test conditions [46, 130].

The procedure for calculation of the dissipated strain energy FIPs, described in this

section, is straightforward and was implemented as an ANSYS® APDL [5] script.

2.4 Combined fatigue, creep and oxidation damage

In the energetic criteria described in section 2.3, the influence of different damage
factors and temperature is taken into account indirectly through interaction of stresses
and strains, as seen from equation (2.17). Clearly, these types of criteria require
a minimal set of input parameters (apart from the temperature dependent stress-
strain material data) offering a relatively simple way of predicting crack formation
under the TMF. In contrast, the total damage model of Neu-Sehitoglu [96] treats the

contributions to damage due to fatigue, oxidation and creep separately:

Dtotal — Dfat + Dox 4 Dcreep7 (2.19)
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where Dttal Dfat pox pereep g the total, fatigue, oxidation and creep damage, re-

spectively.

Requiring a rather large set of input parameters (at least 27 in total), the Neu-
Sehitoglu model allows to differentiate the in- and out-of-phase strain-temperature
phasing, account for effects of strain rate, environment, tensile/compressive stresses,
etc. Evidently, by taking into account these effects, the Neu-Sehitoglu model is able
to give more accurate predictions of fatigue life under the TMF conditions compared
to the dissipated strain energy based criteria. However, the latter is often found to

offer best compromise between complexity and accuracy in application [139].
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Chapter 3

Fatigue crack growth models

3.1 Fracture mechanics approach

In the framework of the LEFM, the FCGR under a constant stress ratio ouin/0max
is assumed to be uniquely characterized by a SIF range AK. A characteristic shape
of a FCGR curve AK — da/dN, where a is the crack length and N is the number of

cycles, plotted in double logarithmic coordinates is presented in figure 3.1.

Depending on the regime of fatigue crack propagation, the FCGR curves are divided

in three characteristic parts. The middle part of the curve or the “Paris regime”

Regime Il
Z .
= Par|§
= Regime
&0
S
Near
Threshold
Regime

AKy log (AK)

Figure 3.1: Schematic representation of a fatigue crack growth rate curve
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can be well approximated by a straight line in the double logarithmic AK — da/dN
coordinates and is expressed by a relation which is popularly referred to as the “Paris
law” [104]:

da

— =C(AK)™ 3.1
where C' and n are material dependent constants. The Paris regime is characterized by
intermediate values of AK and the fatigue crack propagates as a sequence of blunting

and resharpening of the crack tip during loading and unloading phases [77, 107].

For higher AK values (Regime III), the CGR gets increasingly higher which is ex-
plained by overlapping of the fatigue and static crack propagation modes. High stress
intensity at the crack tip results in formation of pores ahead of the crack tip (in duc-
tile materials) which join with the fatigue crack accelerating its growth. To account
for this type of behavior, a number of modifications of the Paris expression (3.1) have
been proposed to include the influence of maximum SIF K., on the CGR (e.g., see
chapter 10 in [25]). A functional relation for FCGR curves in this case can be written

as

da
N FAK, Kpax)- (3.2)

A recent review of such FCG models for metals can be found in [14].

The near-threshold regime is characterized by increasingly slower crack propagation
rates for smaller values of AK. This is a transition region between the Paris regime
and the threshold value AKy;,, at which the FCGR retards to about one Burger’s
vector per cycle [113]. In this regime, local deformations near the crack tip are small
and the dislocation nature of plastic deformation cannot be neglected. As shown
in [111], calculation of fracture mechanics parameters using the classical continuum
mechanics approach in this case becomes inappropriate. The near-threshold regime of
growth is also typical for small fatigue cracks for which microstructural and extrinsic
effects are significant [129]. In addition, for small cracks in highly ductile materials,
when the crack tip plastic zone becomes comparable in size to the crack length, the

LEFM approach may largerly underestimate deformations at the crack tip [112].

If the crack tip plastic zone is not small compared to the crack size, the SSY condi-

tions are violated and the AK concept is no longer applicable. The J-integral con-
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cept [110] relaxes this requirement (note that similitude conditions must be fulfilled).
However, the J-integral is based on the deformation theory of plasticity restricting
its application to description of the near-tip stress fields in non-linear elastic solids
or elastoplastic materials under proportional loading conditions. In realistic elasto-
plastic materials, the inevitable elastic unloading in the wake of an extending crack
invalidates the underlying assumption. Despite these issues, the cyclic J-integral (or
the AJ-integral) has been widely used to describe propagation of fatigue cracks under
general LSY conditions since its introduction by Dowling and Begley [40], e.g., see
[78].

In analogy to the Paris relation represented by equation (3.1), FCGR in an elastic-

plastic material is assumed to be uniquely characterized by the AJ-integral

da

N c(ag)™. (3.3)
To provide more accurate characterization of the near-tip fields in context of EPFM,
when effects of constraint on plastic zone development ahead of a crack cannot be
neglected, two- and three-parameter approaches have been proposed in the literature.
The J-Q theory, introduced by O’Dowd and Shih [98], is one of such two-parameter
approaches. In analogy to the T-stress term in K —T' characterization of the near-tip
stress fields in context of the LEFM [140], the Q-term (or the @-stress term) was
introduced to provide a measure of the near-tip stress triaxiality or the crack tip
constraint by augmenting the reference plane strain field (which is directly connected
to J). The full near-tip field can be represented by [99]

Uz%'lu = U;;f + Q0odij, (3.4)
where oy is the yield stress and d;; is the Kronecker delta. The second term in
the above equation is thus a difference stress field between the full and the known
reference field. Evidently, positive () values increase stress triaxiality of the near-tip

field whereas negative ones decrease it.

The J-Q approach was shown to provide satisfactory description of the plane strain
dominated near-tip fields up to load levels until the plastic zone size remains compa-
rably small to a characteristic problem size [132, 144]. Under increased loads when

the plastic zone becomes comparably large, the near-tip stress field varies in the limits
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Figure 3.2: The crack tip opening displacement parameter.

between the plane strain in the interior of the body and the plane stress at at the
free surfaces implying variation of the out-of-plane constraint along the crack front
and a complicated 3D stress state. Obviously, a single constraint parameter is not
able to capture this behavior [144], which makes the J-Q approach inapplicable in
such cases. To include the effect of the lateral constraints on the near-tip fields, the
three-parameter approaches have been proposed, such as J-A2 and J-Q-M theories,
[67, 145]. A near-tip field description taking into account the constraint effect was
shown to provide a unified characterization of FCGR in plates of various thickness

under non-constant stress ratio conditions [54].

In the CTOD based approach, the deformation in the crack wake (e.g., employing
the 0, parameter shown in figure 3.2), is assumed to uniquely characterize fracture
ahead of the crack [26, 138]. Consequently, for fatigue cracks growing by blunting and
resharpening it is assumed that the cyclic CTOD parameter Ad; uniquely correlates

the FCG. Analogously to the Paris relation, the FCGR is usually expressed as
da
— = C(AH)™. :
The constants C' and m in equations (3.1), (3.3) and (3.5) are, of course, different.

In view of the J-integral limitations, the CTOD approach seems to be more suitable
for description of crack propagation under the general LSY conditions. From the
numerical modelling viewpoint, however, accurate evaluation of the CTOD parameter
in the FE analyses is computationally expensive since it usually requires very fine

focused meshes around the crack tip that may also be very tedious to produce.

The configurational force concept [55] removes path-dependency of the conventional

J-integral for cracks propagating in realistic elastic-plastic materials by introducing
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a plasticity influence term C, accounting for the shielding or anti-shielding effect of
plasticity [120], which can be viewed as an additional CDF term. The CDF at the

crack tip becomes:

Jtip = Jfar + Cp7 (36)

where Jg,, is the nominally applied far-field CDF according to [110]. The last term
of the above equation can also be viewed as the shielding effect of material inho-
mogeneities and interfaces on the CDF and is then termed by Ci.y, [70, 121]. The
configurational force concept has been also applied to modelling FCG in elastic-plastic

materials containing inhomogeneities, bimaterial interfaces, e.g., see [71, 72].

3.2 CZM approach for monotonic loading

Successfull application of fracture mechanics to description of crack propagation using
the K or J parameters requires fulfillment of similitude conditions in which the FPZ
(a zone in which material separation and/or extensive plastic yielding occurs) must
be fully contained within the K- or J-dominance fields. In turn, for the K or J
parameters to dominate the mechanical fields, the FPZ must be small compared to
all significant dimensions of a body containing the crack. Despite improvements in
characterization of mechanical fields based on the two- and three-parameter K and
J theories discussed above, the similitude conditions set strict limitations to the use

of fracture mechanics.

In the cohesive zone concept introduced by Barenblatt in 1959 [13], the material
damage is modeled separately from the deformation processes taking place in the
surrounding material. The explicit modeling of damage removes the necessity to
fulfill the similitude requirements which is the key advantage of the cohesive zone

modeling approach over the classical fracture mechanics.

According to the cohesive zone concept, the degrading material is substituded by
a cohesive zone of vanishing thickness, in which complex interactions in the FPZ
are substituted by interaction of cohesive tractions between two cohesive surfaces,
as shown in figure 3.3. The interaction between cohesive surfaces is formulated in

terms of the so-called traction-separation or cohesive law relating tractions 7' and
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Figure 3.3: Schematic representation of a fracture process zone ahead of a crack
(left); cohesive zone near a crack tip (right).

separations 0. A number of various TSL formulations have been proposed in the
literature [106]. As a simple example, consider a widely used bilinear T'SL [51] shown
in figure 3.4. To model propagation of a mode I crack, the bilinear T'SL requires three

independent CZM parameters:

e peak traction or cohesive strength 7T™%* at onset of degradation;
e separation at peak traction 0*;

e critical separation . at completion of debonding.

The separation energy I'., which has to be overcome to achieve complete debonding

at a given point, is represented by an area under the traction-separation curve:

Ing&ﬂaw (3.7)

The damage in the cohesive zone is tracked by the damage variable D € [0, 1], where
the values zero and one correspond to an intact and the completely damaged states,
respectively. The damage accumulation takes place once the loading path reaches the
softening part of the traction-separation envelope. The unloading-reloading follows

the same straight path to the origin, as illustrated in figure 3.4.

The CZM parameters can be obtained from experimental measurements or extracted
from micromechanics considerations [23]. The latter typically deals with establishing
numerical models of unit cells or representative volume elements containing defects

such as voids or cracks. The TSL is then extracted from an overall stress-strain model
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Figure 3.4: Bilinear traction-separation law

response under applied loads, e.g., see [24, 73, 103, 117]. The experimental determina-
tion of the CZM parameters for monotonic behavior typically involves measurement
of the cohesive strength and the separation energy (or the critical separation) in

normal and shear modes, e.g., see [32, 44, 118].

3.3 CZM approach for cyclic loading

In recent years, the CZM approach has been increasingly applied in numerical anal-
yses of crack problems involving cyclic loading. The first application of cohesive
elements to modeling FCG traces back to the work of de Andres et al. [35], in which
the authors used an exponential irreversible TSL with unloading-reloading following
the same linear path to the origin in the softening region. The cyclic damage accumu-
lation in the cohesive zone was reported to be a consequence of irreversibility in the
cyclic plastic zone in the surrounding material. However, the FEM simulations by
Nguyen et al. [97], showed that a cohesive crack in an elastic-plastic material under
constant amplitude loading tends to shake down after a small number of cycles and

ceases to propagate if the unloading and reloading paths in the TSL are coincident.

Obviously, the T'SLs lacking an intrinsic dissipation mechanism cannot be successfully
applied to modeling crack propagation if cohesive traction never reaches its peak
value. To circumvent this problem, Nguyen et al. [97] proposed a TSL with unloading-

reloading hysteresis which was demonstrated to reproduce the Paris-regime of FCG
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Figure 3.5: Schematic illustration of a hysteretic traction-separation response under
cyclic loading.

and to take into account the effect of overloads in a unified fashion. Figure 3.5

illustrates a general idea of the so-called “cyclic CZMs” based on hysteretic TSLs.

Several formulations of CCZMs have been proposed to model fatigue cracking in
quasi-brittle materials [142], material interfaces [114], polymers [87], solders [143],
intergranular cracking in solders under thermal fatigue [1, 41], composite laminates
[133], thermal barrier coatings subjected to thermal cycling [19], FCG including heal-
ing [135] and so on. Recently, the CCZMs have been also extended to take into
account creep [21], oxidation- and hydrogen-assisted damage [20, 127].

Combining XFEM with CZM allows to model propagation of a cohesive crack along
arbitrary paths without remeshing [92]. A combined XFEM-CCZM approach has
been applied by Xu and Yuan to model growth of curved fatigue cracks in elastic
media under mixed mode loading conditions [141]. To predict the direction of fatigue
crack propagation, the authors utilized various criteria including the shear stress
based critical plane approach of Findley [45]. The combined XFEM-CCZM approach
was applied by Li and Yuan [84] to study LCF behavior of cracked and notched

specimens under various loading ratios.

3.4 Coupled thermomechanical CZMs

In parts subjected to thermomechanical cyclic loading, especially with large temper-
ature gradients, the fatigue crack formation and growth may additionally be altered

by redistribution of the coupled thermomechanical fields caused by degradation of
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thermal conductance across the damaged zone as well as by the thermal contact of
newly formed crack faces. To model the described behavior, a coupling between the

thermal and the mechanical fields must be included into a CZM.

The cohesive crack concept allows a relatively straightforward extension to coupled
thermomechanical problems by augmenting the traction-separation relations with
expressions for thermal flux across the cohesive zone. In one of the simplest formula-
tions, the degradation of thermal properties can be described using the same damage
variable controlling degradation of mechanical properties. This scheme is especially
attractive since it requires a minimum number of adjustments when extending an al-
ready implemented CZM onto thermomechanical cases (not involving heat generation

due to friction, damage in the cohesive zone, etc.).

Several thermomechanical CZM formulations for modeling crack growth under tran-
sient thermal loading were proposed in the literature. Hattiangadi and Siegmund
[56] proposed a coupled thermomechanical CZM for bridged delamination in com-
posite laminates. The thermomechanical coupling has been formulated by relating
the cohesive zone thermal conductance to fraction of bridging fibers and separation in
the interface. In a later work of the authors [57], the thermal conductance has been
related to separation and a residual strength variable. A similar approach has been
utilized by Oezdemir et al. [100], in which the heat conductance across the cohesive
zone has been connected to a damage variable. The idea of coupling the cohesive
zone conductance to damage produced by mechanical forces has also been used in
thermomechanical cyclic CZMs reported in [58, 75, 128].

Many materials exhibit strong dependence of fracture resistance on temperature.
Therefore, for successful applicaiton of thermomechanical CZMs to problems involv-
ing nonisothermal loading conditions, the temperature dependence of CZM param-
eters has to be considered as well. Several examples of thermomechanical CZMs
considering the temperature dependence of CZM parameters can be found in the
literature. Hattiangadi and Siegmund [57] assumed a linear decrease of cohesive
strength with increasing temperature. In the analysis of fatigue cracking in solder
joints under passive thermal cycling Sun et al. [128] assumed stiffness and fracture

energy to be temperature dependent.
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3.5 Other descriptions

Continuum damage mechanics is a versatile tool for fracture analysis of structures
subjected to monotonic as well as cyclic loading. Since the work of Lemaitre and
Chaboche [81], a vast body of literature exists on application of the CDM approach
to fatigue and creep-fatigue problems. An extensive description of the approach and

a critical discussion regarding applications to fatigue can be found in [17, 82, 90].

Motivated by the cohesive zone concept, Towashiraporn et al. [131] and Bhate et al.
[18] proposed to use a damage variable based approach in conjunction with the node
release technique to model FCG at a solder—substrate interface of a microelectronic
assembly subjected to thermal cycling. The Weibull probability density function was
postulated to describe the behavior of a ductile material under fatigue. Based on
this assumption, the damage variable was formulated as a function of the equivalent
inelastic strain (instantaneous plastic and creep) expressed in a form of the Weibull
cumulative distribution function. Although attractive due to their simplicity, such
approaches may not be easily extendible to cases requiring tracking of additional (not

readily implemented in commercial FEM packages) variables.
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Chapter 4
Thermomechanical cyclic CZM

This chapter describes a two-dimensional thermomechanical cyclic CZM developed
for analyses of interface cracking in a power metallization stack subjected to active
cycling. The application of the model is demonstrated in chapter 6). The model
is based on a damage evolution equation proposed by Bouvard et al. [21] used to
characterize accumulation of damage during cyclic loading. The thermal extension is
realised by augmenting mechanical relations with relations for thermal flux across the
cohesive zone, along similar considerations as proposed in [57, 100]. The implemented
thermomechanical CZM allows to describe evolving tractions and heat flux across
the cohesive zone both in open and closed states and is suitable for FCG simulation
under transient thermal loading conditions. To accelerate the FCG simulations, the
implementation includes the cycle jump technique based on direct iteration of the
damage evolution equation, as suggested in [134]. Temperature dependence of the
CZM parameters is considered extending the CCZM onto cases of nonisothermal

fatigue. Aspects of numerical implementation are highlighted.
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4.1 Load transfer

Following the work of Bouvard et al. [21], the normal and tangential cohesive trac-
tions (T, Tr) are assumed to be linear functions of the corresponding separation

components (Uy, Ur). The traction-separation relations are written as

9¢ (Un)

_ 99 _ Ur

where D is a scalar damage variable D € [0, 1] used to characterize material degra-
dation in the cohesive zone, Ky is the (initial) normal stiffness, o« = Ky /Kr is the
the normal to shear stiffness ratio used to take into account the mode mixity and o,

is the critical separation. The symbol (-) denotes the Macauley’s brackets.

The progression of damage is computed from the following damage evolution equation
p=a-py (L), (43)
1-D

where Tj is the traction threshold, A* m,n are the CZM constants (eventually, tem-
perature dependenent). The effective traction ||T'|| and the effective separation ||U||

are defined by the following relations

o1 =\/(“§j>)2+a([§_j>2, (4.4

1
IT) = \/(Tw)2 + T3 (4.5)

In equation (4.3) the damage accumulation D > 0 occurs only on loading, that is,

for a positive effective separation rate HU || > 0.

Figure 4.1 illustrates schematically the cyclic traction-separation response of the co-
hesive zone model. The key here is that the model response is intrinsically hysteretic
and does not follow a predefined path. Although the model is tailored to cyclic load-
ing, the simulation of damage accumulation due to monotonic loading is possible as

well.
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Figure 4.1: Schematic illustration of the traction-separation response under cyclic
and monotonic loading.

The behavior of the tractions as a function of separations as well as the bounds of

the CZM constants m and n the are presented in appendix A.

In case of the crack closure, the conventional and the nonlinear penalty based methods
have been utilized to model the mechanical contact between the crack faces. In
the conventional penalty approach, the normal traction is a linear function of the

penetration:

U
TN = Kc 5N7 (UN < 0)7 (46)

C

where K, is the penalty contact stiffness. Choice of the penalty stiffness can be diffi-
cult in some situations since, on the one hand, large contact stiffness may introduce
convergence difficulties in the model, while on the other hand, low stiffness values

may lead to unphysically large penetration.

The nonlinear penalty method [34] offers more flexibility in choosing the contact stiff-
ness allowing to avoid some of the problems with the penalty method. As illustrated
in figure 4.2, the pressure-penetration relationship in the nonlinear penalty method

is divided in three regions:

I. the region of constant initial stiffness K. for penetrations smaller than U;.. The
resulting pressure-penetration relationship is linear having a slope K.

IT. The region of linearly increasing contact stiffness from an initial value K. to a
final value Ky in the range of penetrations between U;. and Ug.. The pressure-

penetration relationship is quadratic.
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Figure 4.2: Schematic illustration of a nonlinear penalty pressure-penetration rela-
tionship with linear stiffening: stiffness (left) and pressure (right) as a
funtion of penetration.

III. The region of constant final contact stiffness K. for penetrations larger than

Ut resulting in a linear pressure-penetration relationship with a slope K.

For the nonlinear penalty method, the contact stiffness in the regions I, IT and III

can be expressed as

K. for 0<Uy< Ui,
Ke =4 K. + (Kg — Kic)% for Ui < Uy < U, (4.7)
K. for Ui < Uy.

The pressure-penetration relations for the regions I, IT and III are written, as follows

KUy for 0< Uy < Uica
Ty = KioUy + (Ko — Kio) =4 for U < Uy < Ug,

Kichc + %(Kfc - Kic)(Ufc - Uic) + KfC<UN - Ufc) fOI' Ufc < UN~
(4.8)

Frictionless contact between cohesive surfaces is assumed throughout the text. Con-
sequently, the relation between the tangetial traction and separation, given by equa-

tion (4.2), remains unchanged.
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Figure 4.3: Schematic illustration of thermal flux in the cohesive zone.

4.2 Heat transfer

The thermomechanical coupling is formulated by relating the cohesive zone thermal
conductance to damage caused by mechanical tractions. Consequently, degradation
of thermal and mechanical properties of the cohesive zone is assumed to be controlled

by a single damage variable.

The heat flow in the cohesive zone occurs only in normal direction. Denoting the
opposite cohesive zone surfaces by subscripts 1 and 2 (see figure 4.3), the thermal

flux out of the surface with subscript “1” (positive flowing out), is given by

q1 = hcz(91 - 92)7 (4'9)

where 6; (i = 1,2) is the temperature of the respective cohesive surface and he, is
the thermal conductance across the cohesive zone. The temperature jump across the
cohesive zone Af,, and the average tempearature of the cohesive zone 6, are defined,

as follows

AGCZ - 61 - 92, ecz - (61 -+ 92)/2

Following the work of Hattiangadi and Siegmund [57], the thermal conductance across

the cohesive zone on opening is assumed to be proportional to the intact fraction of
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the cohesive zone, represented by (1 — D). Neglecting the heat transfer by convection

and radiation, the thermal conductance in this case is
hez = (1 — D)hing, Un >0, (4.10)

where h;,y is the thermal conductance of the intact interface. Assuming the presence
of external heat sources of high intensity, heat generation due to the damage process

is neglected.

On closure, the heat transfer occurs through the undamaged part of the cohesive zone
and through the cohesive zone surfaces in contact (see figure 4.3). In this case, the

thermal conductance is given by [100]:
hes = (1 — D)hine + Dhe, U <0, (4.11)

where h, is the thermal conductance across the cohesive zone surfaces in contact.

For the case of elastic contact, the thermal contact conductance can be estimated
from [11, 12]:

2]{31]{32 OTN
c = s 4.12
E*(k’1 +k2) GUN ( )
where
2 2
1 _(0-w) (d-w) (4.13)

E* By Ey

is the composite elastic compliance of the contacting bodies, E; is the Young’s modu-
lus, v; is the Poisson’s ratio, k; is the thermal conductivity of the respective material
(1=1,2).

In context of the penalty based approach, the incremental interface stiffness 9T /0UNn

simply equals the penalty contact stiffness K_:

0Ty
PN _ g, , 4.14
8UN Uy <0 ( )

As seen from equation (4.12), the thermal contact conductance in the case of the

conventional penalty method is independent of the pressure level and can be adjusted
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using only one parameter, that is, the penalty stiffness K.. More physically realistic
estimations of the thermal contact conductance can be obtained when using the
nonlinear penalty method with linear stiffening, discussed in section 4.1. Using this
method, the thermal contact conductance can be shown to increase linearly with
penetration (and pressure squared) in the linear stiffening region. In the regions of
constant contact stiffness, the thermal contact conductance is independent on the
pressure level but depends on the choice of the initial and final stiffness values Kj.
and K. The incremental interface stiffness in the case of the nonlinear penalty

method is given by equations (4.7).

4.3 Cycle jump technique

For a large number of cycles e.g., 10* and more, simulation of FCG on a cycle-by-cycle
basis would require a large number of computation increments which results in pro-
hibititavely large simulation time. To circumvent this problem, the so-called “cycle
jump” technique based on damage extrapolation is widely used in engineering calcu-
lations. In context of FCG simulations using the cohesive zone modelling approach,
linear and logarithmic extrapolation schemes have been proposed in [35] and [134],
respectively. To eliminate the need to make assumptions about the form (linear, log-
arithmic or else) of the damage evolution, an approach based on direct iteration of
the damage evolution equation can be utilized [134]. In this approach, the damage
evolution equation (4.3) is iterated the number of jump cycles AN, giving the cor-
responding damage increment AD at the end of the cycle jump. Assuming constant
amplitude loading conditions, the number of jump cycles in the next simulated cycle

can be estimated from

ANz = &ANZ‘, 415

i Al)i,max ( )
where AD,j0y is the allowed damage increment per load substep (or load increment),
AD; max is the maximum damage increment per load substep which occurred at some
integration point during the previous simulated cycle with a cycle jump AN;. Evi-

dently, smaller values of AD, ., result in better accuracy but longer simulation times.
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Figure 4.4: Cyclic separations Uy and Ur applied to cohesive zone (only first four
cycles shown).

Based on comparative simulation studies, the value AD,,w = 0.01 proved to be a

good compromise between results accuracy and simulation time.

To avoid situations when AD,; .. substantially exceeds ADgjo, due to sudden in-
crease of AN, 1 compared to AN;, the following expression with a more conservative

cycle jump increase can be used:

where A € [0,1] is a coefficient “damping” the increase of jump cycles between two

consequtive simulated cycles. A = 0.5 proved to be a reasonable value.

Performance of the implemented cycle jump technique can be demonstrated on the
following 1D example. Consider a cohesive zone under direct action of alternating
separations Uy and Ur in the ranges [0, —107%] and [—107*, 10~!] mm, respectively,
as shown in figure 4.4. Note that each half-cycle consists of two equal load increments.
For reference, the CZM parameters are taken as Ky = 2.8 x 10° MPa, A = 0.6, m =
1.8,n = 1.1, Ty = 1MPa, 6. = 1.0mm. The damping coefficient is taken equal
A=0.5.

Figure 4.5 shows the damage evolution in the cohesive zone during the first 1000 cycles
computed using three maximum allowed jump cycles AN™* = 1,100,500. The

reference solution corresponds to the case of no jump cycles, that is, AN™* = 1.
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Figure 4.5: Damage evoution for three maximum allowed jump cycles.

Obviously, the reference solution was obtained by simulating 1000 cycles on a cycle-
by-cycle basis. For the cases corresponding to AN™* = 100 and AN™** = 500, a
fewer number of simulated cycles was required to obtain the solution. For example,
for the case AN™** = 500, only five simulated cycles (including the first cycle without
the jump) were required to calculate the damage after 1000 load cycles. As also seen
from the figure, at the end of each simulated cycle (at the end of the second increment
in each loading half cycle), the solutions with cycle jumps coincide exactly with the
reference solution. The exact coincidence is an expected result for a case of the load

control in the cohesive zone.

4.4 Implementation aspects

The thermomechanical cyclic CZM was implemented in the commercially available
FEM software ANSYS® by means of USERINTER user contact subroutine. The

implementation contains the following tangent interface stiffness matrix [8]:

Km Kmt
K., = (4.17)
Ktm Kth

where the submatrix K, represents the mechanical coupling terms, the submatrices

K, and K, represent the mechanical-thermal and the termal-mechanical coupling
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terms, respectively. The thermal coupling terms are represented by the submatrix
K. The assumptions for the thermomechanical interactions made in the previous
sections lead to symmetric submatrices. The components of the tangent interface

stiffness matrix are given in appendix B.

The numerical integration of the damage evolution equation (4.3) was carried out
based on the adaptive Runge-Kutta method using embedded formulas of orders 4 and
5 for estimation of the truncation error. The coefficients of the embedded Runge-
Kutta-Fehlberg formulas are taken according to Cash and Karp [27]. Verification
of the implemented integration of the damage evolution equation is presented in

appendix A.

The CZM parameters A*, m, n and Ty entering the damage evolution equation (4.3)
are implemented as temperature dependent. The implementation details are given in

appendix C.
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Chapter 5
Analysis of fatigue crack formation

This chapter presents an FEM study of fatigue crack formation in the power met-
allization under active cycling conditions. The study is carried out on an example
metallization stack of a power semiconductor typical for automotive or industrial

appplications.

The fatigue crack formation is investigated using the multiaxial fatigue models de-
scribed in chapter 2. A special attention in the description of the FEM model is
devoted to the reduction of the model size which is achieved by taking advantage
of the thermal fields and external constraints experienced by a single DMOS cell,
as well as the cells periodicity. This allows to carry out computations on a detailed
DMOS-cell level two-dimensional FEM model and to obtain predictions of the cyclic
stress—strain fields, fatigue crack formation sites and directions of the early crack
growth without sacrificing essential details of the metallization stack. The predic-
tions of the fatigue crack formation models are analyzed and compared with cracks

observed in the power-Cu metallization.

5.1 Crack formation during active cycling

As discussed in the introductory chapter (see section 1.1), cracking of the power
metallization has important implications on the overall relibility of a power semicon-
ductor device. Analysis of the available experimental data suggests that there may

be many different scenarios of crack nucleation and growth in the power metal layer,
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barrier layer

Figure 5.1: SEM cross-sections showing cracks in the Cu metallization formed dur-
ing active cycling. (The SEM images are courtesy of Infineon Austria
AG, Villach).

as well as its interfaces with other layers. These scenarios may depend on the mate-
rial itself and its microstructure, interface adhesion, properties of the adjacent layers,
loading, chip and package geometry, external constraints, environmental effects, etc.
To simplify the analysis, this chapter is narrowed to a case of fatigue crack forma-
tion in the power Cu layer near the interface to the underlying barrier layer without

considering variation of the above mentioned influences.

An often observed example of such power metal degradation is presented in figure 5.1.
The figure shows the SEM images of cross-sections in a relatively thick power Cu
layer near its plug to Metal-1. The arrows point at cracks in the Cu layer formed
during active cycling, such as in the test reported in [94]. A wider gap between the
crack faces distinctively seen in the right image suggests that these cracks could have
formed near the interface to the underlying barrier layer (arrow I) and propagated in
through-the-thickness direction of the Cu layer (arrows II and III). This suggestion is
supported by formation of a smaller crack in the Cu near the interface to the barrier

layer, as pointed out by an arrow in the left image.
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Figure 5.2: A schematic representation of the chip-packge geometry and periodi-
cally arranged DMOS-cells in the active chip area (left); the geometry
of a FEM model representing a vertical cross-section of a half of a
DMOS-cell (right).

5.2 FEM model description

5.2.1 Model geometry

A cross-sectional view of a typical power semiconductor device used in automotive or
industrial applications is schematically illustrated in figure 5.2. The left part of the
figure shows the chip-package geometry and the active Si chip area with periodically
arranged DMOS-cells. Note that during an electrical pulse, the bulk of the heat is
generated in the active area of the Si chip. A vertical cross-section corresponding to a
half of a DMOS-cell (shown in the right poriton of the figure) represents the geometry
of a FEM model used in this study. Due to symmetry of the DMOS-cells, only a half
of the cell is modelled. The periodic arrangement of the DMOS-cells is taken into
account by the thermal and structural BCs described below. The two-dimensional
(2D) FEM model resolves the geometry of the DMOS-cell reproduced from the SEM

cross-sections shown in figure 5.1.
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Figure 5.3: Temperature distribution at the moment of maximum temperature dif-
ference in the Cu layer (left); evolution of temperature at the bottom
and top locations of the Cu layer simulated for one active cycle (right).

5.2.2 Thermal loading

The thermal BCs applied to the DMOS-cell submodel were extracted from thermal
simulation results of a “global” chip-packge model, simulated for a severe electrical
overload pulse, such as the that described in [94]. Due to a more detailed geometry
of the submodel, the transient thermal fields were recomputed and stored for later
use in structural analyses. The applied thermal BCs consist of a temperature field
prescribed at the top edge of the submodel and at the epitaxial Si layer at the bottom
(see figure 5.2). Symmetry conditions were prescribed on the left and right edges of
the submodel (thermal insulation) by taking advantage of the periodic arrangement
of the DMOS cells and assuming the net heat flux in y direction is the dominating
one compared to the net heat flux in the xz plane. The position of the modeled

DMOS-cell was chosen to satisfy the latter assumption as closely as possible.

Figure 5.3 shows the recomputed temperature field of the submodel at the moment
of maximum temperature difference in the Cu layer (left) and the temperature evo-
lution corresponding to the top and bottom locations of the Cu layer (right). The
thermal simulation results predict that the temperature of the Cu layer returns to the
temperature at the beginning of a cycle already after about 10 ms. The maximum

temperature difference between the top and bottom locations of the Cu layer is about
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35 K which holds only for a very short period of time and the temperature field in

the Cu layer is nearly homogeneous for the better part of a cycle.

The above observation suggests that a homogeneous temperature field corresponding
to a point at the bottom of the Cu layer (see figure 5.3) should approximate well
the transient temperature field in the region of interest being the lower part of the
Cu layer near the topological feature. Indeed, comparative FEM studies utilizing the
transient (nonhomogeneous) temperature field in combination with structural BCs
(described in the next section) showed minor differences in terms of resulting stresses
and strains in the Cu layer confirming the validity of the uniform temperature field
approximation. In the present study, the homogeneous temperature field history
corresponding to the bottom location of the Cu layer was applied as thermal loading

in the structural analyses.

Chip fabrication and packaging processes induce residual stresses in the chip mul-
tilayer structure [48] which may be significant for fatigue life [89]. In this work,
however, neither an attempt is made to accurately predict the residual stress-strain
state in the Cu metallization nor to model its evolution during thermal cycling asso-
ciated with microstructural changes [59, 69]. The complicated stress history during
the manufacturing process is substituted by imposing a thermal strain field resulting
from a single thermal loading step of the final cooling to room temperature [80]. The
obvious deficiency of the single step cooling simplification, however, is its inability
to fully capture the evolution of the internal state variables (here, the accumulated

equivalent plastic strain and the back stress in the used plasticity model).

Figure 5.4 shows two temperature profiles denoted as “case 1”7 and “case 27. As
illustrated in the figure, the temperature profiles contain the manufacturing and the
cycling stages representing the manufacturing process and ten load cycles, respec-
tively. In the profile case 1, the temperature in the manufacturing stage is constant
and equals 358 K which is the temperature at the start of each cycle. In the profile
case 2, the initial temperature equals 573 K followed by a cool down to 300 K and
rise to 358 K before cycling. The temperature loading due to packaging processes

was ignored in this study.

Noting the setting of the stress-free temperature equal to the initial temperature (at
time ¢ = 0), a net tensile residual stress is induced in the Cu layer upon cooling in

the load case 2. This load case corresponds to a case of no mean stress relaxation,
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Figure 5.4: Temperature profiles for load cases 1 and 2 shown for first ten cycles.

i.e., when the mean stress (in a cycle) is not relaxed in the course of the cyclic plastic
straining of the Cu layer, as will be shown in section 5.3.1 on page 48. Obviously, in
the load case 1 the Cu and the other layers are stress-free prior to cycling. This load
case represents a case of a complete mean stress relaxation in the Cu material, i.e.,

when residual stresses relax either before cycling or during several first cycles.

5.2.3 Structural boundary condtions

The structural BCs applied to the model are aimed to reflect kinematic constraints
of a DMOS-cell in a device subjected active cycling conditions. For a case of very
short (tens of microseconds) extreme power density electrical pulses and much longer
wait times (about a second), only a thin layer of the active DMOS area gets rapidly
heated, while the rest of the chip and package mostly remain at a constant ambient
temperature. In this way, the surrounding “cold bulk” prevents the heated material
from thermal expansion in the lateral directions. Further, for a case of a relatively
thin package overmold, the laterally far from the “cold bulk” heated active area is
not constrained from expansion in the vertical direction. These considerations lead to

the plane strain assumption and the following displacement BCs (see also figure 5.2):

u}fft — qtisht _ , bottom _ (51)

T Y
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The adopted BCs essentially decouple the submodel from the global model resulting
in great reduction of modeling effort and computation time. However, it should also
be noted that the described BCs and the plane strain assumption provide stiffer con-
straints to the DMOS-cell model since the surrounding material still experiences an
increase in temperature and is also able to deform. Consequently, this leads to overes-
timation of the mechanical stresses and strains and provides a conservative estimate.
For cases violating the above assumptions, adjusted BCs or even a full global model—-
submodel analysis would be required. Also note that the described structural BCs are
not fulfilled for DMOS cells located near the edge of the active DMOS area. These
locations are significantly colder compared to the locations inside the actvie DMOS
area resulting in smaller temperature swings and, consequently, smaller amount of
damage in the power metallization. Furthermore, the lower temperature implies a
lesser susceptibility to the local overheating and the thermal runaway. Therefore, the
approach presented here focuses on the central part of the DMOS, where failure is

expected to occur [94].

The two-dimensional plane strain model used in this work also implies no repetitive
pattern of the DMOS-cells along the z-axis (see figure 5.2). In reality, the DMOS-
cells are typically arranged in a repetitive pattern along both x and z directions.
Therefore, a 3D model of with appropriate periodic BCs would be a more accurate

approximation of the DMOS-cell geometry.

5.2.4 Material properties and other model features

Mechanical properties of the layers are listed in table 5.1. For the Cu material, a
bilinear kinematic hardening model was used. The temperature dependent plastic
properties extracted from wafer curvature experiments [79] can be found in [63] and
are listed in table 5.2. Perfect adhesion is assumed at all material interfaces of the

FEM model. The model is assumed to be in a stress-free state at time ¢ = 0.

The model is meshed with two-dimensional isoparametric elements with quadratic
shape functions with an additional hydrostatic pressure variable (“mixed u-P” for-
mulation) to prevent volumetric locking [6]. Mesh convergence study was based on
the accumulated equivalent plastic strain 5&213 at the end of the first cycle as the

mesh convergence parameter. The mesh was accepted as sufficiently fine if the rel-
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Table 5.1: Elastic material properties.

Material Young’s modulus, Poisson’s ratio CTE,
GPa 1079 1/K
Si (100) 130 0.28 3.0
Plug 400 0.28 4.4
0X-1, OX-2, PASS 72 0.17 8.1
Metal-1 70 0.35 24.0
Barrier 260 0.26 4.5
Cu 110 0.35 16.7

ative change of the mesh convergence parameter was less than 5 % when (locally)
decreasing the elements size by a factor of two. The elements size in the region of
maximum values of the mesh convergence parameter was approximately 1/20" of the

barrier layer thickness.

Table 5.2: Plastic temperature dependent properties of Cu.

Temperature, Yield stress, Tangent modulus,
K MPa MPa
373 102 3900
423 90 3900
473 70 3900
533 40 3900
593 30 3900

5.3 Simulation results

5.3.1 Evolution of stresses and strains

In this section, the simulation results corresponding to the temperature load pro-
file “case 1”7 (complete mean stress relaxation) are considered first. These are then

compared to the results for the temperature load profile “case 2”.



CHAPTER 5. ANALYSIS OF FATIGUE CRACK FORMATION 45

cu FoReEamt

([ LY

1053281

Figure 5.5: The predicted deformed state after the first cycle: (left) metal stack
deformation scaled x100 times; (right) accumulated equivalent plastic
strain in the Cu layer near the topological feature.
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Figure 5.6: The normal plastic strain components &b}, (left) and e (right) plotted
as a function of cycle number for the load case 1. The strains correspond
to a moment of the maximum temperature in a cycle.

Figure 5.5 shows deformed shape of the structure and the distribution of the accu-
mulated equivalent plastic strain a(gv) in the Cu layer after the first cycle computed
for the load case 1. Evidently, the accumulation of plastic strains in the Cu layer
occurs mainly near the interface to the underlying layer at the topological features
with convex surface curvature, as illustrated by arrows denoted by numbers 1, 2 and

3. The maximum values are observed at the location 1.

Figures 5.6 and 5.7 present a cycle-by-cycle change of the normal plastic strain com-

ponents bl and 85;/ at the location 1 and time corresponding to the maximum tem-
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Figure 5.7: The normal plastic strain components P! (left) and 551y (right) plotted
as a function of cycle number for the load case 2. The strains correspond
to a moment of the maximum temperature in a cycle.

perature in the cycle, for the load cases 1 and 2, respectively. As seen from the figures,
the normal strain components stabilize after about 10 cycles which corresponds to a

case of the plastic shakedown (no accumulation of directional strains).

The FIPs discussed in sections 2.2 and 2.3 are to be calculated in a stabilized cycle.
The stabilized cycle was aslo identified visually from evolution of the normal stress
components 0,0y, 0., plotted as a function of the applied temperature load and
was additionally confirmed by assessing the relative change of the dissipated strain
energy density between two consecutive cycles. The relative change of the dissipated

strain energy density between cycles (i — 1) and (i) can be calculated as
AWZ' i—1 — _—, (52)

where Aw; represents the dissipated strain energy density in the cycle (7).

The evolution of the normal stress components at the location of maximum 5,(389

(location 1) plotted against temperature shown in figure 5.8, reveals several important
points. Firstly, the stresses change in a non-proportional manner except for the
constant slopes in the elastic deformation regime. Secondly, a stabilized cycle is
reached already within the first ten cycles as the stress-temperature curves can hardly
be visually separated from each other starting already from the third cycle. The

second point is quantitatively manifested by the relative change of the dissipated
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Figure 5.8: Evolution of normal stress components during the first ten cycles at

the location with maximum 2y (left); relative change of the dissipated

strain energy density Awygg between cycles 10 to 9 (right).

strain energy density between cycles 9 and 10 presented in the right part of the
figure. It can be seen that Awjg ¢ does not exceed 0.04 %. The cycle 10 was accepted

as stabilized and the FIPs presented below were calculated for the 10" cycle.

The stress evolution plot in figure 5.8 also reveals that for the considered location
(arrow “17) the amplitude of o, is much smaller than the amplitudes of 0., and o..
This is a consequence of the applied structural BCs allowing free vertical expansion

of the model, as discussed earlier in section 5.2.3.

Similar results can reported for the load case 2 corresponding to a limiting case of
no mean stress relaxation, described in section 5.2.2. The major difference to load
case 1 discussed above lies in higher mean stress values, as can be observed from the
left part of figure 5.9 showing the evolution of the hydrostatic stress at the location
of maximum 5&2{2 (location 1). It can be seen that for the simulated load cases
the hydrostatic stress amplitude and the form of the stress-temperature evolution
curve in a stabilized cycle is not affected by the residual stress-strain state prior to
cyclic loading. However, the mean and, consequently, the maximum stress values
differ between the load cases. As already mentioned in section 2.3, this behavior is
expected for the deviatoric type constitutive law used to model the response of the Cu
material. Similar observations regarding the mean stress and the amplitude values

can be reported for other stress and strain components. The right part of figure 5.9

presents the maximum hydrostatic stress oy, max values attained in a stabilized cycle.
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Figure 5.9: Evolution of the hydrostatic stress oy, at the location 1 (left) and dis-
tribution of the maximum hydrostatic stress oy, max in a stabilized cycle
of the load case 1 (right).

The highest values are observed at the corner features near the underlying barrier

layer.

5.3.2 Fatigue indicator parameters

The search of critical planes was performed over a finite number of orientations in
the respective ranges of the rotation angles 6 and ¢ (see figure 2.3). The variation
of 6 and ¢ with steps of 5 and 10 degrees, respectively, has shown to be a good

compromise between computation time and results accuracy.

In the fatigue model of Fatemi-Socie, discussed in section 2.2, the influence of the
normal stress on fatigue crack formation is taken into account by the maximum
normal stress o, max normalized by the yield stress oyiq and weighted by factor

= 1 (see equation (2.5)). Since the maximum normal stress is reached at lower
temperatures of the cycle, the value of the normailizing term oy;q wWas taken equal
100 MPa, which approximately equals the yield stress of the Cu material at room

temperature.

The distribution of the modified Fatemi-Socie and Smith-Watson-Topper parameters
ps and pgwt, calculated for the load case 1 is presented in figures 5.10 and 5.11,
respectively. The contour plots of the FIPs presented in the figures on the left show a

similar character of the distributions. Furthermore, one may also note the similarity
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Figure 5.10: Distribution of the Fatemi-Socie FIP pg in the Cu layer for the load
case 1: contour plot (left); normal vectors to corresponding critical
planes (the length and colour correspond to values of pg), (right).

between the distribution of the pg and pg,¢ parameters and the distrubution of the
accumulated equivalent plastic strain (see figure 5.5). For both critical plane based
FIPs higher values can be attributed to topological features with convex curvature,
as illustrated by arrows 1, 2 and 3. Both models predict these locations to be the

most dangerous for fatigue crack formation.

The orientation of the critical planes can be ascertained from the vector plots of the
corresponding normals presented in the right part of figures 5.10 and 5.11. For clarity,
the normal vectors corresponding to lower values of the FIPs are not shown. As seen
from the vector plots, the shear strain based model of Fatemi-Socie predicts existence
of two almost equally dangerous critical planes at each point. The modified Smith-
Watson-Topper model predicts only one dominant critical plane orientation at each
point. Note that the critical planes with higher values of both FIPs are perpendicular
to the xy-plane. Based on information from the vector plots, an approximate orien-
tation of the predicted fatigue cracks and direction of their early growth are marked
on the corresponding contour plots by the zig-zag arrows. At the most dangerous
locations, the differences in critical plane orientations predicted by the Fatemi-Socie

and Smith-Watson-Topper models does not exceed an angle of 40 degrees.

The distribution of the dissipated strain energy based FIPs calculated for the load
case 1 is presented in figure 5.12. The result in figure 5.9 shows that the maximum
hydrostatic stress in a stabilized cycle is positive for the simulated part of the Cu

layer. Consequently, with the empirical coefficient taken as o = 0.005 the modified
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Figure 5.12: Distribution of the dissipated strain energy based FIPs in the Cu layer
for the load case 1: Aw (left) and Awy,q (right).

FIP Awyq shown in the right figure attains substantially higher values (about 10 %
and more) than the original Aw parameter shown on the left. Similar to results of the
critical plane based FIPs discussed above, increased values of the dissipated strain
energy based parameters at the locations 1, 2 and 3 predict these locations as the

most dangerous for the fatigue crack formation.

The load case 2 simulation results for the Fatemi-Socie, the Smith-Watson-Topper
and the dissipated strain energy FIPs are presented in figures 5.13, 5.14 and 5.15,
respectively. Similar to the load case 1 results discussed above, higher FIP values

can be observed at the locations 1, 2 and 3, which are predicted to be potentially
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Figure 5.13: Distribution of the Fatemi-Socie FIP pg in the Cu layer for the load
case 2: scalar plot (left); normal vectors to corresponding critical
planes (the length and colour correspond to values of pg), (right)

more dangerous for fatigue crack formation. The FIPs capable taking into account
the effect of the mean stress (see sections 2.2 and 2.3), predict larger FIP values in
the load case 2 compared to the load case 1. For example, in the load case 2 the
maximum value of the pg parameter is about 20 % larger (compare figures 5.10 and
5.13), whereas the maximum value of the py,¢ parameter becomes larger by about
50 %, as can be seen by comparing figures 5.11 and 5.14. The maximum value of the
Aw parameter remains on the same level or even slightly decreases in the load case 2,
whereas the maximum value of its modified counterpart Aw,,.q is predicted to be
larger by about 3 %, as can be seen by comparing figures 5.12 and 5.15. As discussed
in section 2.3, the observed behavior is expected for the deviatoric type constitutive

law used in this work.

For both simulated load cases, the orientational distribution of the critical planes is
found to be similar. The similarity can be observed by comparing the right parts of
figures 5.10 and 5.13 for the Fatemi-Socie model and the right parts of figures 5.11 and
5.14 for the Smith-Watson-Topper model. However, in contrast to the load case 1,
the Fatemi-Socie model predicts existence of only one critical plane at the location 3

for the load case 2.

Although the critical planes with higher values of the pg and pgy¢ parameters pre-
sented in figures 5.10, 5.11, 5.13 and 5.13 are oriented perpendicular to the xy-plane,
other orientations are explored as well since they may also have relatively high values

of the FIPs. For example, in case of a shear dominated failure these planes may be po-
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Figure 5.15: Distribution of the dissipated strain energy based FIPs in the Cu layer
for the load case 2: Aw (left) and Awy,q (right).

tentially more dangerous if they are more favourably oriented for the crystallographic

slip.

Figures 5.16 and 5.17 show the orientational distribution of the Fatemi-Socie and
the Smith-Watson-Topper parameters, respectively, at locations of their maximum
value (location 1) represented by a 3D surface formed by end points of the normal
vectors to the planes. The magnitude of the normal vectors corresponds to values
of the FIPs. The right part of the figures shows intersection of the 3D surface with
the zy-plane. As seen from the figures on the right, the Fatemi-Socie model predicts

existence of two critical planes (with almost equal FIP values) oriented at angles of 35
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Figure 5.16: 3D representation of the orientational distribution of the pg param-
eter at the location of its maxmimum in the Cu layer (location 1 in
figure 5.10), (left). Intersection of the 3D surface with the xy-plane
showing the critical plane normals and angles of the critical planes
w.r.t. the z-axis (right).
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and 110 degrees w.r.t. the x-axis, whereas the Smith-Watson-Topper model predicts
one critical plane oriented at an angle of 70 degrees. The 3D surface plots indicate
existence of other plane orientations with relatively high values of the pg and pgyt
parameters. The orientation of planes with about 90 % level of the maximum FIP
value fall in the interval of approximately +10 and +20 degrees about orientation of
the critical planes w.r.t. the rotation angles 6 and ¢, respectively. The character of
the orientational distribution at the locations 2 and 3 was found to be similar to that

of the location 1. Therefore, these results are not presented.

Figure 5.18 shows the orientational distribution of the normal stress vector component
o, at locations 1, 2 and 3 calculated for load case 1. The elongated form of the 3D
surfaces along the z-axis indicates that the maximum normal stress o, max acts on
planes which are approximately parallel to the yz-planes. The orientations coincide
with the critical plane orientations at the locations 1, 2 and 3 predicted by the pgyt

parameter (see figures 5.11 and 5.17).

5.4 Discussion

The critical plane and the dissipated strain energy based FIPs (and also the accu-

mulated equivalent plastic strain parameter) used in this study, predict locations 1,
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2 and 3 as the most dangerous ones for fatigue crack formation for both simulated
load cases (see figures 5.10 through 5.14). The predicted locations correspond well

to the cracks observed in the Cu layer, such as those presented in figure 5.1.

In case of no mean stress relaxation, represented by load case 2 (described in sec-
tion 5.2.2), significant residual tensile stress in the Cu layer would result in signif-
icantly higer FIP values, as demonstrated in the previous section. Consequently,
fatigue cracks in the power Cu layer are expected to form at a considerably smaller
number of active cycles in case the mean stress does not relax considerably during
active cycling. However, a quantitative prediction of this number of cycles requires
the corresponding experimental fatigue data, which is not available at the time of

writing.

Comparing the predicted critical plane orientations with experimentally observed
cracks in the Cu layer showed that in some cases the Fatemi-Socie model correlates
better with the experimental data, whereas in other cases the Smith-Watson-Topper
model gives better correlation. For example, the orientation of cracks indicated by
arrows in the left part of figure 5.1, which correspond to locations 1 and 3 in the
simulation plots, correlate better with one of the critical planes predicted by the
Fatemi-Socie model (see figure 5.10). In contrast, the orientation of the crack indi-

cated by arrows in the right part of figure 5.1, which corresponds approximately to
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Figure 5.18: 3D representation of the orientational distribution of the normal stress
vector component o, at the locations 1, 2 and 3 calculated for load
case 1 (see also figure 5.11).

the location 2 in the simulation plots, correlates better with the critical plane pre-
dicted by the Smith-Watson-Topper model (see figure 5.11). However, the influence
of microstructure results in large variation of cracks orientation at locations 1, 2 and
3 observed in other cases. At this stage, the available experimental data does not
permit to identify which one of the used critical plane approaches gives better predic-
tions of fatigue crack orientation. To identify which FIP predicts better both fatigue

life and direction of early crack growth, additional experimental studies are required.

The orientation of the critical planes predicted by the modified Smith-Watson-Topper
model is stipulated by the maximum normal stress in a cycle, as can be inferred
from comparison of the orientational distribution of the pg,¢ and the o, parameters
presented in figures 5.17 and 5.18, respectively. On the contrary, the original Smith-
Watson-Topper model based on equation (2.6), in which a critical plane is identified
by the maximum normal strain amplitude Aeyay/2, predicted the critical planes to
be oriented predominantly in horizontal direction (not presented here). Since these

predictions contradict with the experimental observations, the Aey,.,/2 is unlikely to
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be the primary parameter governing fatigue crack formation in the Cu layer during

active cycling.

5.5 Conclusions

This chapter presented a fatigue indicator parameter based methodology for analy-
sis of fatigue crack formation in the metallization of power microelelectronic devices
subjected to active cycling. The analysis of fatigue crack formation has been per-
formed using the shear and normal strain based critical plane approaches as well as
a dissipated strain energy based parameter. For the search of the critical planes, an

in-house parallel software code was developed capable to run on a compute cluster.

Detailed stress-strain fields are obtained from relatively simple computationally ef-
ficient DMOS-cell level FEM models by taking advantage of the DMOS-cells peri-
odicity and thermomechanical conditions arising during short electrical pulses. The
evolution of stresses and strains in the course of cyclic loading including the effect
of residual stresses is analyzed. The simulation results show that the Cu metalliza-
tion undergoes extensive plastic straining near the interface to the underlying barrier
layer at topological features with convex curvature. The utilized fatigue indicator
parameters predict these locations as potentially dangerous sites for fatigue crack
formation. These predictions agree well with experimentally observed cracks in the
Cu layer. The orientations of the identified critical planes predict crack formation
in approximately through-the-thickness direction of the Cu layer, which also com-
pares well with experimental observations showing promising potential of the present

methodology.
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Chapter 6
Analysis of fatigue crack growth

This chapter presents an FEM study of crack nucleation and growth at the interface
between the power Cu and the underlying barrier layers under active cycling con-
ditions. As shown in [95], such cracks may have severe implications on the overall

reliability of a power semiconductor device subjected to active cycling.

The cyclic crack nucleation and growth under the transient thermal loading are mod-
eled in a unified manner using the thermomechanical cyclic CZM described in chap-
ter 4. The natural outcome of the coupled thermomechanial simulation is the pre-
diction of crack advance and the resulting redistribution of the thermal fields in the
chip in the process of active cycling. Thereby, the heat transfer across the formed
crack faces that happen to be in contact, for example, during the heating phase of an
actvie cycle, is also considered in the contact formulation of the CZM. Consequently,
the implemented CZM approach allows to predict the number of load cycles until the
temperature in the active Si area exceeds the critical value without application of any
ad-hoc rules. The simulation results presented in this chapter serve to demonstrate

these capabilities.
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6.1 FEM model description

6.1.1 Model geometry

The FCG simulations presented in this chapter are performed on an example power
semiconductor device under active cyclic loading discussed in detail in chapter 5. To
speed up computations and reduce the modeling effort while preserving a high spatial
resolution, the model size is reduced along the same considerations presented earlier
in the fatigue crack formation study. Consequently, the model geometry is identical

to that described in section 5.2.

Figure 6.1 presents an SEM cross-section of the Cu-based metal stack of a power
microelectronic device and the corresponding geometry of a two-dimensional plane
strain FEM model used in this study. A through-the-thickness crack in the Cu layer
as well as an interface crack between the Cu and the barrier layers formed during
active cycling can be observed from the SEM image. Both cracks are connected, as
also seen from the SEM image. The model geometry shown on the right part of the
figure represents a portion of a power semiconductor device corresponding to a vertical
cross-section of a DMOS cell partly shown on the SEM image. Also note the periodic
arrangement of the DMOS cells discussed in section 5.2. Due to symmetry of the
DMOS cells, only a half of the cell is considered. To model the debonding process,
contact elements representing the cohesive zone are placed between the power Cu
metallization and the barrier layers. No pre-crack is assumed in the interface. In the

current study, the through-the-thickness crack in the Cu layer is not modeled.

6.1.2 Thermal boundary conditions

The thermal BCs applied to the submodel shown in the right part of figure 6.1 were
extracted from simulation results of a “global” chip-package model, simulated for
a severe electrical overload pulse described in [94]. The cut boundary interpolated
temperature values extracted from the global model were applied to the nodes at the
top edge of the submodel and to the nodes of the Si layer included in the submodel.
Symmetry conditions are prescribed on the left and right edges of the submodel
(thermal insulation) by taking advantage of periodic arrangement of the DMOS cells

and, assuming the net heat flux in y direction is the dominating one compared to
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Figure 6.1: SEM cross-section of the power metallization stack (left); corresponding
geometry of the 2D FEM model representing half of a DMOS cell with

cohesive zone placed between the Cu and the barrier layers (right).
(The SEM image is courtesy of Infineon Austria AG).

that in the zz plane. The position of the modeled DMOS cell was chosen to satisfy
the latter assumption as closely as possible. See section 5.2.2 for discussion of the
temperature distribution in the model as well as the temperature evolution in the Cu

layer under the above described thermal BCs.

The thermal BCs applied to the submodel were steady state periodic that is, repeating
from cycle to cycle. Obviously, such BCs cannot take into account redistribution of
the transient thermal fields, for example, due to significant changes in the submodel,
such as progression of damage. Consequently, the simulation results presented in
this study are limited to cases in which the simulated crack advance does not cause

significant redistribution of the thermal fields at the submodel boundaries.

6.1.3 Structural boundary conditions

The structural BCs applied to the submodel are aimed to reflect kinematic constraints
of a DMOS cell when very short extreme power density electrical pulses are sent
through the semiconductor device. A detailed discussion on the choice of the BCs
used to approximate the kinematic constraints of a DMOS cell under such conditions

can be found in section 5.2.3. The applied displacement boundary conditions given
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in equation (5.1). The applied structural BCs decouple the submodel from kinematic
constraints imposed by the global model which drastically reduces the modeling effort

and the computation cost.

However, the applied structural BCs cannot take into acount redistribution of the
displacement field at the submodel boundary which may be caused by significant
model changes, such as growth of a crack comparable in size to dimensions of the
submodel. Consequently, discussion of the simulation results will be limited to a case
when the interface crack between the Cu and the barrier layers can still be considered

small compared to the submodel size.

6.1.4 Material properties and other model features

The mechanical properties of materials used in the model are listed in tables 5.1 and
5.2 and described in section 5.2.4. The stress-free temperature of all materials is set
equal to the initial temperature of 358 K (at time ¢ = 0). Consequently, the structure

is in a stress-free state prior to cycling.

The values of the cyclic CZM parameters used in this study are not calibrated in
an experiment and are for demonstration purposes only. However, the parameters
were chosen to represent the Paris regime of FCG [104], as shown in [21]. The
parameter values used in this study are taken, as follows: Ky = 5 x 108 MPa, a = 0.5,
Ty = 1MPa, 6. = 1 x 107°mm. To model overclosure of the contact surfaces, the
conventional penalty method was used with the penalty stiffness taken as K. = 10K .

The temperature dependent cyclic CZM parameters are listed in table 6.1.

The thermal properties of the cohesive zone are assumed to be temperature inde-
pendent. The value of h;,; was calibrated in preliminary numerical simulations us-
ing the DMOS cell model under the active cycling conditions. It was found that
for hine = 1 x 10> Wmm~2K~! the temperature jump across the cohesive zone was
smaller than 0.1 K and thus, only little thermal disturbance is introduced. The val-
ues used for calculation of the thermal contact coductance h. according to equation

(4.12) are summarised in table 6.2.

The model was meshed with coupled structural-thermal two-dimensional isoparamet-
ric elements with quadratic shape functions [7]. The interface between the Cu and the

barrier layers was meshed with contact elements. The contact behavior was defined
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Table 6.1: Temperature dependent cyclic CZM parameters.

0 m n A*

K 10~ *mm~—! MPa™™
358 1.80 1.50 0.76
408 1.71 1.62 0.96
458 1.58 1.70 1.24

508 1.44 1.74 1.40

558 1.26 1.77 1.47
608 1.04 1.80 1.53

Table 6.2: Thermal conductivity and elastic properties used for calculation of h..

Layer k E v
Wmm™ K™ GPa
Copper (surface 1) 0.385 110 0.35
Barrier (surface 2) 0.163 260 0.26

through the user contact interaction subroutine USERINTER [8], see chapter 4 for
details. The finite element mesh was refined in the cohesive zone region where the

element size was equal about 1/20" of the barrier layer thickness.

6.2 Results and discussion

Figure 6.2 shows the evolution of damage in the cohesive zone plotted for three dif-
ferent stages. The first stage up to 170 cycles, shown on the left plot, is characterised
by the accelerated damage accumulation at three locations of the interface having
the convex curvature in the chosen coordinate system, as can be seen from higher
values of the damage variable. It is interesting to note that these locations were also
predicted as potentially dangerous for fatigue crack formation in the Cu layer using
the FIP based approach presented in chapter 5. After about 170 cycles, the damage
variable reaches unity at the transition from the convex to the straight segment of

the interface, denoted as location A, and an interface crack is emerged. Further cy-
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Figure 6.2: Evolution of damage in the cohesive zone during active cycling: cy-
cle 170 (left); cycle 220 (middle); cycle 450 (right).

cling up to 220 cycles, presented on the plot in the middle, results in spreading of
delamination in the interface and emergence of the second interface crack near the
top of the topological feature. The CGR along the straight segment of the interface
(indicated by the point B in the figure) is predicted to be faster than in the opposite
direction along the curved segment with the chosen set of the CZM parameters. An
almost complete delamination of the Cu and barrier layers around the topological
feature can be observed in in the right part of figure 6.2 showing the damage ac-
cumulated after 450 cycles. The area corresponding to the bottom of the Cu plug
to Metal-1 shows significantly smaller amount of damage, as well as the part of the
interface near the symmetry plane on the left side of the DMOS cell. This result
suggests that the CGR is substantiallly decreased near the concave interface corners.
It should be noted, however, that the debonded area predicted after 450 cycles is
large compared to the submodel size, which invalidates the assumed BCs described
in section 6.1.2. Prediction of the model behavior in this case could be improved by
increasing the model size or by implementing interaction between the global model
and the submodel.

Influence of damage in the cohesive zone on distribution of the thermal flux in the
heating phase of an active cycle is presented in figure 6.3. The detailed view on
the right shows the thermal flux field near the Cu-barrier layer interface. The shown
thermal flux corresponds to a time instance in the heating phase of the 220*" cycle. As
can be noted, parallel orientation of the thermal flux vector to the interface indicates
no heat transfer occuring across the completely damaged part of the interface on

opening (Uy > 0). The heat transfer across the partially damaged cohesive zone can
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Figure 6.3: Left image indicates the position of the detailed view shown on the
right. The right image shows the thermal flux across the partially and
completely damaged cohesive zone in the heating phase of the 220th
cycle.

also be seen from the figure, as indicated by different thermal flux vectors on both

sides of the interface.

Figure 6.4 shows the evolution of damage and the cohesive zone thermal conductance
(on opening) at the locations A and B (see also figure 6.2), plotted as a function
of the number of cycles. Evidently, the “mirror” symmetric behavior of the damage
and the cohesive zone thermal conductance is the consequene of equation (4.10). For
location B, the damage accumulaiton behavior can be roughly divided in three stages.
During the first stage, when the crack tip is far enough from the observed location, the
damage accumulation rate is low but slowly increasing. This behavior is attributed
to the forward region of the FPZ when the cohesive zone tractions are lower than the
peak value, according to the definition proposed in [83], (see also figure 3.3). The
second stage is characterized by significantly increased damage accumulation rates
when the crack tip approaches and passes through the observed location B. Finally,
during the third stage the damage accumulation rate is again low and vanishing,
when the observed location is in the wake region. Obviously, the FPZ size and the
form of the damage evolution curve under the prescribed loading and the properties

of the surrounding materials depend on the choice of the CZM parameters.

Figure 6.5 shows the evolution of the normal and tangential tractions as a function
of the number of cycles, plotted for the locations A and B. Note that the negative
(compressive) values of the normal traction component predominantly correspond to

the heating phase, whereas the positive (tensile) values predominantly correspond to
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Figure 6.4: Evolution of damage (left) and cohesive zone thermal conductance
(right) at the locations A and B (see also figure 6.2).

the cooling phase of a cycle. Although the tensile normal traction at the location B

is higher than at the location A, the damage accumulation rate at the location A is

higher (see the left part of figure 6.2), due to, firstly, higher values of the tangential

traction and, secondly, due to contribution of both negative and positive tangential

tractions to the damage accumulation, as evident from equations (4.3) and (4.5). One

can also observe that as soon as the tractions at the location A start to decrease due

to emergence of the crack at this location, the tractions at the location B start to

increase (the crack tip is close and passes through the observed location), followed

by a rapid decrease (the observed location is in the wake region).
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Figure 6.5: Evolution of maximum /minimum normal (left) and tangential tractions
(right), respectively, per simulated cycle at the locations A and B (see
also figure 6.2).
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Figure 6.6: Evolution of minimum/maximum temparature jump across the cohesive
zone per simulated cycle at locations A and B (see also figure 6.2).

Figure 6.6 demonstrates the evolution of the minimum/maximum temperature jump
across the cohesive zone plotted for the locations A and B. One can observe that the
temperature jump magnitude starts to increase rapidly after about 160 and 200 cy-
cles for the locations A and B, respectively. Despite a complete degradation of the
Cu-barrier layer interface at the locations A and B after 220 cycles, the predicted
temperature jump magnitude is still very small reaching about 0.12 and 0.05 K, re-
spectively. This result shows that debonding of the straight segment of the Cu via
side wall has a negligible impact on the thermal response of the DMOS cell. This be-
havior is expected since most of the heat transfer still occurs through the undamaged
part of the Cu-barrier layer interface, as seen from the distribution of the thermal

flux in cycle 220 at the moment of its maximum value presented in figure 6.7.

As shown above, the impact of the debonded area on the thermal response of the
model is small up to the first 220 cycles. Obviously, progression of the interface
debonding would lead to significant changes in the model response invalidating the
applied steady state periodic thermal BCs discussed in section 6.1.2. Therefore, pre-
diction of the model response beyond this number of cycles would require increasing

the model size and/or adjustment of the thermal and structural BCs.



CHAPTER 6. ANALYSIS OF FATIGUE CRACK GROWTH 66

CONTFLUX (NOAVG)
DMX =.936E-04
Cu SMN =-191.845
SMX =5485.72
~191.845
438.996
1069.84
1700. 68
2331.52
2962.36
3593.2
4224.04
4854.88
5485.72

IRRERRO00

Metal-1

Figure 6.7: Thermal flux across the cohesive zone at the moment of its maximum
value in cycle 220.

6.3 Conclusion

This chapter demonstrated the application of a thermomechanical cyclic cohesive
zone approach to model crack nucleation and growth between metallization layers of a
power semiconductor device subjected to active cycling. The simulation is conducted
on a detailed DMOS-cell level submodel with transient thermal boundary conditions
extracted from simulation results of “global” chip-package model subjected to a severe

electrical overload pulse.

The potential crack nucleation sites at the interface are predicted at the topolog-
ical features with convex interface segments. These locations are predicted to be
potentially dangerous interface crack nucleation sites in case of an initially intact
interface. The analysis of the crack propagation shows that the crack growth rate is

substantially slowed down near the concave interface corners.

The simulation results show that debonding of the straight segment of the Cu via side
wall has a negligible impact on the thermal response of the DMOS cell. While the
adopted thermal and structural boundary conditions drastically reduce the modeling
effort and the computation cost, the analysis is limited to cases when progression of
damage in the interface does not significantly alter the thermal and mechanical fields

at the submodel boundary. To perform simulations for larger debonded areas, an in-
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creased submodel size and/or inclusion of global model-submodel thermomechanical

interaction would be necessary.
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Chapter 7

Summary and suggestions for

future work

The present work dealt with numerical analyses of cracking in the metallization stack
of semiconductor power switches subjected to active cycling. Thereby, the focus
of the work was set on analysis of fatigue cracking. Two complementary approaches
have been employed for the analysis of fatigue behavior. In the first approach, fatigue
indicator parameters based on multiaxial fatigue models have been used to predict
fatigue crack nucleation sites and directions of early crack growth for a stabilized
cycle. In the second approach, the cohesive zone concept has been utilized to model
crack nucleation and propagation in an interface between layers of the metallization
stack under active (transient) thermal cyclic loading. The cohesive zone modeling
concept has been chosen over the classical fracture mechanics descriptions due to its
high versatility and a smaller number of restrictions when modeling the cyclic crack

growth under general large scale yielding conditions.

The response of the power metallization stack under active cycling conditions has
been modeled using the FEM. It has been shown that the model size can be dras-
tically reduced by taking advantage of the DMOS cells periodic arrangement and
thermomechanical conditions arising during short electrical pulses. This way, the nu-
merical simulation results have been obtained for computationally efficient detailed
DMOS-cell level models allowing to carry out an in-depth analysis of the evolution
of the temperature as well as the cyclic stress and cyclic plastic strain fields without

oversimplifications. The cyclic stress-strain fields have been analyzed with respect
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to accumulation of plastic strains, plastic shakedown and ratcheting behavior in the

power metal layer including the influence of residual stresses.

Fatigue crack formation in the power metallization has been investigated using the
critical plane and the dissipated strain energy based fatigue indicator paramters. To
this end, the computation of the fatigue indicators has been implemented in a stand-
alone parallel Python code and ANSYS® APDL scripts. Based on the calculated
fatigue indicator parameters, potentially dangerous crack nucleation sites and direc-
tions of the early crack growth have been predicted. A good agreement with the
cracks observed in the power-Cu layer emphasizes the potential of the used approach.
The predictive capability of the damage indicator approach can be further improved
by including indicator parameters associated with creep and environmentally-assisted

damage mechanisms, as discussed in section 2.4.

Based on a cyclic cohesive zone model, a thermomechanical cyclic CZM has been de-
veloped and implemented in the course of this work. Degradation of the cohesive zone
thermal conductance is coupled to damage produced by mechanical tractions. The
heat transfer across the contacting cohesive surfaces has been also considered through
implementation of a thermal contact model in the CZM formulation. Furthermore,
an important aspect of temperature dependence of the CZM parameters has been
considered as well, extending applicatbility of the model onto cases of nonisothermal
fatigue. To speed-up fatigue crack growth simulations, the cyclic CZM is equipped

with a cycle jump technique.

The implemented thermomechanical cyclic CZM can be used to simulate crack nu-
cleation and growth under transient thermal loading conditions. With regard to
application to active cycling of the semiconductor power switches, the implemented
CZM can be used, for example, for predicting the number of cycles until the tem-
perature in the active Si area would exceed the critical thermal runaway value due
to degradation of the thermal properties. The application of the thermomechanical
cyclic CZM has been demonstrated on a problem of interfacial debonding between

layers of a power metallization stack subjected to active thermal cycling conditions.

Several suggestions can be made with respect to extending/improving the presented
simulation methodology. The fatigue indicator parameter based approaches discussed
in chapter 2 and applied in chapter 5 can be used to further explore possibilities of

modeling fatigue crack propagation along arbitrary paths. A critical plane based fa-
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tigue indicator parameter can be used to predict the direction of fatigue crack propa-
gation, whereas the actual crack growth can be modeled using the thermomechanical
cyclic CZM described in chapter 4. Within the framework of the conventional FEM
approach, the cohesive zone segments can be introduced between element edges along
a direction predicted by one of the critical plane based fatigue indicators. This ap-
proach, however, would require model remeshing to avoid mesh dependency of the re-
sults. Within the framework of the XFEM approach, the cohesive zone segments can
be introduced inside the enriched elements enabling simulation of the crack growth
without remeshing. Application of the combined XFEM and cyclic CZM approaches

to simulation fatigue crack propagation is discussed in [84, 141].

Extension of the cyclic CZM onto 3D cases can be done by introducing relations for
the out-of-plane shear components. The extension is straightforward assuming the

equivalence between the in-plane and the out-of-plane shear components.

As mentioned in the introductory chapter, damage due to creep and environmental
effects are likely to play a role in the degradation of the power metallization stack
during active cycling. The CZM described in chapter 4 can be extended to include
these damage mechanisms, e.g., see [21] and [20, 85, 115, 127]. Furthermore, inclusion
of the time effect into the CZM can be done based on rate-dependent formulations,
e.g., see [31, 47, 86, 93, 101, 146].

The CZM can be further extended to include electrical interaction allowing to model
flow of the electrical current across the cohesive zone. The electrical extension can

be realized in analogy to the thermal extension described in section 4.2.

Friction may have a significant influence on cracks growing under compressive loads.
Simulations presented in chapter 5 have shown that a net compressive stress state
arises during heating phases of active cycling. Also, one can imagine friction due
to interlocking of non-planar crack surfaces, which can occur, for example, in case
of interfacial debonding between the power-Cu and the underlying barrier layers.

The discussion on combining a cohesive law and frictional contact can be found in
119, 124].

Softening of the cohesive zone upon loading may introduce the snap-back instability

in the model behavior and cause convergence difficulties when using Newton-Raphson
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iterations. To avoid convergence difficulties, a small fictious viscosity can be intro-

duced into the traction-separation relations, as proposed in [50].

Calibration of the CZM parameters and model validation in a suitably chosen set of
experiments are the next necessary steps on the path towards predicting the crack
growth in the power metallization stack of semiconductor power switches under active
cycling conditions. For example, the CZM parameters can be extracted by matching
the experimentally measured and numerically modeled fatigue crack growth curves,

as shown in [21].
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Appendix A

Analytical analysis of the cyclic
CZM

The damage evolution equation

. T no
D= A*(1— D) <% - TO> 1o, o) > o (A1)

can be integrated analytically [22]. For clarity of presentation, we denote the effective
traction and separation measures ||| and ||U|| as T" and U, respectively.

By noting that
1T = (1 = D)Kn|[U] (A.2)

and considering the cases of zero traction threshold, Ty = 0, and by rewriting equa-

tion (A.1) in the differential form, we obtain
dD = A*(1 — D)™ (KU — Tp)" dU, (A.3)

where the subscript “N” is dropped for clarity of presentation.

By transferring the terms with the variables D and U on the left and right sides of

the above equation, respectively, one obtains

dD

=y~ A (KU (A.4)
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The above equation is now ready to be integrated. The integrals write

D U
[ [ vy ws)

The result of the integration of both parts of the above equation is given by

1 AR
L (A=D)"—1)= 2 g,

A.
m— 1 n+1 (A-6)

After several trivial rearrangements, an explicit expression for the damage variable

is found to be

D=1-(BU™" +1)77, (A7)
where
B=" g (A.8)
Con+1 ' '

The accuracy of the damage variable calculation using the implemented adaptive
Runge-Kutta method is compared with the analytical expression given by equa-

tion (A.7). The input parameters used in this verification are taken as
K =28x10°MPa, A* =06, m=1.8, n=1.0, T = 0.

The initial step size and the error tolerance are chosen as U = 0.0005, tol = 1075,
respectively. The results of the numerical and analytical calculations for the case of
monotonic loading presented in figure A.1 show that the relative error is below 10~°
during the first two solution steps and becomes lower than 10~® in the next solution

steps.

The expression for the damage variable D given by equation (A.7) can now be plugged

into the traction-separation realation:

T=(1-D)KU (A.9)
= (BU™' +1)77 KU. (A.10)
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Figure A.1: Comparison of the analytically and numerically computed damage
(left); the relative error (right).

The separation energy is the area under the traction-separation curve between U = 0
and U = d.. Noting that in this case D = 1, the expression for the cohesive energy

can the written as

dc
I :/ T(U)dU (A.11)
0
S )
_ / (BU™ +1)™7 KUdU. (A12)
0
The above integral can easily be found for n = 1. The final expression for the

separation energy is found to be

N

rcz—m [(B&EH)ﬁ —1]. (A.13)

For n = 1, equation (A.7) can be rearranged, as follows

1

U? = 5 [(1-D)"™—1], (A.14)

where m < 1 is required for D = 1.

At complete separation the damage variable equals unity, D = 1, and the effective

separation equals the critical value, U = §.. Consequently, we find from the pre-
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vious equation that 6> = —B~!. The critical separation is then substituted into

equation (A.13) to obtain

m#2, (n=1). (A.15)

The maximum traction can be found from zero slope of the traction-separation curve
dT/dU = 0. Differentiating equation (A.9) w.r.t. separation U and equating the

resulting expression to zero, one obtains

= M (BU £ )T BUMK £ (BUM 4 )RR =0 (A1)

To analyze equation (A.16), the following two cases are considered below.
Case I: BU" ™ +1=0.

Un+1 — _i

B7
n+1 n+1

O T Al

v ((m—l)A*K") (A.18)

For n > 0 and m > 1 the last equation will have complex roots. Therefore, we

(A.17)

conclude that

BU™™ +1#0 forn>0andm > 1. (A.19)

Case II: BU™ M +1 #0.
After division by the nonzero term and several trivial rearrangements, equation (A.16)

can be written as

n—m-+2
1—-m

BU" = —1, (A.20)

which can be expressed in terms of U. By substituting B from equation (A.8), we
obtain the separation corresponding to the maximum traction 7™*:
_1
n+1 1 nt1

= — 2 . A21
U i AR , n—m+2>0 ( )
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Recalling that n > 1, the condition n—m+2 > 0 is required to have a real-valued U*.

The bounds of the constants m and n can be further explored by investigating the
behavior of the traction at infinite separation U — oco. By substituting B from
equation (A.8) into equation (A.10), the expression for tractions w.r.t. separations

and the CZM constants reads

1
1-m

—1
T— {m ATK"U 1} KU. (A.22)
n+1

By substituting U — oo into the above expression, we obtain

o0 forn+1<0,
lim 7T = - (A.23)
—_ 1 1-m n
Umoo lim {m A*K”] KUﬁH forn+1 > 0.
U—oo | m+1

As shown in [22], the behavior of tractions at infinite separations can be analyzed by

considering three following cases:

0 for % +1<0,
lim 7= < oo for ﬁi +1>0, (A.24)
U—oo m

const for % +1=0.

Obviously, the finiteness of the separation energy I'. is fulfilled only in the first case
of equation (A.24). Consequently, the following must be true:

n+l>m—1 or n+2>m. (A.25)
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Appendix B

Tangent interface stiffness matrix

This section presents the derivatives used for calculation of the tangent interface
stiffness matrix components required by ANSYS USERINTER subroutine to perform

Newton-Raphson iterations [8].
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On opening (Uy > 0), the components of the Jacobian matrix are written as

oT

S = K (1= D)(1 = (Un)*Hu) (B.1)
Uy

Tt _ oKy = D)1 — aU2H,) (B.2)
oUr

IIr Ky (1 - DYUN)UrHi, (B.3)
OUy

oTr 0Ty

aUy _ Uy 4
Oq .

e = hing (1 — D)Abe, (Un') Hi (B.5)
Oq .

E = —hmt(l — D)AHCZO(UTHm (B6>
g2 . Iq

oUy  OUy (B7)
dg2  Oq

50, = 30, (B.8)
0TN 1

T, — ~5 i (UN)Ho (B.9)
orr 1

0Ty 9Ty

50, ~ 90, (B.11)
oTr JIr

gir _ Y9t B.12
86, 06, (B.12)
8(_]1 - 1

oq o Oq1

%= "0, (B.14)
Jqs N Iq1

06, 06, (B.15)
9q2 N Oq1

9. = o0 (B.16)
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On closure (Uy < 0), the components of the Jacobian matrix, that are different from

those corresponding to the open state presented above, read

T,
ﬁ = Ki. for 0< Uy < U (B.17)
8TN UN - Ui
= = K Ki — Kie) 5+ f ic < Uk B.1
OUN +( £ )UfC_Ui or U < Uy < Us ( 8)
oT,
ﬁ = Ki, for U < Uy (B.19)
Oq1 .
—— = (—hint + he)(1 — D)AbO,aUr Hy, (B.20)
oUr
o .
=0 (constant stiffness) (B.21)
oUn
Iq 2k ko Ky — K . . .
= 1 tiff B.22
Wy~ B+ ) Un =T (linear stiffening) ( )
0 1
FN (1= D)+ = (—hins + he) He (B.23)
06, 2

The symbols used in the expressions above are

1 1
Hy = T (nEn (K [|U]| = To)" AU + (Kn[IUI| = To)") (B.24)
1
P = (1= D)= +-m(Ky U]l = To)"A||U]] (B.25)
1 - i A"
Hy = F@(l — D)"™(Kn|lU| — To) AHU||< 50 T
om on 0Ty n
A"l —In(1—-D — In (K —1T5) — B.2
Fy =1+mA(l — D)™ HKy||U|| — To)"Al|U]. (B.27)

The computation of the derivatives dA*/960, Om/00, On/00 and 0T,/00, entering
the expressions of the mechanical-thermal interaction terms of the tangent interface

stiffness matrix is discussed in appendix C.
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Appendix C

Implementation of temperature

dependence

The temperature dependent parameters of the cyclic CZM, A*(0), m(6), n(6), and
To(0) are input in a table form. Here, the local temperature, 6, is understood as the
average temperature in the interface, that is, § = (6; + 03)/2. The subscripts 1 and
2 denote the opposing interface surfaces. The graphical representation of the table

input for the parameter A*(#) is illustrated in figure C.1.

In ANSYS v14.5 [8], the USERINTER subroutine does not provide means for entering

the user defined interfacial properties as temperature dependent. For this version of

L >9

0; Oi+1

Figure C.1: Graphical representation of table input for the temperature dependent
parameter A*(6).
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ANSYS, the temperature dependent parameters where linearly interpolated from
values of the array containing the user defined interfacial properties which is passed
to the USERINTER subroutine. For example, the value of A* corresponding to
temperature 0; < 6 < 6, is found from

60— 0,

. 0 —0; .

A*(9) =

The slope of the table input function A*(6), where 6; < 6 < 6,1, is found from the

following finite difference

DA*  Ai, A
90~ Oii— 0

(C.2)
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