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Abstract—Interfacial fatigue degradation and crack formation
of wire bonds are one of the serious issues related to packaging
in power modules that affect the reliability of power electronics.
This work presents a new approach based on a combination of
phase field modelling and finite element analysis to study the
electro-thermo-mechanical behavior, the interface degradation
and crack propagation processes of wire bonded interconnects in
IGBT power modules. The strain energy density obtained from
the macro-scale electro-thermo-mechanical analysis is transferred
to the mesoscale phase field modelling to study the interface
fatigue and crack propagation, considering the effect of wire
grain morphology. The temperature and stress distribution char-
acteristics of a typical IGBT power module with Al wire bonds
under power cycling are investigated. Stress concentration at the
interconnect interface caused by thermal strains between wire
and chip is examined. The crack length increases with increasing
cycle number. The presence of Al grain boundaries is found to
have a significant impact on crack propagation, due to grain
boundary energy and weakening effects. The developed model
could provide new insights for predicting the lifetime and crack
growth of power modules, and offer a pathway for the reliability
optimization of wire bonds.

Index Terms—Crack, modelling, power modules, reliability,
wire bonds.

I. INTRODUCTION

POWER electronic modules based on insulated-gate bipo-
lar transistor (IGBT) chips are widely used in aerospace,

electric vehicles, and energy regeneration systems [1], [2].
With the significant increase in demand and requirements
for improved power conversion efficiency [3], more efficient
and highly reliable power electronic modules are needed [4],
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[5]. The trend of miniaturization and high power frequency
of power modules has brought many new challenges to the
reliability of power module packaging [6], [7]. In serving
conditions, IGBT power modules are subject to multi-physics
coupling loads [8], Joule heating induced by the current flow
can further result in thermal mismatch within the interface
interconnect materials [9]. Therefore, the interconnect struc-
tures in power modules are subjected to thermal cycling stress,
which can contribute to various types of failure modes of
modules [10], [11]. Although the alternative Cu and Cu-
based wire bonds could offer better performance and longer
lifetime than conventional Al wire bonds [12], performance
degradation of wire bonds due to deformation [13], thermally
induced stress [14], and crack propagation [15], [16] still
significantly influences the operating life of power modules.
Therefore, revealing the mechanics and characteristics of wire
bond failure are particularly important for the lifetime analysis
and prediction of power modules.

Fig. 1. The typical morphology of crack formation and propagation of wire
bonds in a power module [17].

The typical observation of crack propagation near wire
bonds in power modules is shown in Fig. 1, in which the
effective wire bond length keeps decreasing during thermal
cycling [17]. It is known that the thermo-mechanical and crack
failure of wire bonds are significantly affected by the loop
geometry and layout [18], the bonding angle and loop height
are confirmed to be the predominant factors that affect the
performance of the bond wires [19], thus the loop geometry
could be optimized to decrease the plastic deformation and
improve the reliability of wire bonds. Generally, the wire
bonds in power modules are directly connected with the
metallization layer on the chip. The significant difference in
thermal expansion coefficient between different materials can
result in that the wire tip and heel (see Fig. 1) suffering from
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high thermal stress [20], which may lead to performance dete-
rioration at the bonding interface for power modules [21]. The
experimental endeavours encounter challenges in effectively
and dynamically capturing and analyzing the interfacial stress
and thermal strain of the wire bonds; consequently, several
investigations have been conducted to evaluate the stress
characteristics and their influencing factors of wire bonds in
power modules based on finite element analysis. For instance,
Meng et al. [22] used finite element simulation to investigate
the stress concentration and residual stress characteristics in
the vicinity of the wires within IGBT power modules. Huang
et al. [23] employed finite element analysis to evaluate the
thermomechanical reliability of wire bonds with different wire
loops in power modules. Dai et al. [24] utilized finite element
simulation to study the plastic strain and stress distribution of
wire bonds in power modules with different bonding angles,
and found that the plastic strain at the bond wire heel was
greater with a smaller bonding angle.

For power modules in long-term service, the cyclic thermal
stress can induce fatigue damage and eventual failure of the
wire bonds in power modules. Thermal fatigue of wire bonds
in power modules goes through three stages: micro-crack initi-
ation, macro-crack formation and fracture [25]. The wire bond
fatigue issues can be interpreted by interface crack formation
and propagation [26]. Additionally, the evaluated plastic strain
and stress near the wire bond of power modules can be
used to predict the fatigue lifetime based on Coffin–Manson
model [27] and the stress-based model [28]. In general, the
increase in crack length during propagation can be predicted
using finite element analysis methods, which typically rely
on Paris’ law [29]. The extended finite element method has
been effectively applied to predict wire bond crack propagation
in power modules [30]. However, the crack propagation rate
prediction is mainly based on a predefined crack, and the crack
path may not be accurately predicted.

Notably, the microstructure and grain characteristics of the
wire bonds depend on the bonding process parameters, subse-
quently influencing hardness and strength [31]. Moreover, the
change in grain distribution and microstructure has significant
impacts on the propagation path of cracks in the wire bonds
of power modules. The grain size and misorientation between
different grains may influence the rate of crack propagation.
It has been found that the damage accumulation due to grain
boundaries in the wire bonds can cause softening and perfor-
mance degradation of the bonds [32]. Furthermore, coarsened
grains and voids existed in the Al wires may also precipi-
tate bonding failure [33]. In other words, the microstructural
morphology of the wire bonds, including grain distribution and
defects, is vital to the bonding performance and quality, which
greatly affects the reliability of power modules.

However, studies on the impact of grain boundaries on
crack propagation in Al wires used in power modules remain
limited. Shqair et al. [34] developed a cohesive zone model to
elucidate the relationship between microstructural alteration
and crack path, showing that cracks in wire bonds initiated
at the edges and propagated along grain boundaries near
the metallization layer. Luo et al. [35] employed a cohe-
sive zone model to analyze the microstructural characteristics

associated with the performance degradation of the Al wire
bonds within power modules. These studies offered effective
methods for investigating the impact of grain characteristics
on crack growth and performance degradation in wire bonds.
Nevertheless, the cohesive zone models typically require pre-
defined crack paths, posing a challenge in accurately capturing
the crack initiation process. Therefore, further studies and
new approaches are needed to reveal the mechanisms and
mechanics of crack formation and propagation influenced by
the microstructure of wire bonds in power modules.

The phase field method exhibits promising capabilities for
simulating crack formation and propagation in power modules
[36]. It eliminates the need for explicitly tracking crack sur-
faces and possesses the advantage of capturing crack initiation
without requiring predefined crack paths [37], [38], thereby
showcasing advantages over the method based on cohesive
zone models. Some studies investigated the crack propagation
in die attach materials within power modules [36], [39], but
the model employed ignored the influences of grain bound-
aries and phase microstructure on performance degradation
and crack propagation. Hence, contributions are expected to
focus on revealing the impact of grain boundary energy and
morphology on the mechanics of interface degradation in wire
bonds within power modules. This will be achieved through
the development of a modelling method that integrates meso-
scale phase field modelling with macro-scale finite element
analysis, as explored in this study.

In this work we propose a methodology integrating phase
field modelling with electro-thermo-mechanical coupling finite
element analysis to examine the impact of grain boundaries in
wire bonds on the crack formation and propagation in wire
bonds of power modules. The thermo-mechanical behaviour
of a typical IGBT power module during the power cycling is
studied. Then, the high-stress region adjacent to the Al line
is constructed as a sub-model to transfer strain energy density
obtained from finite element analysis to the developed phase
field model for dynamic capture and investigation of crack
initiation and propagation characteristics within the wire bond
and interface. Furthermore, the polycrystalline models for the
Al wire are established based on the Voronoi tessellation
to further investigate the influence of grain boundaries on
crack initiation and propagation. Special emphasis will be
placed on uncovering the impact of grain boundaries on crack
evolution, propagation velocity, and the consequent changes
in the mechanical response of Al wire bonds within power
modules, aiming to deepen understanding of failure mechanics
and optimize performance and reliability in wire bondings.
Section II details the coupling relations among all physical
fields to be considered and the numerical methodology. Section
III investigates temperature and stress variations within power
modules during power cycling, then focuses on analyzing
crack propagation in Al wire bonds and evaluating the impact
of wire grain morphology. Finally, Section IV presents the
conclusions drawn from the findings.

II. METHODOLOGY

To analyze the electro-thermo-mechanical behavior of
power modules and the degradation process of wire bonds
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Fig. 2. Flowchart of crack propagation and failure prediction of wire bonds
in power modules during power cycling.

during the power cycling, the employed integrated approach
involves several steps: 1) assigning material parameters, estab-
lishing models and defining constraints, 2) conducting electro-
thermo-mechanical analysis while considering coupling ef-
fects, 3) extracting strain energy density, then predicting crack
propagation and interface degradation, 4) evaluating perfor-
mance degradation and accordingly updating material param-
eters, 5) exporting and analyzing results. Steps two to four
are iteratively updated to account for the influence of crack
propagation on material properties and the electro-thermo-
mechanical behavior. This iterative process is illustrated in a
detailed flowchart, as shown in Fig. 2. The four types of fields,
i.e., current density, temperature, stress and damage phase
fields, are included, and there are coupling effects between
the physical fields, ultimately determining the electro-thermo-
mechanical behavior and interface degradation of wire bonds
in the power modules.

A. Electro-Thermal and Thermo-Mechanical Models

A typical IGBT power module is considered to enable
the electro-thermo-mechanical analysis of power modules,
as shown in Fig. 3(a). Referring to previous experimental
investigations [34], [40], the accelerated condition of 12 power
cycles in a DC mode is assumed to be applied at the left
surface of the top side copper layer, the right surface of the
top side copper layer is grounded. A single cycle consists
of a 3-second duration for the power-on stage followed by
a 6-second duration for the power-off stage, and the applied
current density is set be 1.9 × 107 A/m2 [41]. The distributions
of current density and electric potential in the power module
are governed by ∇ · −→j = 0, and ∇ · [λ · ∇ϕ] = 0, where j is
the current density, λ is the electric conductivity, and ϕ is the
electric potential.

Joule heating induced by the current density can cause an
increase in the temperature of the power module, and the
temperature distribution yields

∇ · (k∇T ) + λ|∇ϕ|2 + q̇ = ρcp
∂T

∂t
, (1)

where T is the temperature, k is the thermal conductivity,
and q̇ is the heat source except for Joule heating, ρ is the

Fig. 3. (a) Schematic diagram of the multi-layer material stack-up of a typical
considered power module. (b) Illustration of the portion of the power module
for mechanical analysis.

density, cp is the specific heat capacity. The bottom surface of
the baseplate is cooled with a convection coefficient of 1500
W/m2 · K and an ambient temperature of 45 ◦C [34], an
adiabatic condition is applied to the other boundaries [28].

The thermal strain εth can be calculated by εth =∫ Tf

T0
αthdT , where αth is the thermal expansion coefficient.

Thus, the stress may be written as σ = E · (εmech + εth ),
and E is the Young’s modulus, εmech is the mechanical strain.
The stress distribution in the power module obeys

∂σij
∂xj

= 0. (2)

Given that the deformation mainly occurs at the layers in
the layers of the bottom copper and those above it, this part of
the power module is considered to investigate the mechanical
behavior, as illustrated in Fig. 3(b). It is assumed that the
displacement of the bottom edge of the copper layer along
y-aixs is set to 0, and left node of the bottom edge is fixed
[34]. The plastic deformation of Cu and Al is characterized
by an isotropic hardening model, and the deformation of the
die attach sintered silver (sAg) layer is assumed to follow a
bilinear kinematic hardening model [24], [42].

B. Degradation and Phase Field Modelling

The phase field fracture model follows the Griffith theory
and is used to describe the dynamic degradation process of
the wire bonds in the power module. A phase field variable d
is introduced to describe the damaged state of the materials,
d = 0 and d = 1 represent intact and damaged domains [43],
[44]. Then the main governing equations for stress and phase
field variable evolution can be given by

∇ · [g(d)σ] = 0,

Gc
(
d− ℓ2∆d

)
= (2− 2d)ℓH,

(3)

with boundary condition: n · σ = t̃, u = ũ and n · ∇d = 0,
where t̃ and ũ are the traction and displacement on the corre-
sponding boundaries respectively [45], [46]. The degradation
function g(d) = (1− d)2, ℓ is the characteristic length, Gc
is the critical energy release rate or fracture toughness, the
history field H is the maximum value of tensile strain energy
across the present loading time.

To include the fatigue degradation effect, the approach
developed by Carrara et al. [47] is incorporated into the phase
field evolution equation. The fracture toughness Gc is updated
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as Gd = f(ᾱ)Gc, and the governing equation for the phase
field reads

Gd
(
d− ℓ2∆d

)
− ℓ2∇d · ∇Gd = (2− 2d)ℓH, (4)

where f(ᾱ) is the fatigue degradation function [47], and it can
take the following form:

f(ᾱ) =

{
1 if ᾱ ≤ αT(

2αT

ᾱ+αT

)2

if ᾱ ≥ αT
, (5)

where αT = Gc/12ℓ, ᾱ =
∫ t

0
H(αα̇)|α̇|dτ , H(αα̇) is the

Heaviside function. α = g(d)ψ+
0 , where ψ+

0 is the active part
of the elastic strain energy density.

To verify the effectiveness of the model, an Al specimen
with the dimension of Hs=Ws=200 µm, as shown in Fig. 4,
is prepared to investigate the crack formation and propagation
process. The boundary condition is illustrated in Fig. 4, the
bottom edge is fixed, and the predicted crack initiation and
crack propagation are presented in Fig. 5. It is observed that
the crack forms at a tensile displacement of 0.2 µm, then it
propagates in the horizontal direction. The obtained patterns
are consistent well with the experimental observation of Al
samples [48], [49]. The stress-strain curve of the top boundary
is given in Fig. 5(d), it effectively capture the deformation
characteristics and crack-induced stress relief stage of the Al.

Fig. 4. Boundary condition of an Al sample subjected to tension.

C. Material Parameters

With regard to the materials and layered structure (i.e., Fig.
2) considered in this work, the types of materials and dimen-
sions of each layer are listed in Table I. To investigate the
electro-thermal and thermo-mechanical behaviour, the electric,
thermal and mechanical properties of the different materials
should be assigned, as shown in Table II [24], [34], [50]. The
yield stress and tangent modulus of the Al metallization layer
are set to be 100 and 502 MPa [50], [51]. In the simulation
process for crack investigation, the characteristic length is
assigned to be ℓ=1 µm. Although the developed model could
potentially be expanded to investigate the crack propagation
and failure of various types of wire bonds in power modules,
such as Cu and Cu-based wires, the current focus of this
investigation will be on Al wire bonds within the considered
typical structure. Based on the reported values of the critical

Fig. 5. Simulated crack pattern at a displacement of (a) 0.2, (b) 0.26 and (c)
0.27 µm. (d) Stress-strain response of the sample.

energy release rate for Al [52], [53], Gc is estimated to be
65 J/m2 after considering that the critical energy release rate
could depend on the characteristic length ℓ [54].

TABLE I
MATERIALS AND DIMENSIONS OF EACH LAYER

Layer Material Length×Width (mm×µm)

Wire Al 11.2×280
Metallization layer Al 6.2×5
IGBT chip Si 7.7×140
Die attach sAg 7.7×20
Top copper in DBC Cu 36×300
Ceramic in DBC Al2O3 39×380
Bottom copper in DBC Cu 36×300
Superior thermal interface TIM 38×100
Base plate Al 170×5000
Inferior thermal interface TIM 170×100
Heat sink Al 170×10000

TABLE II
MATERIAL PROPERTIES

Parameter Al Si sAg Cu Al2O3 TIM

Denisty (Kg/m3) 2700 2330 7350 8960 3780 1180
Electric conductivity 3.7e7 55.56 2.5e7 5.9e7 1e-12 1e-20
(S/m)
Thermal conductivity 238 124 250 390 24 2
(W/m· K)
Heat capacity 897 750 230 390 830 1044
(J/Kg· K)
Thermal expansion 23.5 4.1 19.6 17 8 23.5
coefficient (ppm/K)
Poisson’s ratio 0.33 0.3 0.37 0.34 0.2 0.33
Young’s modulus 76 131 6.28 97 370 76
(GPa)
Yield Stress 31 – 55 138 – –
(MPa)
Tangent modulus 98.7 – 7000 1350 – –
(MPa)
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D. Numerical Considerations

The simulation is conducted by solving the partial differen-
tial equations using the finite element method, implemented
with MATLAB and the package COMSOL Multiphysics. The
implicit backward difference formula is used for time deriva-
tives, and the equations are solved in a fully coupled approach
using the direct PARDISO solver, with Newton’s method
applied iteratively to handle nonlinearity. Additionally, the
solver utilizes adaptive time-stepping, adjusting time step sizes
dynamically to meet specified tolerances during computations,
with a maximum time step set at 0.05 s. The coupled electro-
thermo-mechanical equations can be solved and used to predict
the response of materials, and noting the material properties in
the potential crack propagation region can be determined using
Pf = g(d)Ps, where Ps represents the properties of the bulk
materials, then the interaction effect between electro-thermo-
mechanical finite element analysis and phase field modelling
can be incorporated.

III. RESULTS AND DISCUSSION

A. Temperature Field and Thermal Stress Distribution

During the power cycling, the predicted junction tempera-
ture is plotted in Fig. 6(a). It is observed that the maximum
temperature is about 160 ◦C during the first power cycle,
while the maximum temperature reaches 178 ◦C after several
power cycles, closely matching the predictions made by Shqair
et al [34]. The elevated temperature is induced by Joule
heating when the applied current density is passed through
the IGBT chip. Fig. 6(b) presents the temperature distribution
of the power module during the power cycling for t=3 s.
The temperature is mainly concentrated in the chip domains,
and the left part of the power module suffers from high
temperatures.

Fig. 6. (a) Predicted junction temperature profile during power cycling. (b)
Temperature distribution of the power module after power cycling for 3 s.

The increased temperature of the power modules across the
different layers of induces thermal strain mismatch, leading

to the thermal stress in the power module, as shown in
Fig. 7. Comparing the von Mises stress distribution of the
power module after the first cycle to that after 4 cycles, it
can be seen that the von Mises stress increases, which is
induced by the higher temperature and the accumulated plastic
strain. It has been observed that the predicted stress at the
metallization layer and direct bond copper is larger than the
yield stress of Al and Cu, respectively. Consequently, the
plastic deformation of Al metallization and Cu layers can
restrict the deformation of other layers, accumulating plastic
deformation as the cycle number increases. Fig. 7(b1) and
(b2) provide an enlarged view of the stress distribution of the
Al wire bond and its interface region. The stress is mainly
concentrated at the wire tip and heel adjacent to the Si chip,
exhibiting similar characteristics to those observed in other
studies [29]. Moreover, the stress near the wire heel is higher
than that near the wire tip, which was also demonstrated by a
previous study [22].

Fig. 7. Von Mises stress distribution of the power module after the power
cycling for (a1) 9 and (a2) 36 s. (b1–b2) Stress distribution near the Al wire
bonded interconnects at 9 and 36 s, respectively.

B. Crack Propagation of Al Wire Bonds

Noting that the high stress is observed near the interface
between Al wire and Si Chip, a subdomain containing the
investigated Al/Si interface is selected for examining the
processes of crack formation and prorogation, as plotted in
Fig. 8, in which the region framed by dotted lines is considered
for the degradation prediction.

Fig. 8. Schematic diagram of the submodel near the wire bonded interface,
with the region enclosed by dotted lines designated for degradation prediction.
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Fig. 9 presents simulated crack formation and propagation
of the Al wire bond in the power module during power
cycling. After the first power cycle, a crack initiates at the
heel of the bonding interface, as captured in Fig. 9(a). The
simulated results have a good agreement with the experimental
observation [55], and the crack propagation near the wire heel
is faster than that near the wire tip [34], [56]. As the power
cycle number increases, the formed crack grows and expands
along the bonding interface. After 8 power cycles, specifically
at t=72 s, the residual effective bond length is only half of
the initial bond length. After 12 power cycles, the effective
length of the wire bonding interface is reduced to one-sixth
of its original interconnection length, reducing the mechanical
integrity and signal transmission efficiency within the power
module, thereby compromising its performance and reliability.

Fig. 9. Simulated crack propagation of the Al wire bonded interconnects in
the power module after the power cycling for (a) 9, (b) 36, (c) 72 and (d)
108 s.

The damage induced by the crack formation and propaga-
tion along the wire bonding interface induces the degradation
of interconnect material properties, thus affecting the mechan-
ical behaviour of the power module. The formed crack can
induce the stress relief [57], resulting in the redistribution of
stress, as shown in Fig. 10. The location of the maximum
stress node changes from right to left along the interface
due to the crack propagation. The average stress in the
subdomain initially increases and then decreases, with values
of 23.24, 35.68, 34.20, and 28.18 MPa at 9, 36, 72, and 108
s, respectively. The formation of the crack induces significant
stress relief during the later stages of the crack propagation.

Fig. 10. Von Mises stress distribution of the Al wire bonded interconnects
in the power module after the power cycling for (a) 9, (b) 36, (c) 72 and (d)
108 s.

C. Grain Boundary Effect on Electro-thermo-mechanical
Degradation

The wires used for bonding in power modules generally
have the microstructure of polycrystal grains, and the mi-
crostructure characteristics depend on the parameters of the
bonding process [58]. The grain boundaries included in the
Al wire bonds may provide some favorable paths for crack
propagation. Therefore, this subsection considers the poly-
crystalline structure and grain boundaries within the Al wire.
The polycrystalline structure of the Al wire is constructed
utilizing the Voronoi tessellation implemented in MATLAB
[59], [60], with the grain size varying gradually along the y-
axis direction as observed in previous experiments [61]. Given
the variation in bonding strength at the wire/metallization-
layer interface and the decrease in grain boundary strength
over a certain range [34], [62], and considering that the
critical energy release rate depends on grain boundary strength
and surface energy. We assume that the parameter group
for the critical energy release rate at the domains of bulk,
wire/metallization-layer interface, and Al grain boundaries
is assigned the values (2, 2, 1), (2, 1.5, 1), and (2, 1.5,
0.5) times the initially set Gc for three cases A, B and C,
respectively. These groups are selected to represent different
scenarios involving variations in bonding process parameters
and fluctuations in grain boundary properties, facilitating the
examination of interface crack propagation and performance
degradation under varying conditions. Similarly, the crack
forms at the wire heel near the bonding interface, as displayed
in Fig. 11 (a). The formed crack for Case A tends to propagate
along the grain boundaries, as shown in Fig. 11 (b), (c) and
(d). For Case B, as depicted in Fig. 12, crack formation and
propagation occur slightly faster than in Case A due to the
interconnect interface having a lower fracture toughness.

Fig. 11. Simulated crack prorogation of the Al wire bonded interconnects in
the power module with considering Case A of grain boundary effect after the
power cycling for (a) 9, (b) 36, (c) 72 and (d) 108 s.

Fig. 13 presents the crack prorogation process of the Al
wire bonded interconnects in the power module for Case C. It
is found that the grain boundary morphology has a significant
impact on the pathway of crack evolution due to the decreased
critical energy release rate induced by the grain boundaries.
From Fig. 13(b), it is seen that the initial crack forms at
the interface between the wire heel and the metallization
layer, and the formed crack almost always propagates along
the grain boundaries. This phenomenon is more pronounced
compared to Cases A and B. Furthermore, the reduced fracture
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Fig. 12. Simulated crack prorogation of the Al wire bonded interconnects in
the power module with considering Case B of grain boundary effect after the
power cycling for (a) 9, (b) 36, (c) 72 and (d) 108 s.

toughness at the grain boundaries causes the crack formed on
the right to propagate faster to the left. Meanwhile, a new
crack emerges near the interface between the wire tip and
metallization layer, as depicted in Fig. 13(c). Furthermore, the
length of this newly formed crack increases as the number
of power cycles reaches 12, as captured in Fig. 13(d). Given
that the grain boundaries could be the weakest sites in the Al
wire bonds [63], it is reasonable to observe crack propagation
occurring alongside the grain boundaries within the wire, as
confirmed by experiment [64]. The simulated result of crack
formation is prominently displayed in Fig. 13(e), which is in
good agreement with the experimental observation shown in
Fig. 13(f). Specifically, the high stress between the Al wire and
the metallization layer causes crack initiation, but the formed
crack propagation subsequently mainly occurs in the Al wire.

Fig. 13. Simulated crack prorogation of the Al wire bonded interconnects in
the power module with considering Case C of grain boundary effect after the
power cycling for (a) 9, (b) 36, (c) 72 and (d) 108 s. Comparison of simulated
crack (e) and experimentally observed Al wire bond damage (f) [65].

To quantitatively investigate the influence of different pa-
rameter group assignments on the crack growth rate, the crack
lengths of various cases are calculated, as depicted in Fig.
14. Increasing the duration of power cycling results in a
progressive increase in crack length. The high crack growth
rate is primarily evident during the power-on stage of each
cycle, whereas the crack growth rate decreases as the number
of power cycles increases. Moreover, it is noted that the
crack length and propagation speed are greatest and fastest
in Case C, while Case A exhibits the smallest crack growth
rate. In the case where the influence of grain boundaries is

not considered, as its fracture toughness is set to half that
of the other three cases, the crack length is more prominent
than in Cases A and B, but smaller than that of Case C
due to the consideration of lower grain boundary fracture
toughness in Case C. It should be mentioned that the crack
propagation determines the service life and performance of
wire bonds, as the effective bond length decreases with crack
propagation, leading to a reduced life. Paris’ law describes the
relationship between crack growth rate per cycle and the stress
intensity factor range [26]. The stress intensity factor, which
depends on the crack opening displacement and the distance
from the crack tip, is usually determined using finite element
analysis of the model, including pre-existing cracks in other
studies [15]. Despite requiring further detailed analysis of the
strain corresponding to different crack states at each moment,
the predicted results from the present simulations provide a
foundational understanding that could be expanded upon in
future work to correlate the service life.

Fig. 14. Increase in the crack length of the Al wire bonded interconnects in
the power module during the power cycling.

Furthermore, the von Mises stress of the right edge node
(i.e., near the heel) at the Al wire bonded is evaluated, as
shown in Fig. 15. It is seen that the magnitude of the stress
decreases as the number of power cycles increases, which is
mainly induced by the crack propagation and stress relief. The
stress of the right edge node in Case A is much higher than
those in other cases due to the slower crack propagation rate.
The two stages of stress increase and decrease also exhibit
periodicity, with the magnitude of stress gradually decreasing
over time. After 12 power cycles, the formed cracks result in
a significant decrease in the residual bond length, leading to
a decrease in the von Mises stress.

IV. CONCLUSION

In this work, a novel approach that integrates phase field
modelling and multi-physics finite element analysis is de-
veloped to investigate the interface degradation and crack
propagation process of Al wire bonds in power modules
under power cycling, with incorporating the effect of the
electro-thermo-mechanical response. The thermo-mechanical
behaviour of the wire bonded interconnect in the power
module is firstly investigated, and then the strain energy den-
sity obtained from the macro-scale electro-thermo-mechanical
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Fig. 15. Evolution of the von Mises stress of the right edge node at the Al
wire bonded interface in the power module during the power cycling.

analysis during the power cycling is transferred to the meso-
scale phase field modelling to study the crack propagation of
the wire bond. Furthermore, with considering the cases where
the wire bond possesses non-homogeneous grain distributions,
the grain boundary effect on crack propagation and electro-
thermo-mechanical degradation is examined. It is found that
the elevated temperature induced by Joule heating leads to
stress concentration at the wire tip and heel adjacent to the Si
chip layer. As the cycle number increases, the accumulation
of strain energy density at the stress concentration region is
provided as the driving force for crack propagation, resulting
in an increase in crack length. The initial crack forms at the
interface between the wire heel and the metallization layer;
the crack tends to propagate along the Al grain boundaries due
to the grain boundary energy and weakening. In the scenario
with lower fracture toughness at the grain boundaries, cracks
propagate more rapidly, leading to more pronounced stress
relief.

The proposed approach incorporates the grain boundary
morphology effect through combined phase field modelling
and macro finite element analysis to reveal the mechanism
and mechanics of interface degradation and crack propagation
of Al wire bonds, potentially applicable to other types of
wire bonds and offering new insights into the pathway for
the reliability optimization of wire bonds in power modules.
The present study primarily investigates the crack propagation
of wire bonds under high temperature swings, attentions must
be given to the specific operating conditions when applying
this method to the investigation under low temperature swings
due to the potential different deformation mechanisms and
degradation of the solder layer. While the simulation results
qualitatively agree with previous experiments, further research
should concentrate on quantitative verification to clarify the
influence of grain morphology on crack propagation and
performance degradation of wire bonds in power modules.
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