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A B S T R A C T   

Power modules subjected to cyclic power operation experience thermomechanical fatigue. Herein, the epoxy 
molding compounds and creep behaviors of solder joints promoted the strain hardening of the Cu clip wiring and 
caused failure to the power module during the power operations. In the Cu clips, the grain size was refined by 
90% from the failure stage compared to the initial state, and an increase in hardness was observed. The results 
indicate that constraints of EMC and the creep behaviors of solder joints are other critical factors for the role of 
bare Cu clip strain hardening of EV power modules.   

1. Introduction 

One of our choices for a sustainable planet is the transition to green 
cars. Some of the key performances for the next-generation eco-friendly 
vehicle systems are the miniaturization and high efficiency of a power 
conversion system, a power inverter, and a converter. The power mod
ule of an inverter system is the key component in the power conversion 
system due to the role it plays in converting the direct current (DC) to 
alternating current (AC) [1]. The power inverter plays a decisive role in 
controlling the motor by converting the DC voltage of the battery into 
AC. At the heart of the power inverter are power semiconductor devices 
arranged in multi-chip power modules that control the motor torque and 
speed by means of pulse width modulation [2]. Current issues of the 
power module in pursuit of miniaturization have to withstand the higher 
operating temperature more than typical Si power modules due to 
driving energy loss from higher voltage operations by emerging the wide 
band-gap power devices [3,4]. In recent years, to cope with thermal 
dissipation and high energy density of power modules effectively, 
thermal design technologies such as double-sided cooling (DSC), ribbon 
bonding and clip bonding [5] are emerging to implement the thermal 
management technologies [6–8]. Amongst parts of the power module, a 
direct bonded copper (DBC) is a type of substrate in which Cu is directly 
bonded to the top and bottom of a ceramic substrate (Al2O3, AlN, Si3N4, 
etc.), and is a component responsible for heat dissipation and electrically 
insulation of the power module [9]. The Hybrid PACK of Infineon (2016) 

is a typical DSC power module composed of both sides of DBC substrates. 
Nevertheless, it has been reported that Cu of the DBC cracks ceramics 

due to the significant strain hardening and hardness increasing in 
thermal shock environments compared to the bare Cu [10,11]. It is well 
known that the thermal fatigue of the DBC substrate limits the lifetime of 
the power module [12]. In addition, it is well known that strain hard
ening and thermomechanical fatigue were found to be strongly depen
dent on the substrate layout [10,13]. In this context, bare Cu clip wire 
interconnection without DBC substrates (i.e., DBC-less electronics) 
based on excellent electrical properties can be a good alternative to 
reduce thermal issues. Moreover, the clip-type interconnection has an 
additional option of assembling the heat sink on top of the clip or using a 
thick clip for dual-side cooling [14]. However, to apply to vehicles with 
a long warranty period, even if bare Cu clip wire interconnection is 
applied to actual products of the power module, we need a deep un
derstanding of whether there are issues with malfunctions, i.e., failures 
with strain hardening. Because, even below the recrystallization tem
perature (less than 250 ◦C), it has been reported that the mechanical 
properties were lowered due to fundamental changes in the micro
structure of high-purity Cu films due to thermos-mechanical fatigue 
[15]. Moreover, it has been reported that the heel crack or lift-off of wire 
bonding accounts for most of the failure modes of the conventional 
power module [16–18]. For this reason, since the Cu clip also acts as a 
wire, it is very important to scientifically consider the degradation of the 
Cu clip itself or the change in its behavior. In particular, this is currently 
a major challenge facing automakers dealing with power modules. The 
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results of the previous studies clearly indicated that high-purity Cu 
experienced TMF-induced degradation below the recrystallization tem
perature [15]. Nevertheless, this was the result of a tensile test, and to 
apply it to power modules for automobiles, a study on driving PCT below 
the recrystallization temperature (i.e., below 250 ◦C) by applying pure 
Cu in the form of a clip to the power module has to be carried out 
fundamentally because the experience of applying the bare Cu clip to 
actual products and demonstrating it is industrially required. In the past, 
although there have been many reports of studies applying Cu clip 
bonding, most of the studies focused on solder degradations and inter
metallic compounds. [19–21]. Even if the research was conducted under 
similar conditions, the focus of the main research was solder and wire 
interconnection, and no attention was paid to the microstructure of Cu. 
In particular, as far as the authors know, there is no literature on 
applying the Cu clip to the power module, performing PCT, and inves
tigating the microstructure of the Cu clip in detail. The reason for this is 
that in the past, typical silicon (Si)-based power semiconductors were 
mainly applied to power conversion systems, but nowadays we intro
duce wide band-gap (WBG) power semiconductors (e.g., SiC, GaN, 
Ga2O3, etc.) to further miniaturize devices, achieve higher powers, and 
higher temperature operations [22,23]. As power semiconductors that 

guarantee an operating temperature of over 200 ◦C begin to be mass- 
produced, recently Cu, which had sufficient heat resistance to operate 
Si-based power semiconductors, is gradually being pointed out as a 
reliability problem in the automotive industry. Namely, in the past, since 
the power or operating temperature (Tjmax below 150 ◦C) that was 
pursued was significantly lower than now, the most vulnerable part from 
that point of view was the solder joints and related intermetallic com
pound (IMC) layers. The excellent conductivity and high melting point 
of Cu components operating at low operating temperatures have made it 
difficult for researchers who handled electronics to view them as a 
weakness. Now, as higher operating temperatures (Tjmax beyond 175 ◦C) 
and durability are gradually becoming spotlight as specifications, 
durability issues of the Cu components. Therefore, an in-depth under
standing of the power cycling behavior of the Cu clip considering all of 
the Cu clip - solder material - DBC substrate - power device - EMC at the 
new generation power module scale is an industrially urgent task. 

In this study, to prove the power cycling durability of bare Cu clip 
wires, we applied a Cu clip to a transfer-mold type power module for 
applications in electric vehicles (EVs) and conducted power cycling tests 
(PCT). Changes in thermal resistance, which determine the lifetime of 
power modules, were monitored up to failure stages, and 

Nomenclatures 

Symbols 
Tjmax Maximum junction temperature [◦C] 
Tc Case temperature [◦C] 
ΔTj Temperature swing [◦C] 
PD Power dissipation of power device [W] 
Rth Thermal resistance [◦C/W] 
s̃ Deviator stress [Pa] 
α Back stress for Chaboche model [Pa] 
Y Size of yield surface [-] 
Ci Chaboche parameter [Pa] 
γi Chaboche parameter [-] 
ε̂P Accumulated plastic strain [-] 
Δλ Plastic multiplier [-] 
σ Equivalent stress against steady plastic flow [Pa] 
s Deformation resistance [Pa] 
c Function of the temperature and strain rate[-] 
ε̇P Inelastic strain rate [s− 1] 
ξ Materials constant value [-] 
Q Activation energy [J] 
A Pre-exponential factor [s− 1] 
R Universal gas constant [-] 
m Strain sensitivity [-] 
h0 hardening/softening constant [-] 
ȧ Strain rate sensitivity of hardening/softening [-] 
s* Saturation value [Pa] 
n strain rate sensitivity for the saturation value of 

deformation resistance [-] 
ŝ Anand coefficient [-] 
Hv Hardness [Hv] 
H0 Intrinsic hardness resisting dislocation motion[Hv] 
k̃ material dependent strengthening coefficient [-] 
k Thermal conductivity [Wm-1K− 1] 
ρ Density [kg⋅m− 3] 
E Young’s modulus [GPa] 
v Poisson’s ratio [-] 
Cp Specific heat [Jkg− 1◦C− 1] 
U Strain energy [J] 
V Volume [m3] 

ε Strain [-] 
δl Elongated length [m] 
l0 Length of initial condition [m] 
εe Term of elastic strain [-] 
εp Term of plastic strain [-] 
σeq Equivalent stress [Pa] 

Abbreviations 
TMF Thermo-mechanical fatigue 
EV Electric vehicle 
DC Direct current 
AC Alternating current 
WBG Wide band-gap 
SiC Silicon carbide 
Si Silicon 
GaN Gallium nitride 
Ga2O3 Gallium oxide 
DBC Direct bonded copper 
IMC Intermetallic compound 
PCT Power cycling test 
IGBT Insulated gate bipolar transistors 
ENIG Electroless Nickel immersion Gold 
AMB Active metal brazing 
DSC Double side cooling 
AlN Aluminum nitride 
Al2O3 Alumina 
Si3N4 Silicon nitride 
EOL End-of-life 
SAT Scanning acoustic tomography 
EBSD Electron backscatter diffraction 
HAGB High angle grain boundary 
LAGB Low angle grain boundary 
KAM Kernel average misorientation 
GOS Grain orientation spread 
IQ Image quality 
CSL Coincidence site lattice 
FEM Finite element method 
EMC Epoxy molding compound 
CTE Coefficient of thermal expansion 
DMM Deformation mechanism map  
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crystallographic degradations of bare Cu clip wiring were systematically 
investigated. The structure of this thesis is as follows: Chapter 1 is the 
introduction, Chapter 2 describes the materials and methods introduced 
in this study in detail, Chapter 3 discusses the experimental results, and 
Chapter 4 discusses the mechanism using numerical simulation in detail. 
This work focuses on how bare Cu clip wire interconnections behave 
mechanically and microstructurally in the power module structure by 
PCTs. 

2. Materials and methods 

2.1. Power cycling test 

Fig. 1(a) and (b) illustrate 3D modeling and components of the Cu 
clip bonded transfer-mold type power module. The power module is 
fabricated with four EA Si insulated gate bipolar transistors (IGBTs) and 
four EA Si diodes with high and low sides. The IGBT die size is 120 mm2, 
while the diode die size is 63 mm2. Both IGBT and diode Si dies were 
metalized with electroless Ni/immersion Au (ENIG) finishes on the top 
and back sides, which were bonded onto an active metal brazed (AMB) 
aluminum nitride (AlN)-DBC substrate using a preform type solder 

material, respectively. Pure copper (purity 99.99%) was introduced as a 
Cu clip bonding. Finally, the power module was molded through the 
transfer molding process and the pins were trimmed. 

A condition of the active power cycling test is shown in Table 1, ON 
switching for 0.5 s and OFF switching for 4.5 s, a total of 5 s corre
sponding to 1 cycle. The heat distribution and their switching configu
ration by the power cycling operation of the power module were 
visualized as shown in Fig. 2(a). Then, the maximum junction temper
ature (Tjmax) is to be 175 ◦C at Si diodes (i.e., Tjmax is based on the Si die, 
and Rth is also measured based on the Tjmax of the Si die.). Obviously, 
Tjmax occurs from the Si die and dissipates the heat loss from the Si die 
through the heatsink and Cu clips in this system. And the temperature of 
the heat sink (Tc) is sustained by 50 ◦C (see Fig. 2(b)). Tc is monitored by 
a thermocouple (TC) attached to the water cooling system. Under this 
condition, it is operated until failure (constant ΔTj mode). The end-of- 
life (EOL) of PCs is referred from European Center for Power Elec
tronics (ECPE) guideline AQG-324. The change from the standard value 
defines forward voltage + 5% and thermal resistance + 20% as failure 
criteria. The temperature difference ΔT between the maximum junction 
temperature (Tjmax) of the Si die and case temperature: heat sink tem
perature (Tc) is caused by theoretical thermal resistance and power 
dissipation in the vertical direction. In this study, ΔT is sustained by 
125 ◦C, which can be expressed by 

ΔT = Tjmax − Tc = PD × Rth (1) 

where PD denotes the power dissipation of power devices (i.e., Si 
die), Tjmax is the maxmum junction temperature of the Si die, Tc denotes 
the heat sink temperature, and Rth is the thermal resistance, thus, the 
thermal resistance can be calculated as: 

Rth =
Tjmax − Tc

PD
(2) 

based on Eqs (1) and (2), the thermal resistance was measured in real 
time in this study. 

2.2. Materials characterization 

Non-destructive testing was performed using scanning acoustic to
mography (SAT) to seek the origin cause of the failure due to the in
crease in thermal resistance by PCTs. Here, the defect portions are 
identified by white area. For the quantitative microstructural analysis, 
the specimens were cold mounted using epoxy resin at room tempera
ture (RT) for 48 h, then the cross-section of each cycle was cut, me
chanically polished up to grade 4,000 SiC sandpaper, and then polished 
up to 1 μm (Struers/DP-Suspension P and OP-S). Finally, to obtain the 
mirror polished surface, a 0.04 μm aqueous solution containing colloidal 
silica particles was ultimately applied (Struers/OP-S). Then, the me
chanically polished specimens were precision polished with an ion- 
milling machine (JEOL, IB-09020CP), which was processed with an 
acceleration voltage of 4.5 kV and an Ar + gas flow rate of 0.15 cm3/ 
min. The crystallographic quantitative analysis of the Cu clip joint area 
was performed through an electron backscattered diffraction (EBSD, 
Velocity Super, EDAX, USA) detector. For the detail, the EBSD scanning 
condition was that the magnification was x200, the scan step was 0.75, 
and the total scanning was 985,908 points. TSL-OIM software was used 
to analyze crystallographic raw data from EBSD in detail; analysis points 
with a confidence index (CI) of 0.1 were indicated as black regions. 
Vickers hardness depending on the power cycling was measured for the 
Cu clip with a micro-Vickers hardness testing machine (HM-200 Auto
vick, Mitsutoyo, Japan). 

2.3. Numerical material models for power cycling 

In this study, the Chaboche model includes kinematic hardening, 
which can account for the observed hardening effect in Cu with 
increasing active cycles in simulations, even in the absence of isotropic 

Fig. 1. Descriptions of a Cu clip bonded transfer molded power module. (a) 3D 
design model and (b) component configuration of the power module structure. 

Table 1 
The applied condition of active power cycling tests.    

ton/toff 

(sec) 

Iload 

(A) 
Tc 

(◦C) 
Tjmax 

(◦C) 
Δ Tj 

(◦C) 
Coolant 
(LPM)  

Cond.  0.5/ 
4.5 

550 50 175 125 12  
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hardening. In a previous study [24], a predominant kinematic hardening 
was experimentally observed and modelled with a Chaboche-based 
hardening model in the majority of Cu cases. In addition, this model 
has been used as a model that can satisfactorily explain the nonlinear 
kinematic hardening for the elastic–plastic deformation behavior by 
considering the temperature effect of the copper [25,26]. In previous 
studies, the experimental nature of this material and the compatibility of 
the Chaboche material model have been well established [24]. Kine
matic hardening reflects the contribution of the previous loading history 

Fig. 2. (a) schematic descriptions of thermal distributions when the power ON state, (b) descriptions of sections A-A’ in (a), which included the layout description of 
the connection and layout relationship between the Cu clip-bonded transfer molded power module and the test equipment in detail, (c) a temperature history during 
the power cycling test and (d) a schematic description of temperature behavior in detail during PCTs. 

Table 2 
Parameters for Chaboche constitutive model of pure Cu.  

Temperature (◦C) C1 (MPa) γ1 C2 (MPa) γ2 

20 54,041 962 721 1.1 
50 52,880 1,000 700 1.1 
150 45,760 1,100 600 1.1 
250 38,040 1,300 400 10  
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to the current stress–strain behavior and can arise from mechanisms 
such as dislocation rearrangement or the accumulation of internal 
stresses. For this reason, Chaboche constitutive model with non-linear 
kinematic hardening, which took the temperature effect into account 
and fit cyclic thermal loading well, was used to express the elastic–
plastic behavior of the pure copper. The yield function for the Chaboche 
[25] nonlinear kinematic hardening rule is written as: 

f (σ − α,Y) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
(̃s − α)

√

(̃s − α) − Y = 0 (3) 

where ̃s is the deviator stress, α denotes the back stress for the Cha
boche model describing the kinematic hardening rate, and Y =

̅̅̅̅̅̅̅̅
2/3

√
σ0 

refers to the size of yield surface which will be constant in a kinematic 
hardening model. The back stress, α can be expressed by 

α =
∑n

i=1
αi (4) 

The nonlinear hardening rules of Chaboche is as follow: 

Δαi =
2
3
Ci*ΔεP − γiαi*Δε̂P

+
1
Ci

dCi

dθ
ΔT*α (5) 

where Ci and γi respectively represent the Chaboche material pa
rameters, respectively. Ci is initial hardening modulus and γi controls the 
decreasing rate of hardening modulus with increasing plastic strain, and 
i is the number of kinematic models. ΔT is the temperature and ε̂P 

represents the accumulated plastic strain. The flow rule establishes the 
direction of the plastic flow. The plastic strain increments will be in the 
direction of the yield surface gradient, assuming an associated: 

ΔεP = Δλ
∂f
∂σ = Δλ

s − a
̅̅̅̅̅̅̅
2J2

√ (6) 

where Δλ denotes the plastic multiplier and is determined by the 
consistency condition and 

̅̅̅̅̅̅̅̅
2J2

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(s − a)(s − a)

√
. The Chaboche pa

rameters applied in this study are shown in Table 2[25]. 
In general, it is well known that a metallic alloy including solder 

alloy has a creep behavior which is exposure at the thermomechanical 
environments above half the melting point e.g., thermal cycling, power 
cycling, and temperature aging [27–30]. Herein we examine whether 
the solder creep behavior occurs during PCTs, and we focus on whether 
it can significantly affect the deformation of the Cu clip and the entire 
power module structure. The solder introduced in this study was 
assumed to have a thermomechanical response with the Anand visco- 
plastic constitutive model. The model can be written as [31]: 

σ = cs (7) 

where σ is an equivalent stress against the steady plastic flow, and s is 
a deformation resistance (i.e., internal valuable) with the dimensions of 
stress, c is a function of the temperature and strain rate, which is 
expressed by 

c = c
(
ε̇P
, T

)
=

1
ξ
sinh− 1

[
ε̇P

A
exp

(
Q

RT

)]m

(8) 

here, T is the temperature, R is the universal gas constant, ξ is the 
materials constant value, the ε̇P is the inelastic strain rate, A is the pre- 
exponential factor, and Q is the activation energy, m is the strain 
sensitivity. Substituting Eq (7) into Eq (8), the stress equation can be 
expressed as: 

σ =
s
ξ
sinh− 1

[
ε̇P

A
exp

(
Q

RT

)]m

(9) 

The flowing functional form for the flow equation of the Anand 
model was utilized to exactly accommodate the strain rate dependence 
on the stress at the constant structure [32], rearranging Eq (9) and 
solving for the strain rate yields the flow equation of the Anand model: 

ε̇P
= Aexp

(

−
Q

RT

)[
sinh

(
ξ

σ
s

) ]1
m (10) 

moreover, the evolution equation for the deformation resistance 
with the dimensions of stress, ṡ is assumed given by 

ṡ = h(σ, s,T)ε̇P (11) 

where 

h = h0

⃒
⃒
⃒1 −

s
s*

⃒
⃒
⃒

ȧsign
(

1 −
s
s*

)
ȧ > 1 (12) 

combining Eqs. (11) and (12), the evolution equation for the internal 
variable (i.e., deformation resistance) ṡ is derived as: 

ṡ =
{

h0

⃒
⃒
⃒1 −

s
s*

⃒
⃒
⃒

ȧsign
(

1 −
s
s*

)}
ε̇P (13) 

where s* describes the saturation value of s associated with a set of 
given temperature and strain rate, which can be derived as follow: 

s* = ŝ
[

ε̇P

A
exp

(
Q

RT

)]n

(14) 

where h0 is the hardening/softening constant, ȧ denotes the strain 
rate sensitivity of hardening/softening, n is the strain rate sensitivity for 
the saturation value of deformation resistance, and ŝ is the coefficient, 
respectively. For s < s*, Eq (12) can be rewritten as follows [33]: 

ds = h0

(
1 −

s
s*

)a
dεP (15) 

and then integrated to yield as 

s = s* −
[
(s* − s0)

1− ȧ
+ (ȧ − 1)

{
(h0)(s*)

− ȧ
}

εP
] 1

1− ȧ (16) 

where s(0) = s0 is the initial value of s at time t = 0. Substituting Eq 
(14) into Eq (16) yields the final version of the evolution equation for the 
internal variable (deformation resistance) s:   

Table 3 
Anand visco-plasticity parameters of solder preform A.  

Material parameters  

A (sec-1) 993 
Q/R (K) 4461 
ξ 5.6 
m 0.3959 
ṡ 78.4 
h0(MPa) 77,930 
ȧ 1.1 
s0 1.56  

s = ŝ
[

ε̇P

A
exp

(
Q

RT

)]n

−

[[

ŝ
[

ε̇P

A
exp

(
Q

RT

)]n

− s0

]1− ȧ

+ (ȧ − 1)

{

(h0)

(

ŝ
[

ε̇P

A
exp

(
Q

RT

)]n )− ȧ
}

εP

] 1
1− ȧ

(17)
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or 

s = s
(
ε̇P
, εP) (18) 

The final equations in the Anand model are the stress equation in Eq 
(9), the flow equation in Eq (10), and the integrated evolution equation 

in Eq (17). These expressions include 9 material parameters (constants). 
Theoretical Formulation for Uniaxial Stress-Strain response the post 
yield uniaxial stress–strain relations predicted by the Anand model are 
obtained by substituting the expression for internal variable s from Eq 
(17) into the stress equation in Eq (9). The calculation results in: 

Fig. 3. Results of the power cycling tests and change of Cu clip microstructures. (a) measurement results of the thermal resistance and defect change results by 
scanning acoustic tomography, (b) schematic description of EBSD observation area and the defect location, and (c) EBSD analysis result of initial state, (d) 45,000 
cycles, (e) 97,000 cycles. GS: grain size; IPF: inverse pole figure; IQ: image quality; GOS: grain orientation spread; G.B: grain boundary. 
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namely, as follows: 

σ = σ
(
ε̇P
, εP) (20) 

For a uniaxial tensile test performed at fixed (constant) strain rate 
and constant temperature T, this expression represents highly nonlinear 
stress–strain behavior (power law type function) after yielding: 

σ = σ
(
εP) (21) 

the Anand model predictions for the yield stress (σY) and the ultimate 
tensile strength (i.e., UTS = maximum/saturation stress) can be 

obtained by considering limiting cases of Eq (20). The limit gives the 
UTS as εP goes to ∞: 

UTS = σ|εP→∞ =
ŝ
ξ

[
ε̇P

A
exp

(
Q

RT

)]n

sinh− 1
[

ε̇P

A
exp

(
Q

RT

)]m

≡ σ* (22) 

while the σY is given by the limit as εP goes to 0: 

σY = σ|εP→0 = cs0 =
1
ξ
sinh− 1

{[
ε̇P

A
exp

(
Q

RT

)]m }

s0 ≡ σ0 (23) 

Hence, using the saturation stress (σ* = UTS) relation in Eq (22), the 
post yield stress–strain response in Eq (21) can be rewritten by 

Fig. 4. Measurement results of Cu clip microstructures depending on power cycling. (a) Distribution plots of misorientation angle, (b) plots of kernel average 
misorientation angle, and (c) changes in grain size depending on power cycles, (d) mean CSL 

∑
3 boundary length per measurement area. 

σ =
1
ξ

sinh− 1
[

ε̇P

A
exp

(
Q

RT

)]n
⎡

⎣ŝ
[

ε̇P

A
exp

(
Q

RT

)]n

−

[[

ŝ
[

ε̇P

A
exp

(
Q

RT

)]n

− s0

]1− ȧ

+ (ȧ − 1)

{

(h0)

(

ŝ
[

ε̇P

A
exp

(
Q

RT

)]n )− ȧ
}

εP

] 1
1− ȧ

⎤

⎦ (19)
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σ = σ* −
[
(σ* − cs0)

1− ȧ
+ (ȧ − 1){(ch0)(σ*)

− a
}ε̇P

] 1
1− ȧ (24) 

in here, values of the material parameters of Q/R, A, h0, ̂s, s0 ξ, ȧ, m. 
where σ0 = cs0 and s0 is the initial value of s. The non-linear parameters 
of the solder preform A are displayed in Table 3. 

3. Results 

3.1. Power cycling durability 

Thermo-mechanical fatigue is a physical phenomenon experienced 
by a power module during a power cycling test, which causes a funda
mental failure of the power module. Mainly, the reduction of the 
durability in power modules is caused by solder joint cracks, lift-off of 
wire bonding, and heel cracking, resulting in thermal resistance increase 
or rapid increase in current and voltage. Fig. 3(a) represents the result of 
thermal resistance measurement depending on power cycles. The ther
mal resistance of the as-made Cu clip bonded power module was about 
0.155 ◦C/W, and it reached about 0.17 ◦C/W at 45,000 cycles. When the 
power cycling reached 70,000 cycles, a failure corresponding to the 
thermal resistance + 20% compared to the initial occurred. This is a 
distinct failure mode from wire bonding type power modules, which 
mainly cause + 5% of Vce and runaway failures based on lift-off or heel 
cracking of the wire bonding region [34]. The leading cause of failure 
was Si die cracking propagation, as shown in the SAT observation re
sults. The gradual increase in thermal resistance and the extensibility of 
deficiencies identified in the SAT (white areas) are characterized by 
linear trends. Fig. 3(b) illustrates a schematic description of the 

Fig. 5. Texture developments of Cu clips depending on the power cycling test. (a) 45,000 cycles, (b) 97,000 cycles, and (c) ideal texture maps for face-centered 
cubic structures. 

Table 4 
Ideal texture components.  

Texture component {hkl} < uvw> φ1[◦] ф[◦] φ2[◦] 

Copper {112} 〈111〉 90 35 45 
Brass {011} 〈211〉 35 45 0 
Goss {011} 〈100〉 0 45 0 
S {123} 〈634〉 59 37 63 
F {111} 〈112〉 30/90 55 45 
E {111} 〈001〉 0/60 74 45 
Cube {001} 〈100〉 0 0 0  
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locations of defects identified on the SAT and areas of EBSD analysis. In 
addition, the change in the crystallographic properties of the Cu clip 
subjected to repeated thermo-mechanical fatigue by power cycling is 
quantitatively considered in the next section. 

3.2. Microstructural changes of Cu clip 

The microstructure of the Cu clip also underwent significant changes 
while the thermal resistance increased by power cycling tests. Fig. 3(c-e) 
depicts crystallographic characteristics of Cu clip wires changed during 
PCTs by EBSD observation. The grain size of the Cu clip immediately 
after soldering and EMC molding was about 266 μm, and it had the grain 
characteristics of complete recrystallization (see Fig. 3(c)). In the Cu clip 
subjected to 45,000 cycles of PCTs, a substantial decrease in the grain 
size was observed to about 24 μm, and the grain orientation was 
randomly distributed as displayed in Fig. 3(d). As seen in the grain 
boundary (G.B.) maps, it can be seen that the fraction of 

∑
3 twin 

boundaries significantly increased, and low angle grain boundaries 
(LAGBs) were also observed. Previous research results have been re
ported that an increase in the fraction of 

∑
3 twin boundaries in high- 

purity Cu directly affects the increase in fatigue strength [15]. In 
Fig. 3(e), the grain size of the specimen that reached failure (97,000 
cycles) was also found to be about 24 µm. As can be seen from the image 
quality (IQ) map, grains darker than 45,000 were seen, which can be 
considered to be due to the accumulation of dislocations due to repeti
tive heat from PCTs. Grain orientation spread (GOS) maps represent that 
were found that grain boundaries of less than 2 ◦ exist inside most of the 
grains, and it is considered that fully recrystallized grains without sub- 
grain boundaries occupied the microstructure of the Cu clip. In addi
tion, the copper grain size has an impact on the warpage and lifetime of 
substrates. From the previous study result, repetitive thermal behavior 
investigations have shown that degradations appear first on DBC sub
strates with fine copper grain size [10]. Importantly, crystalline imper
fections known as dislocations can easily move throughout the 
crystalline grains but grain boundaries stop dislocations. Smaller grains 
have a greater ratio of surface area to volume, which means a greater 
ratio of grain boundary to dislocations. Namely, the more grain 
boundaries exist, the higher the deformation resistance and strength due 
to the grain boundary suppressing the dislocation moving. As seen in the 
IQ maps in Fig. 3, more dark areas can be identified at 97,000 cycles, 
which clearly indicates that the grain size has reached a steady state 
compared to 45,000 cycles, but the accumulation of dislocations by 
PCTs is remarkable. In this context, one of the possibilities is that the 
material has reached a steady state where the grain size reduction due to 
power cycling is balanced by the grain growth mechanisms, resulting in 
a stable grain size. This possibility can also be reasonably estimated from 
the trend of hardness change of copper undergoing repeated heating 
from previous studies [10]. 

Fig. 4 summarizes the graph plotting for measured results of the Cu 
clip microstructures. The fraction of LAGBs with a misorientation angle 
of less than 15 ◦ had a tendency to significantly decrease from about 0.65 
in the initial state to less than 0.2 after the power cycling tests as shown 
in Fig. 4(a). In contrast, coincidence site lattice (CSL) 

∑
3 boundaries 

were dramatically increased as the LAGB decreased, and most of the 
grain boundaries after PC tests were formed as 

∑
3 boundaries (refer to 

fig for the change of mean CSL boundary length per area according to 
power cycling). In Fig. 4(b), the kernel average misorientation (KAM) 
angle plot represents no significant difference, and a slight increase was 
seen until failure after 45,000 cycles. However, as power cycling pro
gressed, relatively high KAM values were distributed to the grain 
boundaries, and as power cycling continued, higher KAM values were 
distributed to the internal of the grain. This is regarded as the intro
duction of dislocations of the Cu clip by power cycling - resolutions of 
dislocations by recrystallizations – grain change- accumulation of dis
locations. It is considered that after the critical cycles region, the change 
in grain size reaches a steady state, and there is no significant change, 

Fig. 6. (a) Vickers micro hardness change depending on power cycles, (b) Hall- 
Petch relation plot, and (c) theoretically calculated yield strength: Hardness - 
yield stress relationship correlation between power cycling test and rolling 
process [40]. orange color: this study; skyblue color: rolling process; σY : 
yield stress. 
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Fig. 7. (a) Geometrical constraint of the Cu clip during power cycles, (b) applied power loss profile as a boundary condition, (c) the map of the simulated strain 
distribution, and (d) deformation dependence of power cycling corresponding to the input switching loss, (e) the warpage deformation at the top surface of EMC and 
bottom of DBC substrate, (f) a cross sectional stress distribution of power module structure. 

Table 5 
Applied material properties for simulation.    

Density,ρ 
(kg/m3) 

CTE, a 
(ppm) 

Specific heat, Cp (Jkg− 1◦C− 1) Thermal conductivity, k (W/mK) Elastic modulus, E (GPa) Poisson’s ratio 
(-) 

Si 2307 2.6 794 129 130  0.3 
Cu 8903 17 386.4 424.5 119.75  0.34 
Solder preform A 7400 21.7 231 64.2 54.2  0.35 
AlN 3260 4.5 740 70–250 330  0.24 
EMC 1000 130 120 0.5 1  0.4  
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and dislocations are accumulated only by repeated PCTs. Fig. 4(c) 
summarizes the changes in grain size, repetitive power cycling reduced 
the grain size of the Cu clip to 90%. As the grain size was refined, the 
change in the density of the twin boundaries is shown in Fig. 4(d). As the 
concentration of Cu increases in a CSL 

∑
3 boundary, the density of the 

boundary increases, which means that more boundary sites are present 
in a given area. This leads to an increase in the boundary’s resistance to 
deformation and thus an improvement in its mechanical strength. In 
particular, this twin boundary density result can directly prove that 
repeated PCTs can make the Cu clip more rigid (i.e., hardening). 

The Cu clip that was subjected PCTs showed remarkable texture 
developments as displayed in Fig. 5. Ideal texture components are 
shown in Table 4. The Cu clip that has undergone 45,000 cycles was a 
noticeable development of the cube texture (see Fig. 5(a)). The devel
opment of the Cube component has been reported that cold-rolled pure 
Cu sheets [35]. This means that the Cube component can be developed 
when a load was generated below the recrystallization temperature. 
Namely, this behavior can be derived that the stress experienced by the 
Cu clip during power cycling may be a stress corresponding to the cold 
rolling process. In Fig. 5(b), the Cu clip texture in the failure state 
developed a stronger Cube texture similar to 45,000 cycles, but the 
development of copper texture is also noteworthy. This means that the 
repetitive thermo-mechanical fatigue behavior by PCTs directly affects 
the texture component development of Cu wires. The texture map that 
can be developed in face-centered cubic (FCC) metal is shown in Fig. 5 
(c). The mechanism for the development of cube texture is covered in 
more detail with FEM simulation in the discussion section. 

3.3. Micro-Vickers hardness of Cu clips 

In this section, a micro-Vickers hardness test was performed to verify 
that hardening of the Cu clip occurred that attributed to the crystallo
graphic behavior when the number of power cycling was increased. 
Fig. 6(a) exhibits a correlation between the cycle number of PCTs and 
Vickers hardness. The microhardness of the Cu clip was about 51.4 Hv in 
the initial state, and the microhardness of the Cu clip after 45,000 cycles 
of PCT exceeded 112 Hv. The microhardness of the Cu clip that reached 
failure (97,000 cycles) was about 127 Hv, and as the number of power 
cycles increased, the microhardness of the Cu clip showed a tendency to 
gradually increase. Thus, the power cycling number-dependent micro- 
Vickers hardness change reveals notable results. These results suggest 
that the power cycling operation crystallographically changed the 

microstructure of Cu clips, which can be a clear strain hardening cause 
of the increase in hardness. The accumulation of deformation and in
ternal dislocations can increase the hardness, but hardness is highly 
related to grain refinement. This phenomenon is related to crystallo
graphic characteristics including grain size. The increase in hardness/ 
strength of polycrystalline metals with decreasing grain size, d, 
following a d-1/2 relationship was first described by Hall [36] and Petch 
[37] in the early 1950s [38]: 

Hv = H0 + k
∼

-d− 1/2 (25) 

where Hv is the hardness, H0 is the intrinsic hardness resisting 
dislocation motion and k̃ is a material-dependent strengthening coeffi
cient. As seen in Fig. 6(b), it can be seen that our results are in good 
agreement with the Hall-Petch relationship. Here, yield strength (σY) is 
expressed as follows: 

σY = σ0 + k̃-d− 1/2 (26) 

with the yield strength σ0 for the start of dislocation movement, the 
strengthening coefficient ̃k- and the grain size d. The hardness is linearly 
dependent on the yield strength as [39]: 

σY = 0.385 ∗ Hv − Δσ (27) 

where Δσ is the increase in stress due to work hardening during 
deformation up to the characteristic strain. Thus, the calculated yield 
stress based on theoretical equations can be derived in Fig. 6(c). Here, 
the initial yield stress after module assembling of the Cu clip employed 
in this study is estimated to be about 280 MPa, the Cu clip that has 
undergone 45 k cycles was hardened to 304 MPa, and the yield stress in 
the failure state can be hardened to about 310 MPa. Hardness and yield 
strength also tended to increase linearly as the number of PCTs and 
passes of the rolling process gradually increased. Even, the hardness and 
yield strength of 45 k cycles and 97 k cycles are located in a region 
similar to Cu that has been work-hardened by repeated rolling several 
times. This demonstrates the remarkable enhancement of Hall-Petch 
reinforcement by strain hardening experienced by bare Cu clip wires 
during the power cycling tests. This is the discovery of the behavior of 
bare Cu, which was unexpected in the previously reported results. 
Therefore, this means that even if the DBC substrates are replaced with 
bare Cu plates, it is important to access the power module by carefully 
considering the combination with the semiconductor device and 
bonding material in consideration of the thermomechanical fatigue of 
the Cu materials. 

4. Discussion 

4.1. The power module subjected to thermomechanical fatigue 

Above discussed results mean that when bare Cu is also constrained 
by Si die and solder joint, EMC molding, strain hardening can occur 
remarkably. This strain hardening means that as the number of power 
cycles increases, the Cu clip loses elasticity and is gradually plastically 
deformed, which may cause critical damage to the joint interfaces 
constituting the power module structure. To seek the origin of the strain 
hardening of the bare Cu clip wiring, the mechanical behavior of the 
power module was analyzed by using a three-dimensional (3D) finite 
element method (FEM) simulation. The details of the geometric 
boundary conditions experienced by the Cu clip are shown in Fig. 7(a). 
This is a detailed view of the Cu clip, and the heat sink system is attached 
to the bottom of the DBC as shown in Fig. 2(b) for the geometrically 
boundary condition of the FEM. As a thermal boundary condition for the 
Si dies, a power cycling switching loss profile was applied as shown in 
Fig. 7(b). General material properties of numerical simulation are shown 
in Table 5. Material nonlinearity is calculated considering Tables 2 and 
3, respectively. Fig. 7(c) illustrates the equivalent strain distributions of 
the power module; the strain clearly was distributed near the Cu clip 

Fig. 8. a Plot of strain behaviors of epoxy molding compound and Cu clip.  
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bonding. It was found that the EMC showed a significant strain distri
bution. The deformation behavior of the power module structure cor
responding to the power cycling profile is shown in Fig. 7(d), and it can 
be confirmed that the deformation in the height (z-axis) direction 
gradually increases with repetitive power cycling. A warpage deforma
tion at the top surface after 4 cycles of the EMC occurred, which was 
significantly deformed based on switching devices S1 and S2 as shown in 
Fig. 7(e). The light blue line is defined as amount of the warpage 
deformation in the ON state, and the orange line is defined as the 
amount of the warpage deformation when returning to the OFF state. 
The amount of peak deformation at the top surface of the EMC during 
ON switching and OFF states approached about 108 μm, and the shape 
of the distribution was Gaussian distribution. The maximum difference 
between the amounts of warpage deformation of the bottom of the DBC 

with the heat sink attached was about 30 μm when the power was turned 
ON and OFF. The reason why the deformation of the bottom of the DBC 
is not significant compared to the deformation of the top is that the 
bottom of the DBC is fixed to the heat sink. Therefore, the warpage of 
power modules clearly originated from the repetitive switching opera
tions of the power semiconductors. In order to understand the me
chanical behavior of the Cu clip due to such bending deformation, 
section A-A’ was investigated. Fig. 7(f) displays the stress distribution of 
the plane A-A’ cross-section, which can be confirmed that a stress of 
more than 200 MPa occurs in the Cu clip. The strain behavior of the EMC 
and Cu clips is shown in Fig. 8, and a large difference in the strain was 
observed when the two undergo power cycling. In here, strain can be 
calculated as: 

Fig. 9. Power cycling behaviors of solder joints. (a) the map of strain energy distribution, (b) a plot for strain energy evolution, and (c) the stress–strain hysteresis 
loop of solder joints, (d) deformation behavior of solder joints. 
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ε = δl/l0 (28) 

where l0 denotes the initial length, and δl is the deformed length. In 
this study, total strain (εtotal) is constitutive as: 

εtotal = εe + εp + εc (29) 

where εe is the term of the elastic strain, εp denotes the term of the 
plastic strain, and εc is the creep strain term. In addition, the EMC tended 
to gradually increase strain with each cycle of power cycling. In addi
tion, it can be seen that the stress distributions of Cu clips were 
remarkable around the region where the strain distributions of EMC 
were remarkable. Thermal expansion mismatch between Cu clip and 
EMC, the stress gradient dσf/dT can be described as follows [41]: 

dσf

dT
=

[
Ef

(
1 − vf

)

]

*
(
αs − αf

)
(30) 

the stress gradient is the product between the biaxial modulus of the 
Cu clip, where Ef denotes elastic modulus, and vf the Poisson’s ratio of 
the Cu clip, and the expansion mismatch between the EMC: αs and the Cu 
clip: αf. In fact, the coefficient of thermal expansion (CTE) mismatch 
between Cu and EMC applied in this study is 113 ppm. Moreover, in the 
case of Si and AlN, in which the CTE mismatch with EMC was more 
severe, it can be confirmed that the stress of higher intensity was 
distributed. 

Fig. 10. Power cycling behaviors of the Cu clip. (a) the map of plastic strain distributions, (b) temperature dependence yield stress of the pure Cu [15], and (c) 
stress–strain hysteresis loop of the Cu clip, and (d) plastic behavior plot of the Cu clip. 
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4.2. A contribution of solder joint behaviors 

The solder creep behavior or mechanical degradation has been a 
significant issue in determining the lifespan of electronic products for 
the past decades [42–45]. Therefore, this section focuses on the 
contribution of solder joints to the deformation behavior at the scale of 
power modules. Fig. 9(a) represents the mechanical behavior of solder 
joint reliability, which displays a strain energy map; the intensity at the 
corner of the solder was remarkable. The strain energy is defined that 
when a force is applied to a material, the energy stored inside the ma
terial. Part of the total work caused by force acting on the object was 
used for plastic deformation, which permanently deforms the object, 
and the rest is accumulated as strain energy [15]. The formula of strain 
energy can be represented as follows: 

U =
1
2

Vσε (31) 

where σ is stress, ε is strain, and V is the volume of material, 
respectively. The stress is defined as σ = E*ε by Hooke’s law relational 
expression, which can be derived by [15]: 

U =
V
2E

σ2 (32) 

in here, E is Young’s modulus. 
The strain energy accumulated in the solder joint was gradually 

increased depending on the power cycling number as shown in Fig. 9(b). 
The first power cycle caused 0.00017057 J (=0.17057 mJ) of the strain 
energy in solder joints, which strain energy was maintained until the 

Fig. 11. (a) Comparison of strain behaviors depending on power cycles of the 
Cu clip and solder joint, (b) strain behavior plot of the Cu clip. 

Fig. 12. Deformation mechanism map (DMM) of the pure Cu.  
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Fig. 13. Failure mechanism of the power module; the strain hardening of the Cu clip directly affects the failure of the power module. (a) Schematic 3D model of the 
initial state of the Cu clip interconnected solder and Si diode, (a1) its SAT inspection result of the Si diode layer, and (a2) 2D view of the section A-A’ on (a1); (b) 
schematic description of the damaged stage (45 k cycles) of the Cu clip interconnected solder and Si diode, (b1) its SAT inspection result of the Si diode layer, and (b2) 
2D view of the mechanism of cracking in the section A-A’ on (b1); (c) schematic description of failure stage (97 k cycles) of the Cu clip interconnected solder and Si 
diode, (c1) their SAT inspection result of the Si diode layer, and (c2) 2D section view of the mechanism of cracking in the section A-A’ on (c1). 
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next switch ON, and then strain energy increased by 42.9% of 
0.00024377 J (i.e., 0.24377 mJ) was induced by the second cycle. With 
this trend, the strain energy of the solder was increased stepwise. Fig. 9 
(c) depicts the stress–strain hysteresis loop of solder joints, each loop in 
the curve corresponds to 1 cycle. The hysteresis loop is considered to be 
stable as the cycles increase. However, it can be seen that the total strain 
of the solder joint gradually increases even if the cycle is repeated, which 
can be caused internal damage to the power module structural system. 
Fig. 9(d) shows the deformation behavior of solder joints depending on 
power cycles, and it tended to increase by about 20 μm for each repet
itive power cycle. These solder contributions not only affect the solder 
joint reliability, but they can also have a significant impact on the ma
terial behavior of other elements in integrated power module structures. 
For this reason, the power module inside is constrained due to the 
characteristics of the transfer molded power module, and the bottom 
DBC substrate is attached to the heat sink, so the deformation behavior 
of the solder joints can affect the power semiconductor device and Cu 
clip mechanically. 

4.3. The mechanism of Cu clip strain hardening 

Strain hardening of the Cu clip by thermal fatigue showed a signif
icant difference in the thermal resistance performance of the power 
module, which was experimentally found to be an important factor in 
determining the reliability of the power module. FEM simulation results 
revealed areas of plastic strain distributions after the power cycling 
process with damage concentrations at the outer sites of the Cu clip 
interface as displayed in Fig. 10(a). The plastic strain distribution of the 
Cu clip was obviously concentrated in the area corresponding to the die- 
cracking region found in non-destructive inspection (SAT). This means 
that directly related to the cracking of the die and the plastic deforma
tion behavior of the Cu clip. The stress–strain hysteresis loop and the 
yield stress at different temperatures were investigated to determine 
whether the plastic deformation of the Cu clip by power cycling was 
sufficient to cause grain refinements (see Fig. 10(b, c)). The yield stress 
at the power cycling temperature was found to exceed about 210 MPa, 
and the Cu clip of the transfer molded power module was shown to 
undergo an area of plastic works exceeding the yield strength due to 
power cycling. In Fig. 10(d), as the power cycling increased, the plastic 
strain of the Cu clip gradually increased. This means that dislocations 
can accumulate on the Cu clip as power cycling tests. To further dis
cussed the strain behaviors of the Cu clip attributed to the creep effects 
of the solder joint, the total strain behavior of the Cu clip and solder joint 
was plotted in Fig. 11(a). The strain of the solder joint showed a ten
dency to gradually increase as the strain energy increased, and even was 
a significantly higher value than that of the Cu clip. Fig. 11(b) stands for 
the strain behaviors of the Cu clip, which is a magnified area in Fig. 11 
(a). Surprisingly, a tendency to gradually increase by 0.13% per 4 cycles 
from 0.00755 in 1 cycle to 0.00756 in 4 cycles was observed. Therefore, 
the results of the numerical simulation verified that the Cu clip exhibited 
plastic behavior during power cycling, which sufficiently supports the 
reason for the experimentally revealed cause of grain refinements. 

The deformation mechanism map (DMM) was investigated to further 
understand whether the Cu clip physically undergoes plastic deforma
tion or recrystallization under the operating conditions of the power 
module. Fig. 12 illustrates the deformation mechanism map of pure Cu. 
Deformation mechanism maps (DMM) have been established since 
Ashby’s work [46] in 1972 to delineate the dominant deformation 
mechanism under different combinations of temperature, stress, and 
grain size, which are then used to guide the optimization of processing 
parameters for use in bulk materials. The magenta color box corresponds 
to the region experienced by the Cu clip during the power cycling test in 
this study. Obviously, in the ON state of the power module of the current 
structure, it can be understood that the Cu clip experiences the area of 
cold working, explosive deformation and power law creep. Therefore, it 
is clear from the discussion of microstructures in the previous section 

that the evolution of Cube texture components and grain refinements, 
both of which can occur in the typical cold working of Cu alloys, are 
caused by the thermo-mechanical response that occurs during power 
module operations. 

4.4. Failure mechanism of the power module: die cracking 

This section is discussed to clarify the mechanism by which the strain 
hardening of the Cu clip directly affects the failure of the power module. 
In DBC substrates, repeated thermal cycles have been studied exten
sively as a fatal cause of transverse cracks in the ceramic layer 
[12,47–50]. In particular, recent studies have well explained the 
mechanism by which the Cu layer forming DBC undergoes strain hard
ening by repeated thermal cycles. In the previous study, Patrick Gaiser 
et al. [10] mentioned that a prerequisite for predicting the crack prop
agation path is the correct modeling of the evolution of the stress and 
strain fields over thermal cycles. This obviously is a significant factor in 
the study of cracks and should be treated carefully. However, in this 
study, rather than predicting the crack path of ceramics, when a power 
module undergoes thermomechanical fatigue (TMF) by power cycling, 
what behaviors do the components of the module, including the Cu clip, 
cause, and how this behavior leads to failure. 

From the results of the previous section, the solder joints of the 
power module undergoing PCTs exhibited periodic deformation 
behavior in the thickness direction (i.e., warpage), and this deformation 
tended to increase gradually. This bending behavior can also affect the 
Cu clip, and due to this, the structure of the Cu clip, which is gradually 
hardened, can be further deformed without returning to its original 
position. For this reason, die cracking can be induced if the deformation 
of the Si die limit is exceeded, which is remarkably low in ductility 
compared to solder joints or Cu clips. This die cracking often occurs in 
electronic devices and is a major factor in increasing thermal resistance 
[1,51]. Fig. 13 summarizes the strain hardening behavior and die 
cracking mechanism of these Cu clips. Fig. 13(a-a2) illustrates the initial 
state of the power module structure, which has just an initial minor void 
as a defect. Fig. 13(b) depicts the 3D model of the damaged stage (i.e., 
45,000 cycles) of the Cu clip interconnected solder and Si diode. Here, 
the mustard-colored plane through the Si diode has defined a crack. As a 
result of SAT analysis, this crack region was clearly created in the Si die, 
and was formed around the periphery where the Cu clip was attached as 
displayed in Fig. 13(b1). These cracks are suggested to be caused by the 
phenomenon that the Cu clip tries to deform by repetitive heat further 
while strain hardening and not returning to its original position as 
shown in Fig. 13(b2). In other words, the more it tries to become convex 
in the thickness direction in the deformed state, the more cracks may 
occur in the Si die that can no longer withstand the strain (i.e., +Fz >

limitation of the Si die). Fig. 13(c) describes the 3D view model during 
the failure stage, which has further expanded the cracking plane and 
even developed up to the solder layer. In the SAT analysis result (see 
Fig. 13(c1)), the extended crack surface can be confirmed more clearly. 
Fig. 13(c2) represents the 2D section view of the mechanism of cracking 
in sections A-A’ on (c1). Due to larger cracks (i.e. cracks are air: 0.025 
W/mK of the thermal conductivity), the thermal resistance can be 
further increased, which is the main cause of failure. Considering the 
linear increase in thermal resistance, the strain hardening of the Cu clip 
may have already reached a saturation state before 45,000 cycles. Also, 
if heat is applied to the Cu clip while the strain hardening is already 
saturated, the Cu will try to expand further and load the brittle Si die, 
causing gradual die cracking failure. 

5. Conclusions 

Operations of the power module have been experimentally verified 
that even bare Cu clip wire interconnections, not DBC, can cause un
expected strain hardening due to thermomechanical fatigue behavior. 
The molded EMC with the solder joint dramatically changed the 
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crystallographic microstructure of Cu clips by geometrically constrain
ing the internal structure during power cycling operation, which is 
direct evidence causing strain hardening of the Cu clip bonding. From 
the FEM simulation results, we have numerically understood that the Cu 
clip originates plastic deformation during power cycling tests. In addi
tion, in this process, the viscoplastic behavior of the solder joint 
increased the strain energy in a stepwise manner, which directly affects 
the warpage of the power module structure including the Cu clip. 
Namely, strain hardening can occur significantly in bare Cu clips due to 
geometrical constraints, even if there is no strong bonding like DBC 
substrates. 
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