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Abstract

This report focuses on the estimation of Anand viscoplastic model parameters for aluminum
wirebonds, a critical component in Power Electronic Modules (PEMs). These complex PEM
inhomogeneous structures are prone to thermo-mechanical failure due to heat generation and
material Coefficient of Thermal Expansion (CTE) mismatches. The wirebond failures account
for approximately 70% of total PEM failures. The study addresses a gap in existing literature
by deriving Anand model parameters for aluminum wirebonds from experimental tensile data.
This involved of conducting isothermal uniaxial tensile tests on pure aluminum wire at various
temperatures and strain rates and measuring the stress strain profile of each sample specimens.
The nine Anand model parameters were then determined through a four-step non-linear fitting
process. The accuracy of these estimated parameters was validated by comparing stress-strain
curves from Finite Element Analysis (FEA) simulations with experimental data, showing a
good fit across various conditions. The research proceeded to predict the fatigue lifetime of
wirebond structures under various thermal cyclic loading scenarios, adhering to JEDEC
standards. Accumulated plastic strain at the wirebond heel was identified as a key lifetime
prediction parameter, utilizing the Coffin-Manson relationship. The analysis revealed an
exponential decrease in wirebond lifetime with increasing temperature difference (AT) and
upper thermal cycle temperature. Finally, the study explored using tree-based machine learning
(ML) regressors (Random Forest, Decision Tree, and XGBoost) to predict accumulated plastic
strain, aiming to mitigate the need for computationally expensive FEA simulations. Trained on
a small dataset from 11 FEA simulations, the Decision Tree model exhibited a reasonable
prediction error of 2.4%, suggesting the potential for ML to provide efficient and reasonably
accurate lifetime predictions in power electronics.

1. Introduction

Power electronic modules (PEM) play a vital role in the conversion, control of electrical
energy generation, and distribution. In fact, it is anticipated that in future all electrical energies
will pass through PEM at least once [1]. These modules are highly complex inhomogeneous
structures made up various components, including semiconductor chip, ceramic substrate,
copper conductor, aluminium wire/trace, and baseplate and cooling structure [2] as illustrated
in Figure 1. At the heart of every PEM is the semiconductor chip. Silicon semiconductors
remain widely used although wide-band-gap devices such as Silicon Carbide and Gallium
Nitride are gaining acceptance. Nevertheless, the limitation with packaging technologies,
reliability, and cost limits the allowable junction temperature of the PEM device to 175°C [3].

During operation, power devices have finite on-state voltage drops during turn-on and turn-
off. These voltages drop causes a certain amount of power to be dissipated and the dissipated
power converted into heat energy within the PEM structure. Furthermore, many components
of the PEM devices generate heat by the Joule heating effect. This converted heat and the
environment temperature can initiate thermo-mechanical failure mechanisms in the device due



to the coefficients of thermal expansion (CTE) mismatch between various materials of the
components. Widely known failure modes of modern power electronic modules are (a)
wirebond fatigue at the aluminium wire/silicon chip interface, (b) solder fatigue, (c) cracks in
silicon chip and substrate, (d) corrosion of interconnections [4], and finally (e)
electromigration in the interconnects [5].

Materials
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Figure 1: (a) Schematic sideview of the IGBT power electronic module and (b) wirebond
delamination failure

In real-world applications, wirebond failures and solder interconnect layer failures are the
most dominant primary failure mechanisms. Wirebond failures are approximately 70% of
total failures, according to Luhong at al [17], highlighting their significant impact in real life
applications.

Wirebonds manage the electrical connections for chips in a traditional power module, as
detailed in Figure 1. During operation, these crucial interconnections experience thermo-
mechanical fatigue due to temperature fluctuations, this leads to the accumulation of plastic
strain, which causes damage, eventually resulting in the wirebond's degradation and ultimate
failure. The rate and extent of this degradation depend directly on both the intensity and
duration of the operational and environmental temperature loads. Wirebond connections are
particularly vulnerable to fatigue from these thermo-mechanical stresses. Two primary failure
modes commonly occur: (a) heel/bond crack: a crack forms where the wire emerges from the
bond pad. and (b) lift-off failure mechanism: The wirebond detaches from the chip surface,
typically at the bond's heel or tail (foot) (Figure 1(b)). These two failure modes occur at the
two weakest points (the bond heel and tail (foot)). The lifting of a wirebond can be regarded
as contagion effect because it leads to a non-homogeneous current distribution on the power
module chip and therefore to higher local and average temperature which accelerates the
lifting process of more wires [6].

Reliability prediction is essential for quality and reliability engineers to perform qualification
tests and life assessment of power electronic modules, especially due to thermo-mechanical
fatigue caused by operational temperature swings. In power electronics, Physics of Failure
(PoF) is a widely used procedure for reliability assessment. In the PoF approach, fundamental
causes of the potential failure’s mechanism and the lifetime prediction of components in PEM
under specified operation conditions are predicted through stress/strain and fatigue models. To
predict component failure with the PoF approach, fatigue models are employed. Most common



fatigue model is the plastic strain-based fatigue model which relies on the Coffin-Manson
relationship. This relationship defines a power law between the number of cycles to failure and
the accumulated plastic strain during a full cycle load. Therefore, accurately estimating the
accumulated plastic/creep strain on the aluminum wirebond for the operation temperature cycle
is vital for predicting its failure or lifetime.

Creep is often defined as mechanical phenomenon influenced by the stress strain rate and
temperature. In power electronics there are several creep/plastic strain rate models that are
commonly utilized for solder interconnect and die attachments like the Anand model and
Garofalo hyperbolic sine law. Garofalo sine law strain rate is based on the Garafalo Arrhenius
equation to define the temperature dependent secondary creep mechanical response of solder
interconnect and die attach as:

_Q
&, = A[sinh (ac)]Pe rr (1)

where €., o, and T are steady state creep strain rate, stress level, and temperature in Kelvin.

The constants values of equation are A- pre-expontential factor, a — stress multiplier, f-
hyperbolic function exponent, and Q —the activation energy.

The Anand viscoplastic strain rate model, proposed by L. Anand [14] offers an improved
constitutive strain rate model compared to the Garofalo model. This unified plasticity-creep
constitutive flow model is designed for large isotropic viscoplastic deformation. It incorporates
the temperature sensitivity, strain rate sensitivity and strain hardening effectively unifying
time-independent plastic deformation and time-dependent creep deformation through a single
set of flow equations. A crucial component of the Anand model is a single scalar internal state
variable denoted as 's', which represents the deformation resistance of the material. This
variable evolves with plastic deformation, capturing strain hardening and softening
phenomena’s.

Many literatures have been dedicated to solder interconnect failure predictions for lead- and
lead-free solder materials. Most of the literature has derived the solder interconnect failure by
evaluating inelastic/viscoplastic and creep properties of various solder materials. In these
literatures, nonlinear material properties for aluminium wirebond are based on bilinear
plasticity properties. Nevertheless, N. Shishido et al [11] estimated the parameters for Norton-
Bailey type constitutive creep equation for transient creep strain rate of aluminium wirebond.
N. Shishido et al [11] estimated the parameters for Norton-Bailey transient creep strain rate for
aluminium wirebond based on the isothermal tensile test data. Their tensile tests were
performed to acquire the inelastic behavior of a wire for power modules for the 400um diameter
aluminum wire in a heat chamber. Norton-Bailey type constitutive equation for transient creep
is given as follows.

Eor = Aa™t™ (2)
where A4, n, and m are constant parameters determined from the stress relaxation test. These
constant parameters are temperature dependent hence at each temperature regime the constant
values will have different values. M. Ouhab et al [12] estimated the transient creep strain rate
parameters on stress relation data from [13] for aluminium wirebond. The transient creep law
for aluminium wirebond is expressed as follows.

g = mAc™t™ 1 (3)
Their estimation of the 4, n, and m values are slightly different than N. Shishido et al [11]
estimation. There is a gap in the literature for the lack of Anand flow model for specifically
aluminium wirebond.



This paper focuses on estimating the Anand viscoplastic model parameters for aluminium
wirebond from the tensile experimental data. Then it proceeds to utilise the predicted Anand
model to undertake the thermo-mechanical analysis for the wirebond structure of the PEM
under the thermal cyclic loading scenarios. From the thermo-mechanical finite element analysis
number of cycles to failure (lifetime) of the wirebond structure were estimated by utilizing the
estimated viscoplastic properties of the wirebond structure from the finite element analysis
perspective. Finally, the paper focuses on using tree-based machine learning (ML) regressors
models to predict accumulated plastic strain, aiming to mitigate the need for computationally
expensive FEA simulations.

2. Tensile Experiment of Aluminium wirebond in PEM

To assess the stress-strain response of aluminum wirebond interconnects in power electronic
modules, experimental tensile tests were undertaken for the various temperature and the strain
rates. Specifically, isothermal, uniaxial tensile testing was undertaken to evaluate the dynamic
stress-strain response of the wirebond. For these tests, 99.999% (5N) pure aluminum wire
samples, with 375 pm in diameter, were cut into approximately 12 - 13 mm lengths. The
samples were subsequently mounted onto paper tabs to minimize their handling while being
clamped into position. The paper tabs provided means by which the samples could be more
easily manipulated. Each wire was clamped into place with a fixed value of tension/torque.
Testing was performed on a Dynamic Mechanical Analyzer (DMA-Q800, TA Instruments)
with a maximum load capacity of 18N, and displacement and force resolutions of 1 nm and
0.00001 N, respectively. Isothermal uniaxial tensile tests were then performed at constant strain
rate values ranging from 1 x 10™%s to 7 x 10~%/s and at temperatures ranging from —55 °C to
190 °C. The tensile tests were terminated at between 6% and 8% strain. Fig. 2 demonstrates
the experimental stress-strain curves for strain rate of ¢’= 0.0003/s at different temperatures.
Figs 3 and 4 demonstrate the experimental stress versus strain plots for various temperatures
when the strain rates were respectively 0.0001/s and 0.0007/s. The tensile experiments were
terminated for wirebond specimens if the specimens were structurally damaged during the
tensile tests. Some of the anomaly data in the stress strain curve were discarded by taking into
consideration experimental anomalies.
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Figure 2: Stress strain plots at various temperatures for strain rate of 0.0003/s
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Figure 3: Stress strain plots at various temperatures for strain rate of 0.0001/s
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Figure 4: Stress strain plots at various temperatures for strain rate of 0.0007/s

DMA measured the mechanical properties of the wirebond specimen as function of time, stress
and strain. The sample was subjected to a tensile force, and its deformation was measured to
calculate mechanical parameters, including stress and strain using the standard equations
(stress = force/cross sectional area of the wirebond, strain = deformation of the wirebond/
original length of the wirebond sample specimen). In the tensile tests, wirebond specimens
exhibit a stress-strain relationship that follows approximately a bilinear plasticity model. This
model is a straightforward yet effective way to describe the behavior of ductile materials, which
undergo both elastic and plastic deformation.

Initially, under small loads, the wirebond specimens exhibit elastic behavior. This means they
will deform, but they will return to their original shape once the load is removed. However, if
the applied load surpasses a specific threshold known as the ‘yield stress’ the material will
begin to deform permanently. This permanent deformation is the characteristic of plastic
deformation. Essentially, the bilinear model simplifies the material's response into two distinct
phases: an initial elastic region with a constant slope (Young's modulus), followed by a plastic



region, also with a constant, but typically shallower, slope (tangent modulus), indicating
permanent deformation.

3. Determination of Anand Model Parameters for Aluminum wirebond

From the experimental data, it was observed that pure aluminium wirebond exhibits bilinear
plasticity properties for various chamber temperatures and the strain rates. To describe this
inelastic deformation more comprehensively we employed the Anand model, a unified
viscoplastic model. The key feature of the Anand model is it uses a scalar internal variable s
which quantifies the material’s isotropic resistance to plastic flow offered by the internal state
of the material. The model needs no explicit yield condition and no loading/unloading criterion.
This model is defined by nine parameters, and its behavior is governed by a flow rule. The flow
rule describes the rate of inelastic deformation and is typically expressed as:
1

¢ = Ae () [sinn (£2)]" &)

where 4 corresponds to the pre-exponential factor, Q corresponds to the activation energy, R

the ideal gas constant, 7" the absolute temperature, ¢ the stress multiplier, o the equivalent stress

and m the strain rate sensitivity. In addition to this flow rule, the model includes an evolution
equation of the state variable s is defined as follows.

s=[ho(1-2) sgn(1-2)]¢, )

where 4y corresponds to the hardening constant and a the strain hardening coefficient. The sign

function (sgn) or signum function returns the value of 1, 0 ,-1 according to whether the term

(1 — Si) is positive, zero or negative respectively. Finally, the term s *represents a saturation
value for the isotropic deformation resistance and its value is driven by the following equation

s =38 [‘%’e(ig—r)]n 6)
where § is a saturation coefficient and » the saturation strain rate sensitivity. The Anand model
is therefore defined by the eight parameters 4, O, m, n, &, §, a and hg plus the extra parameter

so that corresponds to the initial state of the state variable s and is needed to solve the initial
value problem, making a total of nine parameters to be identified.

Many Anand parameter derivation technique has been discussed in the literature, such as
Motalab, et al [7], M. Fusek et al [8], Zhang et al [9] and M. Fuste et al[10]. We utilised one
such approach described by M. Fuste et al [10]. This method can be organised in four steps:

e Determination of the saturation stress o* corresponding to the fully developed plastic flow.
e Non-linear fit of the flow rule parameters O, 4,5/, mand n .

e Separation of the composed parameter § /&

e Non-linear fit of the state variable parameters a , 49 and sy.

3.1. Determination of Saturation stress

The stress and strain curve of the experimental data for each strain rate and the temperatures
regimes have been mathematically approximated by the exponential decay function [10]

F(e) = C(1—Pe™) (7)
Where C the saturation parameter, P the proportional parameter and A > 0 the time constant.



The parameters C, P and 4 are fitted to the different experimental curves using ¢ as the
independent variable and using the nonlinear least square method ‘Isqcurvefit’ in Octave [19]
utilised by minimising the function
i=1(o; — F(&))? (8)
Where o; equals each experimental stress at each time step and F(g;) corresponding stress
calculated from the equation (7) for strain value ¢;. The saturation stress o* for each
temperature and stress will then
o"=limF(e) =C 9)

n—-oo

The parameter values of the least square method for each strain rate and chamber temperature
combinations are shown in Table 1.

Tablel: Equation (7) parameter values for each strain rate and temperature combination.

Strain | Temperature C (MPa) P A
Rate (°O)

(m/s)

0.0003 | 120 20.08 0.97 1.07
0.0007 | 120 26.08 0.99 1.03
0.0003 | 90 29.82 0.96 0.65
0.0007 | 90 28.87 1.00 0.88
0.0001 | -55 49.05 0.77 0.32
0.0007 | -55 44.97 0.96 0.48
0.0003 |0 40.30 0.93 0.45
0.0007 |0 35.91 0.96 0.92
0.0007 | 190 21.09 0.95 0.67
0.0003 | 190 19.40 0.92 0.61
0.0001 |25 35.18 0.64 0.56
0.0003 | 25 37.59 0.8 0.53
0.0007 | 25 35.09 0.98 0.85
0.0001 | 190 16.15 0.91 0.87

3.2. Nonlinear fitof Q ,A,8/&, mand n

Saturation stress obtained from the previous section were utilised to approximate the first five

parameters of the Anand model
A m

$ é‘p Q n . 1 ép Q
"= E(: BRT) sinh™ [XBRT] (10)
where 6* is expressed as a function of the plastic strain rate €, and temperature 7 . This
expression can be used to perform a non-linear fit of the experimental curves and estimate the
parameters Q, A, S/ &Hm and 7. The resulting objective function to minimise becomes
, L S(gp AN e 2T

F(T,é) =0 —3(7 eRT) sinh [XeRT] (11)
Again, nonlinear least square fitting function ‘lsqcurvefit’ with ‘patternsearch’ functions in
Octave were utilised to estimate the parameters. The estimated parameters O, 4, s /¢, m and
n are shown in Table 2. The figure 5 is the plots of saturations stress, and the estimated
saturation stress derived from the fitted parameters according to the right hand side term of the

equation (10).
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Figure 5: Saturation stress and the estimated saturation stress from the fitted parameters
(equation (10)).

Table 2: Estimated parameter values of O, 4, § /¢, m and n for the aluminium wirebond

Anand model

Parameter | Values
AGs™) 41.9630

Q/R(K) | 12268.2385

5 9.1572 x 10°
¢

m 0.1037

n 0.0001

3.3.Separation of composed parameter §/ £

The maximum saturation stress o= has been used, as it represents the higher stress reported in
the experimental tests. The maximum saturation stress from the Table 1 is g% =49.046 MPa.
This maximum saturation stress o* can be directly assigned to $/¢ to extract the value of &

Since the §/€ =9.1572 x 10° with § = 49.046, the value of £ derived as & = 5. 356.

3.4.Non-linear fit of a, ho and s

To fit the rest of the parameters a, 4o and sy the following expression is used
1

Oexp =0 — [(J* —¢59) Y + (a — 1){(ch0)(0*)(_a)}£pexp](1_a) (12)
Where ¢ = %sinh_1 [%p eﬁ] The experimental plastic strain was obtained by using
g,
€p gy = Eexp ™ eExp (13)

wheree,, exp corresponds to the resulting plastic strain, £ corresponds to the Young modulus

and geyp and gexp correspond to the experimental stress and strain respectively. A non-linear fit
of the parameters @ ho and so using the stress-strain experimental data €., and gy, for all
the temperature and strain rates was utilised. Table 3 is the list of estimated parameter values



for a, ho and s¢ from the nonlinear curve fit. The figure 6 is the plot of the experimental stress
for various strain rate and temperature combinations and estimated stress for fitted parameters
(right hand side term of the equation (12)).

Table 3: Estimated parameters &, a, ho and sy for the aluminium wirebond Anand model

Parameter Values
3 (MPa) 49.0460
S 5.356
h, (MPa) 6805
a 1.23
So 3977
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Figure 6: Experimental stress for various plastic strain, temperatures combination and
estimated stress for fitted parameters as in the right-side term of the equation (12)

4. Comparison of Experimental and Finite Element Model Stress Strain
Responses

Estimated Anand model parameter was utilised in the finite element analysis (FEA) code for
evaluating the stress versus strain response of wirebond specimen. In the FEA code (ANSYS)
a cylindrical aluminum wire with dimensions of 375 pum in diameter, and approximate lengths
of 12- 13 mm were generated as in the Figure 7. One end of the wirebond specimen model is
fixed for all degrees of freedom, and the other end of the model was stretched as in the
experiment for each time step. The FEA modelling was undertaken for each of the strain rate
and chamber temperature combinations by mimicking the DMA-Q800 experiment. The
material properties of the wirebond model are as in the table 4.

0 0.004

0.008 {m)

0.002 0.006

Figure 7: Wirebond finite element model.



Table 4: Material properties of the wirebond specimen in the FEA code

Material Values
Properties

Density 2699
(Kg/m3)

Poisson ratio 0.36
Youngs 68.9
Modulus (GPa)

A transient analysis for the deformation of the wirebond model at the times steps as in the
experiment was undertaken. We recorded the average normal stress of the model at each time
step. The primary goal was to compare the stress-strain response from our FEA analysis
(ANSYYS) directly against the experimental stress-strain data. Since the experimental stress was
homogeneous, we extracted the average normal stress from the ANSYS wirebond model at
each time step for a consistent comparison. All the combinations of experimental stress and
strain measurement data for the wirebond specimen at each temperature and strain rate
combinations were extracted at each time step and were compared with Ansys simulation stress
strain data. The figures 8 to 14 are the comparisons plots of experimental stress strain curves
against the FEA modelling stress strain curve predicted by the Anand model (with its optimised

parameters) for each strain rate and temperature combinations.
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Figure 8: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0003/s (left) and 0.0007/s (right) at the temperature 125°C
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Figure 9: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0007/s (left) and 0.0003/s (right) at the temperature 90°C
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Figure 10: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0003/s (left) and 0.0007/s (right) at the temperature 190°C
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Figure 11: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0001/s (left) and 0.0007/s (right) at the room temperature.
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Figure 12: Experimental stress strain curve and stress strain from Ansys modelling for strain
rate 0.0003/s and at room temperature (left) and 0.0001/s (right) at the temperature 190°C
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Figure 13: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0007/s (left) and 0.0003/s (right) at 0°C temperature.

50 Strain Rate of 0.0001/s and

60 Strain Rate 0.0007/s and Temperature Temperature of _55:5;""“
of -55°C T

50 —F —+——————— = 40 o

— --" - % 'f'
40 g P d z 30 Tn’ ’

2 % g /

—_ / .

%) / -
30 § / Experiment Stress vs 20 » / Exp(?nmental Stress vs

&y Strain / Jerain
20 7 /

/ = = = Simulation Stress vs 10 ,/ — = = Ansys Simulation Stress vs
10 / Strain / Strain
0 ’I 0’
0.00 0.02 g,y 0.04 0.06 0.08 0.00 001 002 0.03 0.04 005 0.06

Strain

Figure 14: Experimental stress strain curve and stress strain curve from Ansys modelling for
strain rate 0.0007/s (left) and 0.0001/s (right) at the temperature of -55°C.

The Ansys simulated stress versus strain curves for various temperatures and the strain rates
shows generally good fit to the experimental stress versus strain data. Although the Ansys
simulated stress strain curve slightly overestimated the for the low temperature (-55°C) and
slightly underestimated for higher temperatures (90°C). It can be observed that rate
dependencies exist in the simulated stress strain curve for estimated Anand parameters which
clearly agrees well with the experimental data. Nevertheless, in all cases good correlations were
obtained indicating that extracted Anand model parameters are reasonably good fit to the
experimental stress strain characteristics of the wirebond specimens.

5. Fatigue Lifetime Prediction of Wirebond

With the Anand model parameters correlated with experimental data and validated through
comparative stress strain curve from both experiment and Ansys modelling, we proceeded to
evaluate the fatigue lifetime of the wirebond structure from the finite element modelling
perspective. The PEM investigated in this study is illustrated in Figure 15. which shows the



internal layout and the topology of the package, in the format of a rendered CAD drawing. The
external plastic casing of the module was omitted to allow revealing the internal topology of
the assembly as in Figure 15(b). Each IGBT chip in the module uses nine wires to carry current.
These wires are critically connected: each has a bond and a stitch to the Silicon (Si) chip, and
another bond at its opposite end to the copper trace pattern.

To minimise the computational, complexity, only a sliced portion of the PEM structure was
utilised in the FEM. The 3D slice extends the full length and thickness of the package ensuring
a single wire is fully represented within the modelled domain. Figure 16b details the 3D slice
section as a full model and shows the finite element model at the local level of the wire bond
foot and heel at the chip side. In addition, the materials that made the PEM are also annotated
in this figure. The solder material providing the interconnection between the Si chip and the
copper layer on the AIN substrate, and similarly between the DBC substrate and the AISiC
baseplate, is SnAg alloy. The thickness of the solder layers is 100 um. In the FEA, the
96.5Sn3.5Ag solder is modelled as viscoplastic with the Anand constitutive law and model
constants reported in the table (6). In the power module, thick aluminium wires with a diameter
of 375 um were used. Leveraging symmetry, only half of the 3D slice domain (as shown in
Figure 16b) was used for the FEA model and simulations, with an applied symmetry boundary
condition.

Table 5: Material Properties of the PEM structure

Material Density | Young’s Modulus | Poisson Ratio | Coefficient of Thermal
(Kg/m*) | (GPa) Expansion (10%/°C)
Aluminum 2699 68.9 0.36 24.5
Trace (Al)
Copper (Cu) | 8960 110 0.35 17
Substrate 3260 310 0.24 5.6
(AIN)
Solder 7360 54.05- 0.4 21.85-0.0239xT(°C)
(Sn3.5Ag) 0.193xT(°C)
Si chip 2329 170 0.28 2.6
PCB (AISiC) | 3000 200 0.3 7
Table 6 The values of Anand model coefficients for equation (5)
Anand Solder Aluminum
Parameters (Sn3.5Ag) | Wirebond
A (sech) 223(10% | 41.96
Q/R (° k) 8900 122268.24
& 6 5.356
m 0.182 0.1037
S (MPa) 73.81 49.046
n 0.018 0.0001
ho (MPa) 3321.15 6805
a 1.82 1.23
so (MPa) 39.09 0.003977
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Figure 16: (a) Side view and the layer informations of the PEM, (b)The 3D slice of wirebond
section of the full PEM structure as in Figure 15, (c¢) Total deformation of the sliced model

In thermo-mechanical analysis, the model will endure a temperature cycling. It was reported
that for complex silicon-based ICs the ambient operating temperature range for extreme harsh
environment is between -55°C and 150°C. Our study adheres to the JEDEC standard (JESD22-
A104D) [15], which provides recommended temperature cycling conditions for packaged
electronic devices. This specification, highly relevant to power electronic modules and their
wirebonds, outlines procedures for testing components and solder interconnects (including
critical wirebonds) for their ability to withstand mechanical stresses caused by alternating high
and low temperatures. This standard simulates environmental temperature changes without
factoring in the internal power dissipation of the device itself. According to the JEDEC
standard the dwell time (soak time) ranges from 5 mins to 15 mins. In this study the 5 minutes
dwell time (soak time) was consistently applied. The recommended ramp rate is 15°C/min,
hence this ramp rate was maintained across all thermal cycle scenarios. The thermo-mechanical
analysis was undertaken for various thermal cycle load profiles. The lower temperature of the
cyclic loads has been as -65°C, -55°C, -40°C and 0°C while the upper temperature of the cyclic



loads were set at 85°C, 100°C, 125°C, and 150°C. There was a total of 11 thermal cyclic load
profiles were applied on the wirebond models to predict the accumulated plastics strain at the
heel of the wirebond during the stabilised load cycle.

(b)

(@)

MA

Figure 17: Accumulated plastic strain at the heel of the wirebond due to thermal cyclic load,
(a) the heel structure of the wirebond on top of the chip, (b) complete wirebond structure.

The wirebond lift-off is more complex to address by fatigue models and accumulated plastic
strain at the heel structure. The failure criteria for heel cracking are based on the accumulated
plastic strain (derived from the finite element analysis). To determine the accumulated plastic
strain, we employed the volume weighted average (VWA) method, a technique widely
documented in the literature [ 18] This method was applied to the elements of the wirebond heel
structure (as shown in Figure 17a). The VWA method works by averaging the accumulated
plastic strain, taking into account the volume of each element in wirebond structure. It
calculates the ratio between the summation of accumulated plastic strain multiplied by the
volume of each element of the wirebond heel structure (Figure 17a) and the summation of total
volume of all elements within the wirebond heel structure. The Table 7 presents the various
profiles of the thermal cyclic loads used in our analysis, detailing different upper, lower
temperature and ramp time, all in accordance with the JEDEC standard. The fifth columns of
the Table 7 is the calculated accumulated plastic strain of the heel structure of the wirebond
attached to the chip by the VWA technique for the stabilised cycle (specifically, the fourth
cycle).

Table 7: The recommended thermal cyclic profiles according to JEDEC standard and the
accumulated plastic strain from FEA modelling (column 5), and estimated number of cycle
(lifetime) of the heel of the wirebond (column 6).

Low High Ramp Dwell Accumulated | Lifetime
Temperature | Temperature(°C) | Time Time Plastic Strain | (Cycles)
(°C) (Min) (Min) per Cycle

-55 85 9 5 1.852 x 10 | 1830379.28
-55 125 12 5 2.676 x 107 | 844303.17
-65 150 14 5 3.206 x 107 | 606575.35
-40 125 11 5 2.1991 x 107 | 1209176.47
-55 150 14 5 3.206 x 10 | 606575.35
-40 115 10 5 2.2532 x 103 | 1156576.78
0 100 7 5 1.402 x 10 | 2755809.12
0 125 8 5 1.8655 x 102 | 1633964.75
-55 110 11 5 2.362 x 107 | 1060952.14
-40 150 13 5 2.997 x 10 | 686216.66
-40 85 8 5 1.6499x 107 | 2045740.53




For the wirebond model subjected to repetitive plastic deformation due to thermal expansion
and contraption during the thermal cycling, we applied the Coffin-Manson expression for the
number of cycles to failure (lifetime). This widely used model provides the number of cycles
to failure (lifetime) and is given by:

Nr = ¢y652 (14)
Here Nrrepresents the number of cycles to failure (lifetime), ep; is the accumulated plastic strain
in the damaged heel region during a single cycle, and ¢; and ¢ are material constants derived
from fatigue experiments. While various values for the parameters c; and c» exist in the
literature, we opted for the values of ¢ and ¢z of 16.55 and 1.83 respectively according to
Ramminger et al [16]. Although in this study we assumed that this is an estimate prediction
rather than an accurate prediction due to many factors affecting the lifetime of the wirebond in

a PEM device. We acknowledge the inherent uncertainty, hence our cautious adoption of these
specific values. The estimated lifetime of the wirebond heel structure for all 11 cyclic loads
are in the last column of the table 7.

3.E+06 Lifetime versus AT
o e
S 3.E+06 .
= -
w .
9O 2.E+06 . y = 1E+070.014
(%] ‘. 2 -
g o0 R?=0.9679
S 2406
s ® Lifetime versus Delta T P )
O 1.E+06 ...
£ >
g S E+05 | teeeeecr Expon. (Lifetime versus Delta T) o-.9
=z

0.E+00

0 50 100 150 200 250
AT (°C)

Figure 18: The plot of number of cycles to failure (lifetime) versus the AT(°C) (the difference
between upper and lower temperatures of the thermal cycles ).
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Figure 19: The plot of number of cycles to failure (lifetime) versus the upper temperatures of
the thermal cycles.



The figure 18 illustrates the number of cycles to failure (lifetime) of the heel structure plotted
against AT (the difference between upper and lower temperatures of the thermal cycles ). From
this plot we clearly observe an exponentially decreasing trend in lifetime as the AT increases.
Similar trend also evident when examining the lifetime versus upper temperature of the thermal
cycle as figure 19. The lifetime is decreasing exponentially against the increasing upper
temperature. This trend can be observed for both fixed lower temperatures of -55°C and -40°C
as shown in figure 19.
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Figure 20: The plot of number of cycles to failure (lifetime) versus the lower temperatures of
the thermal cycles at fixed upper temperature of 125°C.

Number of Cycles to Failure

When the upper temperature is fixed at 125°C, we observe a distinct trend regarding the
lower temperature of the thermal cycle versus the lifetime of the wirebond heel structure. As
the lower temperature of the thermal cycle decreases, the wirebond's lifetime drops very
rapidly, following a logarithmic decrement trend as in Figure 20. This indicates that colder
lower temperatures in a cycle have a disproportionately large negative impact on fatigue life.

6. Applying Machine Learning Regressor in Lifetime Prediction

Machine learning (ML) is a very power tool in tabular data regression modelling and
prediction. When trained with a sufficient amount of data, ML models can achieve a high level
of predictive accuracy. This brings us to a key question: can we predict the accumulated plastic
strain of the wirebond heel structure for a stabilized cycle without undertaking computationally
expensive Finite Element Analysis (FEA) simulations? To address this, we employed the ML
regression models to predict the accumulated plastic strain of the wirebond heel structure. We
need to emphasise that these ML models are structure dependent and each structure require
training data and fitting. Our models were trained using the data generated from the 11 FEA
simulations. The dataset in the Table 7 formed the basis for our ML training. The data table
consists of lower temperature, upper temperature and the temperature range of the thermal
cycle (AT) as the attributes (input features), and the accumulated plastic strain is the target
variable (what we aimed to predict). We excluded the ramp time and dwell time from the
attributes since they were constant across all 11 FEA simulations (15 °C/min and 5 minutes,
respectively). This approach allows for rapid prediction of a critical failure parameter,
potentially saving significant computational resources.



For predicting accumulated plastic strain, we leveraged the power of tree-based Machine
Learning models, which are renowned for their accuracy and robustness in regression tasks,
particularly ensemble methods like Random Forest and Gradient Boosting. In this study we
utilised three tree-based ML models namely, random forest, XG boost, and decision tree. The
Scikit-learn library in Python was used to implement the Random Forest and Decision Tree
models. A critical step in optimizing these models was hyperparameter tuning, which
systematically explores different combinations of hyperparameter values to identify the
optimal configuration for the ML models. These hyperparameters, or control parameters,
significantly influence the prediction outcome. For Random Forest and Decision Tree models,
we employed the 'Grid Search' method, which exhaustively evaluates all possible combinations
of control parameters, ensuring a robust approach to finding the best hyperparameter set.
XGBoost (eXtreme Gradient Boosting), is a tree-based advanced machine learning algorithm
was also selected for its well-known efficiency, speed and high performance.

6.1. Model Training and Validation

To validate the ML models' predictions, a specific test case was established: a thermal cycling
profile with an upper temperature of 140°C and a lower temperature of -50°C. For this profile,
a dedicated FEA simulation was performed on the wirebond model, yielding an accumulated
plastic strain value of 2.927 x 107 for the stabilised cycle. Consequently, the Coffin-Manson
model estimated a lifetime of 716,547 cycles for this specific thermal profile. Table 8§ details
the predicted accumulated plastic strain values generated by each of the three tree-based ML
models for this test case. This direct comparison provides a robust assessment of our machine
learning approach's predictive accuracy against a computationally expensive FEA simulation.

Table 8: ML models predictions of the accumulated plastic strain for the thermal cycle with
upper temperature of 140°C, lower temperature of -50°C, ramp rate 15°C/min and 5 min
dwell time.

ML Regressor Predicted Percentage Predicted Percentage
model Accumulated Accumulated Lifetime Lifetime
Plastic Strain Plastic Strain Prediction
Prediction Error Error
Random Forest 3.013x 1073 2.94% 679563 5.16%
Decision Tree 2.997x 1073 2.4% 686217 4.23%
XG boost 2.743x 107 6.29% 806947 12.62%

Among the three ML regressor models trained with limited dataset (Table 7) the Decision
Tree ML model demonstrated the highest predictive accuracy for the test case. Despite being
trained on a very small dataset of only eleven data rows, the Decision Tree model achieved a
reasonable prediction error of 2.4%. This suggests that even with constrained data, these ML
models hold promise. Our findings imply that these ML models can be effectively utilized for
future estimations of wirebond lifetime, provided they are trained with a larger and more
comprehensive dataset. Furthermore, we anticipate that incorporating additional attributes,
such as dwell time and ramp time/rate, into the ML training data could significantly enhance
prediction accuracy in future iterations. Potential use case of ML is the design optimisation of
the PEM for various loading profile and design features.

7. Conclusion
The conclusion section emphasises several key achievements and implications of the research.
Firstly, the study successfully estimated the Anand viscoplastic model parameters for



aluminum wirebonds using comprehensive experimental tensile data. This is a significant
contribution as a gap in the literature for these specific parameters for aluminum wirebonds
was identified. The accuracy of these estimated parameters was then rigorously validated
through finite element analysis (FEA) simulations, which demonstrated good agreement with
the experimental stress-strain curves.

Secondly, with the validated Anand model aluminium wirebond in hand, the research moved
on to a crucial application: predicting the fatigue lifetime of wirebond structures within power
electronic modules (PEMs). This was achieved by conducting thermo-mechanical analyses
under various thermal cyclic loading scenarios, carefully adhering to JEDEC standards. The
accumulated plastic strain at the wirebond heel was identified as a critical parameter for
lifetime prediction , and the widely accepted Coffin-Manson relationship was effectively
applied for this purpose. The results of this analysis revealed a clear and significant trend: the
lifetime of the wirebonds exponentially decreases as both the temperature difference (AT) and
the upper thermal cycle temperature increase.

Finally, the study explored an innovative approach to accelerate lifetime prediction by
integrating machine learning (ML) regression models. These models were trained on the data
generated from the FEA simulations to predict accumulated plastic strain. Three tree-based ML
regressor models were utilised for the learning. Among the tested models, the Decision Tree
model proved to be particularly promising, demonstrating a reasonable prediction error of 2.4%
despite being trained on a relatively small dataset. This suggests the substantial potential of
ML in providing efficient and reasonably accurate predictions for wirebond fatigue without the
need for extensive and computationally expensive FEA simulations, paving the way for more
rapid design and reliability assessments in power electronics.
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