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In this paper, an Insulated Gate Bipolar Transistor (IGBT) module
designed for aeronautic applications is investigated using struc-
tural reliability methods coupled with Finite Elements (FE) model-
ing. The lifetime of the module with respect to its solder joints
failure, is evaluated using its thermomechanical response, in asso-
ciation with a low cycle fatigue model. The simulation of an aero-
nautic  typical Accelerated Thermal Cycling (ATC) test
configuration allows checking in a first step, the relevancy of the
numerical procedure by assessing the experimental lifetime of the
connections, and comparing them to experimental results. Then, the
structural reliability of the module is evaluated over the target air-
craft predicted useful lifetime, comparing the First Order Reliabil-
ity Method (FORM) and Monte-Carlo Simulation (M-CS). The
appropriate temperature mission profile and flight time are there-
fore considered with their scatters, in addition to those of the pa-
rameters of the fatigue model. Regarding these latter parameters, a
simulation based approach is proposed and applied for the determi-
nation of their probability density function (pdf). For reasonable
reliability analysis time, the thermomechanical response of the
module was surrogated using Kriging metamodels. The paper ends
with the exploitation of the reliability importance factors for identi-
fying and proposing improvements, with the demonstration of con-
siderable reliability increase.

Keywords: Power Switch Modules, Aeronautic Applications,
Finite Elements Modeling, Surrogate Modeling, Lifetime
Analysis, Structural Reliability

1 Introduction

One of the current trends in the aircraft industry is the increas-
ing use of electrical systems in replacement of mechanical, hy-
draulic, and pneumatic ones. This evolution which already leaded
to numerous More Electric Aircraft (MEA) programs, aims at
increasing aircrafts performances and reducing onboard equip-
ments weights and volumes as well as their maintenance costs
with reliability improvement [1-3]. The ultimate goal of the aero-
nautic industrials is to increase their leadership and competitive-
ness, with the reduction of aircrafts operational costs, while
improving passengers’ security and comfort.

In the proposed and upcoming electrical applications, several
power converters are implemented, which each involve several sensi-
tive power switch modules. In addition to their important number,
these modules are predicted to be used the most closer to the actuators
that they drive. That’s to say, they could operate in non pressurized
area, under harsh aeronautic stresses. In example, the external tem-
peratures could range from —63 °C up to 200 °C with ramp reaching
10 °C/mn, in combination with mechanical chocs and vibrations,
under pressure and moisture atmosphere [4]. All these circumstances
lead the electrical applications to very significant risks of lifetimes
and reliability concerns. Among these systems potential failures,
those occurring on power modules are the most feared because of
their criticality (nondetectability, occurrence, and severity) on the
systems electrical function. They were for this reason intensively
studied with several publications, in order to investigate their failure
modes, and then improve their lifetimes and reliability [5,6].

In this paper, structural reliability methods are implemented to
analyze a prototype of power module developed for a harsh aero-
nautical application (engine zone). These methods particularly
suitable for virtual prototyping, are still rarely used for mechani-
cally complex products, and particularly power electronic switch
components, probably because of the numerical challenge of this
task, with the consideration of generally important number of fail-
ure scenarios involved, the complexity of the numerical modeling
of the failures scenarios, the computational cost required for accu-
rate numerical results, the availability of relevant models of the
scatter of the preponderant design variables, etc.

These questions are examined herein, after a brief recall of the
principle of structural reliability calculations and its applicability to
power modules. The technology of the considered module is pre-
sented, before highlighting the criticality of solder joints thermome-
chanical fatigue, formulating the relating Limit State Function
(LSF) and presenting the Finite Elements (FE) model. In order to
minimize the computational cost involved in structural reliability
procedures, the response of the FE model is surrogated using Krig-
ing. For the reliability analysis, the temperature mission profile and
flight time are considered with their scatters, in addition to those of
the parameters of the fatigue model. Regarding these latter parame-
ters, a simulation based approach is proposed and applied for the
determination of their probability density function (pdf). Then, the
performance of the module is evaluated in two configurations: a test
configuration and the real mission profile configuration. The analysis
results are discussed and the importance factors exploited to highlight
technical solutions which increase the reliability of the module.

2 Reliability Analysis Approach

In the fields of reliability engineering, the common approaches
for systems or products reliability analysis consist in aggregating
the reliabilities of their individual components, accounting for
their interactions within the system function, and their potential
failures modes. The usual techniques used are based upon the use
of combination of qualitative and quantitative representations and
modeling methods, such as Failure Modes, Effects and Criticality
Analysis (FMECA), Fault Tree Analysis (FTA), Reliability Block
Diagrams (RBD), etc [7,8].

Regarding the components, the reliability methods can be clas-
sified in two mains families: The life data analysis based methods
and structural reliability based methods.



The life data analysis methods were investigated, during the first
footsteps of the reliability engineering in the 1950s [9,10]. They
are based on failure rates modeling, from field or test life data,
making eventually use of Bayesian concepts in order to account
for experts judgments, or information often collected on equivalent
components or systems operating in similar conditions [11,12].
They present the advantage of being relatively simple for reliabil-
ity assessment, but suffer from the availability and the quality of
the input data, not forgetting the important costs generally required
for collecting them. Many handbooks and standards providing
components specific information such as the notorious Military
Handbook 217F [13] were proposed and widely adopted in the
industry [14,15]. However, these handbooks were all founded on
various assumptions which validities are not always verified, such
as the notorious hypothesis of constant failure rate [16,17].

Structural reliability emerged in the late 1970s, for evaluating
the failure probability of structural integrity of offshore structures,
buildings, bridges, and other civil constructions [18,19]. It is a
component-centric approach that considerably grew since 1980s
with the development of rigorous and accurate calculation meth-
ods [20,21]. With the maturity of physic-of-failure based lifetime
modeling [22] and the computing capabilities, the structural reli-
ability is experiencing an increasing use in many recent industrial
fields. It can be fully integrated within virtual prototyping strat-
egy, and appears to date as most accurate and inexpensive for
evaluating products in a development phase, in comparison with
life data analysis approach.

2.1 Structural Reliability. Fundamentally, the structural
reliability approach allows the calculation of the failure probabil-
ity of a given component with respect to a precise failure mode,
considering the scatter of its driving variables. It necessitates:

* the definition of a stochastic model, depending on a set X of
random design variables and parameters characterizing the
failure, which obey a joint density function fx(x);

* the definition with respect to the considered failure mode, of
a limit state function G(x) which splits the safe domain
(defined by {x such that G(x) > 0}) from the failure domain
(defined by {x such that G(x) <0}). The boundary defined
by {x such that G(x) =0} is called the limit state surface.

From these definitions, the failure probability is calculated by
the relation (1):

G(x)<0

The analytic calculation of the above integral is not always possi-
ble, and approximation methods such as First Order Reliability
Method and Second Order Reliability Method (FORM, SORM),
or sampling methods like Monte-Carlo Simulation (M-CS) are
used in practice. For the sake of numerical stability, accuracy, and
efficiency of the algorithms, these calculations are performed
within a standard space, where the physical variables are trans-
formed into uncorrelated, unit variance and zero mean Gaussian
random variables, using iso-probabilistic transformations [23].
Within this space, the reliability is measured through the Hasofer-
Lind reliability index denoted f;;;, which is defined as the number
of standard-deviations from the median response to the LSF [24].
In addition to allow the evaluation of the failure probability of the
considered component, the structural reliability approach provides
information for its optimization, among which the elasticities of
its failure probability P, or its reliability index f3;;, to the design
variables statistical distribution parameters (2):
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where p&r represents the jth parameter of the statistical distribution
of the variable X;, and x* the Most Probable Point (MPP), i.e., the
point of the LSF having the highest probability of being reach.
These outputs can be used to point out reliability improvement
solutions, within iterative reliability and optimization nested pro-
cedures, such as those used in reliability based design Optimiza-
tion (RBDO) [25-27].

2.2 Applicability to Systems With Multiple Failure
Scenarios. The practical application of structural reliability
methods to complex systems generally remains a challenging
task, due to the management of several failure modes, with their
possible interactions. It can be addressed according to two basic
approaches: the multiple limit states (MLS) approach and the min-
imal cut sets (MCS) approach.

In the MLS approach, the feared failure scenarios are combined
within the definition of a unique LSF [28-30], before running the
reliability analysis procedure. This approach appears simple in
terms of implementation, but involves numerical difficulties
and inaccuracies with traditional approximation methods
(FORM/SORM) because of strong nonlinearities and singularities
of the resulting LSF. Only the sampling methods are appropriated
for such problems [30], with the drawbacks of necessitating exces-
sive computation time for accurate failure probability and sensi-
tivity analysis results.

In the MCS approach, all the minimal cuts, i.e., sequences of
individual component failures leading to overall system failure
are identified, and the probability of each sequence is evaluated
from those of its involved components, considering their interac-
tions and implications in the performance of the system. Then, the
structural failure probability of the system is given by the proba-
bility of the union of all the sequences.

Compared with the MLS approach, this second approach allows
going further in the system reliability analysis, with the exploita-
tion of the reliability analysis results of the different components
(failure probability and importance factors). It gives a better
insight of the system failure mechanisms with the clarification of
components interactions, and offers additional information for pri-
oritizing improvement efforts with the possibility of computing
criticalities and reliability importance measures of the components
within the system [31-34].

For the particular case of power switch modules, the second
approach appears as most appropriated, as these modules are sub-
jected to several preponderant failure scenarios with the particu-
larity that the module fails when only one of the scenarios realizes
(see Sec. 3.2 below). Hence, the minimal cuts resume in the set of
preponderant failure events. Denoting 7,, the number of consid-
ered failure events (E;), the failure probability (P;(module)) of a
given module results in the probability of the union of all the E;:

P/(module) = P <u1 E,-) 3)

3 Presentation of the Power Switch Module

3.1 Description. The power module studied herein was
developed within the MODular ElectRical NEtwork (ModErNe)
MEA research program with THALES Avionics Electrical Sys-
tems. It is an elementary switch consisting of 4 chips (2 IGBT and
2 diodes) brazed on a metallized AIN substrate and an Al-SiC
base plate, the electrical connections being achieved through a top
substrate by power bumps (Fig. 1). It’s structure exhibits better
electrical and thermal performances of converters, while leading
to lower weight, volume, and cost in comparison with the previous
packaging technologies, particularly for water cooled three-phase
converters [35].

As shown on Fig. 1 and reported in various overviews of power
switch components [5], almost all of the modules technologies
employ low melting point solders to ensure their mechanical
assembling. For this packaging, the assembling process required
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Fig. 1 Structure of the power switch module with aluminium
metallizations

the use of two solders with high and low melting points.
SnoesAgss (221 °C of melting point) and Pbg, sSnsAgs 5 (292 °C
of melting point) were retained as depicted on Fig. 1, with the
other parts materials. In addition to their mechanical function,
these solders are fully involved in the modules internal electrical
connections, while playing an essential role in the evacuation of
the thermal power dissipated by the chips when operating.

3.2 Solder Joints Failure. Despite of all the technological
improvements achieved, power modules failures remain critical in
harsh environments applications, such as aeronautic those where
high lifetime (more than 100,000 operating hours or 30,000 flying
cycles) and high reliability levels are required. In such environ-
ments with wide cyclic temperature swing amplitudes, the solders
degradations represent one of the most critical failure modes of
power modules, as observed experimentally, shown in several
publications [36] and illustrated on Figs. 2 and 3.

These damages are due to the thermomechanical fatigue cumu-
lated over the module lifetime, with the cyclic stresses generated
in the assemblies by the combination of Coefficients of Thermal
Expansion (CTE) mismatch of the soldered parts, and the cyclic
variations of the temperature [35-37]. Their occurrence directly
affects the modules electrical function by causing chips excessive
heat (burn-out) or by simply interrupting the electrical paths.

3.3 Formulation of the Limit State Function. Regarding
solders interconnects lifetime, numerous prediction models were
proposed in the literature. Among the usable models, the one pro-
posed by Heinrich [38] was chosen for this study because of its
relative accuracy, and simplicity of implementation [39]. This
model expresses the lifetime of a given solder joint in terms of
mean or characteristic number of thermomechanical cycles before
failure, by Ny = K; (AWave)Kz, with K; and K, two material de-
pendent parameters, and AW,,. the damage metric defined as the
Averaged Viscoplastic Strain Energy Density (VSED) over the
solder joint. The calculation of this metric is performed here using
the finite elements (FE) analysis results for each connection, by
averaging the VSED of the solder joint elements over its volume:
AWye = S AWV, /> V with AW, the dissipated VSED by the
eth element and V, the associated volume.

Considering this fatigue model, the LSF is written:

G(X) = K1 (AWaye (X)) ~Niarger )

X380 188rm HOL4

Fig.2 Die collector solder joint damage after power cycling

Fig. 3 Bump connection solder joint damage after power
cycling

where Niyer TEpresents the target lifetime in terms of number of
cycles that the power module must reach without failure.

4 Finite Elements Modeling

4.1 Geometrical Model. In structural reliability, the accu-
racy of an analysis is strongly dependant to the quality of numeri-
cal model used. In order to consider the module real shapes, sizes,
and design, the FE model was built under ABAQUS [40] after
importing a computer aided design model of the whole switch
module. The Fig. 4 depicts the meshed module, the connections of
interest being highlighted.

The connections that will be targeted within the reliability anal-
ysis are: the 4 base plate solder corners, the 2 outer mechanical
bumps 7°1, the 2 outer mechanical bumps #°2, the 2 Gate bumps,
the 6 outer diode bumps, and the 6 outer IGBT bumps, totaling 22
connections.

4.2 Materials Constitutive Laws. For the different parts of
the module, the thermal properties, namely thermal conductivities,
specific heats, and densities used in the FE model were gathered
from the literature [5,41]. Necessary to describe the transient ther-
mal behavior of the assemblies, they are supposed to be constant
for all the materials over the assembling and operating tempera-
ture range of the module.

In terms of mechanical constitutive law, a linear thermoelastic
law was chosen to model the mechanical behavior of the ceramic
substrates, the chips and the base plates, Chaboche’s elastoplastic
model with combined nonlinear isotropic and kinematic hardening
[42] was used for copper and aluminium metallizations in order to
better describe their cyclic behavior. The solders, operating at
temperatures above the half of their melting points, were
described using Anand’s unified viscoplastic model [43].

All the elastic constants and hardening parameters were consid-
ered temperature dependent. The elastic constants were gathered
from Refs. [5,41,44-46]. The metallizations hardening parameters

Bottom substrate

Fig. 4 View of the meshed module, the top substrate being
removed and the critical connections highlighted
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were determined by nonlinear optimization results from indenta-
tion tests [44]. Anand’s parameters were taken from [46] for the
Pbg, sSnsAgs s, and identified by running nonlinear optimization
on temperature dependant creep and hardening tests results, for
the Sn96,5Ag3,5 solder [44]

4.3 Boundary Conditions and Loading Profiles. Before
simulating the mechanical behavior of the module, the residual
stresses induced by the manufacturing step were computed across
the whole assembly. The brazing process was therefore simulated
from 573 °C to ambient temperature (20 °C) followed by 24 h of
storage. Then, two different thermal cycling profiles were consid-
ered: an Accelerated Thermal Cycling (ATC) profile used for
product qualification and the real loading profile.

The ATC profile was defined according to the method 1010.8
of the Military Handbook 883F [47]. It ranges between —55 and
+125 °C, with ramp rates of 20 °C/min and dwell times of 20
min (Fig. 5).

Regarding the real loading profile, it was predicted for this
application that the component should operate only a few seconds
during the flight cycle. Therefore, the thermal ageing due to chips
power dissipation was neglected besides the external thermal
loading. For this last one, the International Standard of Atmos-
phere (ISA), made it possible to determine the module external
temperature profile during the plane flight time with its statistical
distribution. The Fig. 6 depicts the temperature profile during a
flying cycle. For the application considered here, the parking and
taking off time are supposed to be deterministic and equal to
2000 s, while the flight time (77) is supposed to follow a Gaussian
distribution of mean p,;=23,400 s and standard-deviation
o,=3600 s. The temperature swing amplitude during the flight
cycle remains constant and equal to 50 °C, so that the profile is
entirely determined by the value of the maximal temperature
Tamax. It was also estimated through data collected over a year of
flights, that this maximal temperature could be represented by its
statistical distribution using a Weibull probability density func-
tion. The identification procedure yields frmax =7.87 as shape
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parameter, yr,,,. = —72.57°C for the location parameter, and
Nryax = 138.58 °C for the scale parameter (Fig. 7).

5 Simulation Results and Reliability Assessment

The open source software OpenTURNS [48] is adopted in this
study for the reliability calculations.

For the evaluation of connections lifetimes under a given load-
ing profile, the cyclic VSED must be evaluated for the targeted
connections, after the stabilized response of the finite element
(FE) model was obtained. This state was found to be reached after
the first five simulated cycles, with less than 4% of cyclic VSED
variation, under all simulated loading profiles. The Figs. 8 and 9
show the VSED distribution in base plate and power bump solder
joints, for the most representative loading profile (Tyax =60 °C
and tr = 27,000 s).

The VSED distribution in the base plate solder joint is consist-
ent with experimental observations [36,37], showing that the
crack in large area solders propagates from solder joint periphery.
Then, for more accuracy in predicting the base plate solder joint
failure, AW,,. is evaluated in the joint corner elements (Fig. 8).
Regarding bump solders, the corresponding AW,,. were evaluated
in their whole volume because of relatively small size.

In terms of computation time, the simulation (on a 64-bit PC
with 8 CPU of 4 GHz and 12 Go of RAM) of a loading profile typ-
ically necessitates at least 5 h. Since the reliability methods gener-
ally require several hundreds of calls to the numerical model
before fulfilling their own convergence criteria, the direct cou-
pling of the FE model with the reliability code can easily lead to

Fig. 8 VSED distribution in base plate solder after five most
representative flight cycles [

mm?3



Fig. 9 VSED distribution in bumps solder after five most repre-
sentative flight cycles [2)]

mm?®

several months for an analysis, which could be redhibitory during
product development step. Moreover, the FE simulations often
fail to complete due to inappropriate software settings, resulting
in numerical problems during the reliability calculation. For all
these reasons, the use of a fast executing and continuous surrogate
model for approximating the various solder joints cyclic responses
is essential.

5.1 Surrogating the Connexions Cyclic VSED Under Real
Loading Profile. Traditionally, polynomial Response Surface
Models (RSM) were used to surrogate the responses of FE model
in structural reliability [49—51], mainly because of the simplicity
of their implementation. During the last decade, other types of
models such as Artificial Neural Networks (ANN) [52], Krigings
[53,54], or Support Vector Machines (SVM) [55] were intro-
duced, with more accurate results in the reliability analyses due to
their highest fitting capabilities in comparison with polynomial
RSM. In this paper, a Universal Kriging with full quadratic drift
was chosen, with a Gaussian semi-variogram model which param-
eters were fitted on the input data. In order to facilitate the cou-
pling of the surrogate model with OpenTURNS, it was
implemented in python scripting language [56]. The reader in
invited to refer to [57,58] for more details on the Kriging methods,
their applicability and implementation.

The initial data set used for setting the three models parameters
was generated using a central composite design of experiments in
the domain defined by the two variables defining the loading pro-
file, i.e., the maximal temperature (Tyax) ranging from O to 100
°C, and the flight time (¢z) ranging from 16,300 to 30,700 s. This
design was filled with selective additional points in order to
increase the predicting capabilities of the Kriging metamodels.

In a separate comparison (not presented here), the authors
found the Kriging superior to radial basis function neural net-
works and traditional full quadratic polynomial response surface,
regarding their descriptive and predictive capabilities. Moreover,
the Kriging provides a predicting variance that can be used to
quantify the quality of the initial design plan, and enrich it with
smartly chosen points for further accuracy improvement [59].

The results of the kriging approximation is illustrated on the
Fig. 10 for the mechanical bump 7°2 solder, with the associated
plot of the descriptive and predictive goodness of the data fitting
(Fig. 11). The dots on the surface plot indicate the true responses
at the sampling points.

5.2 Solders Failure = Model Parameters Scatter
Modeling. As reported in several publications [60—64], the exper-
imental test times to failure used for identifying the fatigue model
parameters present important scatters for a given test configura-
tion. These scatters, mainly linked to the module manufacturing
process are generally modeled using a Weibull distribution, in
which the scatter of the data is traduced by the shape parameter
Pur. The greater the scatter of the data, the lower .
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Fig. 10 Kriging plots for the mechanical bump n°2 solder
VSED [J;]

To date, too few publications dealt with the impact of these
scatters on the reliability of solders joints. Moreover, the available
works on this topic only proceed to sensitivity studies which
showed the considerable impacts of these scatters on the connec-
tions times-to-failure and reliabilities [63]. The consideration of
these scatters in the analysis of solders joints structural reliability
studies was not investigated, probably because of the unavailabil-
ity of the statistical distributions of the parameters of their failure
models, and the difficulty of their characterization. Without
assumption on the parameters distributions models as done in Ref.
[63], the determination of analytical expression of the parameters
statistical distribution remains challenging. Then, to overcome the
complexity of this task, a maximum likelihood estimation coupled
simulation procedure is proposed, which is based on the simula-
tion of the failure model parameters reidentification as outlined
hereafter:

(1) consider the solder fatigue model and its two parameters as
input data;

(2) determine the Weibull’s shape parameter (f3,,) of the con-
nections times-to-failure from test results;

(3) define a set of n,,;>2 values of VSEDs representative of
the connections;

(4) calculate the n,, Weibull’s characteristic times-to-failure
corresponding to the values of VSED in the previous set,
using the input fatigue model;

(5) calculate n,,, Weibull’s probability density functions (pdf),
with the 7, previous characteristic times-to-failure as scale
parameters, f3,, as shape parameters and O as location
parameter;

(6) simulate a statistically significant number (V,) of samples
of np, times to failure each, according to the ny,, previous
Weibull’s pdf;

(7) for each of the N, samples, reidentify the two parameters, to
yield two populations of N, realizations of the parameters;

(8) then, identify the statistical distributions of the parameters,
comparing different applicable statistical models, i.e.,
Gaussian, Log-normal, Weibull, Gumbel, etc.

This procedure was applied here for Sngg sAgs s solders, with
the parameters provided by Zhang et al. [65], 7, = 10 regularly
spaced VSED ranging from 0.4 to 1.9 mm—nf}, and N, = 3000 samples
of times-to failure simulated. Due to a lack of representative test
results on the studied power module which is still in a design
stage, the worst experimental time to failure Weibull’s shape pa-
rameter f3,, reported in the literature on solder joints was consid-
ered, that is to say f,,=2.3 from [64]. This value was observed
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on the mechanical bump n°2 solder joint

on SngssAgsCugs solder bumps, among other values ranging
from 6 to 8 in Ref. [60], 2.6 and 4.2 for SnPb solder connections
in [61], and 2.6 for eutectic SnPb solder connections in [62].

As a result, K; was found to follow a Weibull model with
Br1=0.35, 71 =0, and nx, =2.38 x 10" as shape, location and
scale parameters respectively, and K, was found to follow a Gaus-
sian model with z, = —1.96 and g, = 0.356 as mean and stand-
ard deviation respectively. The simulation generated data
histograms and the corresponding fitting probability density func-
tions are presented on Figs. 12 and 13 for the two parameters.

5.3 Reliability Analysis

5.3.1 Module Lifetime Analysis Under ATC. In a first step,
the ATC times-to-failure of the various connections considered
in the module are estimated. This was done considering a
Weibull distribution with a shape parameter equals to f3,,=2.3,

and characteristic lifetime equals to N;(63.2%) = Nf(SO%)

(F(l +i))71. The numbers of cycles to failure at various
ﬁ/rf

reliability levels are then evaluated by the relation Ny (Py)

1
= N;(63.2%) - (=In(1 — Py))Pw. The results for the ATC are
given in Table 1.

The ranges of estimated numbers of cycles of the different sol-
der joints failure (from 50% to 99% of failure) complies with
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those generally observed on similar power modules under equiva-
lent thermal cycles tests [35,37]. This is an indicator of the valid-
ity of the numerical model, i.e., the finite element model
combined with the failure model, to traduce the failure behavior
of power modules.

From another stand point, it was estimated basing on the aero-
nautic standard RTCA/DO-160D and the method 1010.8 of the
Military Handbook 883F, that the module should withstand at
least 2000 cycles of the considered accelerated thermal loading
without failure, in order to qualify for the target application
[47,66]. Considering this requirement, the above results point out
needs of improvements. These are investigated in the next section,
with the evaluation of the reliability of the module under the real
loading profile.

53.2 Module Reliability Under the Real Loading
Profile. The required lifetime without failure for this module
in its target application is of 30,000 flight cycles. In order to
evaluate its capability of satisfying this requirement, the fail-
ure probabilities (Py) of its most critical connections were
computed over the required lifetime. This was done using the
surrogate models previously built, under the reliability soft-
ware OpenTURNS. In a first step, the Hasofer-Lind reliability
index (f;;) was computed for each connection, followed by
the FORM failure probability, and then, the M-CS failure
probability. Table 2 presents the results obtained for the criti-
cal solder joints.

At first glance, the results in Table 2 allow to hierarch the dif-
ferent connections. They demonstrate, in compliance with the
ATC simulation results, that the mechanical bump n°1 is the
weakest connection in the module.

From these results and considerations, the failure probability of
the module (Py(module)) is assessed considering all its critical

Table 1 ATC simulation results: stabilized cyclic average VSED
in Solders and numbers of cycles to failure for various reliability
levels

VSED  N(50%) N(63.2%) N(90%) Nf95%) N;(99%)

Base plate 418,623 986 1113 1600 1794 2163
Diode bump 652,542 413 466 670 752 906
IGBT bump 640,392 429 484 695 780 940
Gate bump 328,691 1585 1789 2571 2882 3475
Mech. 687,447 373 421 605 679 818
bump 1

Mech. 624,009 451 509 732 820 989
bump 2




Table 2 Critical solder joints reliability analysis

Connection Prur FORM P, M-CS Py
Base plate 0.234 0.41 0.46
Diode bump —0.038 0.52 0.57
IGBT bump —0.033 0.51 0.54
Gate bump 0.942 0.17 0.18
Mech. bump 1 —0.143 0.56 0.57
Mech. bump 2 —0.024 0.51 0.54

connections, through the relation 3 which expands using the Poin-
caré formulae:

Hey ey J—1
P(U1E> =3 "PE)-Y Y PENE)+
= i=1 =2

i=1

+(=)"™PE NE;N---NE,,) 3)

In this expanded expression, the rigorous evaluation of the failure
probability of each intersection of the failure events necessitates
the calculation of conditional probabilities, as shown for two
events in the relation 6.

P(E;NE;) = P(E;)P(E;|E;) 6)

with P(E/|E;) the probability of E; knowing that E; occured. In
brief, in addition to the probabilities of the individual events, the
calculation of failure probability of the module through the rela-
tion 5 requires conditional events probabilities, which must be
evaluated for each other, by running a particular structural reli-
ability analysis of a specific configuration of the module. Because
the number of these auxiliary probabilities strongly increases with
the number of individual events considered, this becomes redhibi-
tory for such modules due to the important number of connec-
tions. The calculation effort of the events intersections
probabilities could be drastically avoided under the simplifying
hypothesis of events independency, but this assumption does not
hold in this case. As an alternative, they are approximated by the
probability of the event in the intersection having the lowest prob-
ability. This approximation can be legitimated by the fact that,
once the weakest connection in the intersection fails, the lifetimes
of the other connections will be drastically shortened due to the
mechanical weakening of the packaging. In other words, the fail-
ure events E; can be reasonably supposed to be concomitants.
Hence, the failure probability of the module is approximated by:

Ney Ney J—1
P(igl E,-) ~ ZP(E,-) -3 _ min{P(E;), P(E;)}

=2 i=1

+ -+ (=1)"min{P(E}), P(E,), - - -, P(E,,)} (7)

From this expression, the reliability level of the module is eval-
uated to 43%, which needs to be increased for satisfying the target
application requirements.

5.3.3 Improvement of the Reliability of the Module in Use. It
is of interest to note that the previous system reliability calculation
assumptions lead the reliability of the module to be closer to that
of its weakest connection, namely the mechanical connection n°1.
Due to the similitude of the connections inside the module, the
improvement actions regarding this connection should positively
affect the reliability of the other connections. Hence, the reliabil-
ity analysis of the module can be linked to that of its mechanical
connection n°1. This analysis is performed herein through the
analysis of the failure probability elasticities to the parameters of
the driving variables statistical distribution. The results obtained
are presented on Fig. 14.

From this figure, it clearly appears that the parameters of the fa-
tigue model dominate the environmental variables in the reliabil-
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Fig. 14 Mechanical bump n°1 solder joint failure probability
elasticities to the variables statistical distributions parameters

ity variation. As solution, the reliability analysis points out some
ways of improvement with in this case, the reduction of the scatter
on the fatigue models parameters. Efforts must be deployed dur-
ing the module manufacturing for improving shapes and micro-
structure of solder joints repeatability and reproducibility.

Assuming improvements in the manufacturing process, with a
higher experimental time to failure Weibull’s shape parameter
equivalent to these reported by Popelar et al. in Ref. [60], i.e.,
Pur =~ 7, a new calculation step yields a reliability level of about
81%, which represents 86% of reliability increase.

Regarding the two other variables, it appears that the statistical
parameters of Ty5x dominate those of the flight time in the failure
probability. Moreover, it is shown that the scatter parameters of
these two variables do not have a significant effect on the failure
probability, compared to their other parameters. In terms of
improvement, the mean flight time fully depends on the use of the
target airplane, it is therefore not controllable by the design engi-
neers. Only the temperature can be adjusted by technical solutions
like acting on the thermal insulation of the module. For the appli-
cation considered, these modifications should be leaded such that
the Weibull’s location and scale parameters of Tyax are respec-
tively decreased and increased, which results in statistically reduc-
ing the values of Tyyax. Among these two parameters, the location
parameter is the easiest to adjust and should be investigated.

Beyond, this qualitative recommendation, the practical engi-
neering question is that of the optimal amount of variation of a
given parameter for improving the reliability of a given amount,
which does not violate the technical constraints of the application.
This question may be solved using the sensitivity analysis results.
Under linearity assumption, the amount of variation Ap’x, for a pa-
rameter p&l (the jth parameter of the variable X;) for increasing the
Hasofer-Lind reliability index f3;;; of Ay, can be estimated by
the following linear approximation:

i A
Apé( _ /}HL (8)
b% (Bu)
where % (Pur) = g’;zﬂxk is the sensitivity of f to p’X in the

neighborhood of the MPP.

Due to the possible high nonlinearity of the LSF, the configura-
tion obtained by this approximation should be validated with a
final reliability calculation. In cases of non promising result, an
iterative approach should be used. For these calculations, the ini-
tial surrogate model can be used if the points involved in the next
reliability procedure and the final MPP remain in the domain of
validity for which the surrogate model has been built. For the
example considered herein, Table 2 showed that, the failure



Table 3 Reliability of the power module for the different improvement scenarios

Initial configure  Ayy, = —6.25C  B,=7  By=7and Ay, =—625C
Brr -0.143 —0.106 0.877 0.994
FORM P; 0.56 0.54 0.19 0.16
FORM reliability (%) 44 46 81 84

probabilities calculated by the FORM and the MCS for the differ-
ent connections are relatively close (less than 11% of relative
error). This traduces the relative linearity of the Limit State Func-
tion within the standard normal space. Then, a forward calculation
step is expected to yield satisfying results. The sensitivity
Ly (By) of the reliability index to the location parameter of

MAX (V1) 18 estimated to —0.008 K~!. Then, the variation of
Vrys fOr increasing the reliability index of the mechanical
bump n°5 solder joint of 0.05 points, is estimated to
Ayp g = —6.25 “C. Considering the only decrease of Vryaye the
reliability index obtained after running a FORM analysis yields a
reliability index of —0.106, which is relatively close to the one
expected and equals to —0.093. The combination of the experi-
mental times to failure scatter improvement at f3,,=7, with a
reduction of y . of 6.25 °C, in a FORM reliability calculation
procedure yields a reliability level of 0.994 (i.e., a failure proba-
bility of 0.16 or reliability of 84%). Assuming again that the reli-
ability of the module is linked to the one of the mechanical
connection n°1, its values for the different improvement approach
considered are summarized in Table 3.

In addition to these recommendations, technological changes at
the power switch module level could also be investigated for fur-
ther improvements. As an example, it was shown in previous stud-
ies [5] that increasing the bumps cylinder sizes or using
aluminium instead of copper cylinders could help increasing the
corresponding bump solder lifetimes and then reliabilities.

6 Conclusion

A practical application of structural reliability methods to the
analysis of power modules was presented, with the particular case
of an aeronautic engine zone dedicated device. As observed along
the paper, the problem of power modules structural reliability is
not only a question of pure reliability methods, but also these of
the accuracy of the product F.E. model and the failure model.
These points were exposed, with their involved parameters and
tried to be answered with the introduction of a Kriging surrogate
model of the module. The reliability of the module was analyzed
using FORM and Monte-Carlo simulations, which allowed com-
puting and discussing the failure probability of the critical solder
joints. Regarding the input variables, the probability density func-
tions of the parameters of the solder joints fatigue model were
identified for being taken into account in the analysis. A simula-
tion based identification procedure was therefore proposed and
used. These scatter functions were associated with those of the
external cyclic temperature profiles of the modules, in order to
estimate its performances under ATC test and operating configu-
rations. The analyzes of the reliability importance factors finally
helped proposing improvements that considerably increase the
reliability of the module. The global procedure was presented,
with the corresponding parameters, such that it can be easily
applied to equivalent products, in similar operating conditions.
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