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Abstract

English

This study assesses the reliability of Insulated Gate Bipolar Transistor (IGBT) modules
exposed to mechanical vibrations typical in electric vehicles and industrial electronics. The
effects of varying vibration frequencies and amplitudes on the Expected Life of IGBT mod-
ules are evaluated, mainly focusing on crack failures. Using Finite Element Analysis (FEA),
critical stress points that contribute to mechanical failures are identified. Results show a
significant correlation between failure rates and vibration profiles, especially at frequencies
near the resonant frequency of bond wires, which notably accelerate fatigue. Recommenda-
tions to improve mechanical stability are provided, enhancing the durability and reliability
of IGBT modules in vibration-intensive environments. This research offers key insights for
power electronics manufacturers and designers.

Italian

Questo studio valuta I’affidabilita dei moduli Insulated Gate Bipolar Transistor (IGBT)
esposti a vibrazioni meccaniche tipiche nei veicoli elettrici e nell’elettronica industriale.
Vengono valutati gli effetti delle variazioni di frequenza e ampiezza delle vibrazioni sulla
vita attesa dei moduli IGBT, con un’attenzione particolare ai guasti dovuti a crepe. Utiliz-
zando I’ Analisi agli Elementi Finiti (FEA), vengono identificati i punti di stress critici che
contribuiscono ai guasti meccanici. I risultati mostrano una significativa correlazione tra i
tassi di guasto e i profili di vibrazione, specialmente a frequenze vicine alla frequenza di
risonanza dei fili di collegamento, che accelerano notevolmente la fatica. Vengono fornite
raccomandazioni per migliorare la stabilita meccanica, aumentando la durata e I’affidabilita
dei moduli IGBT in ambienti soggetti a forti vibrazioni. Questa ricerca offre approfondi-
menti chiave per i produttori e i progettisti di elettronica di potenza.
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Summary

This master’s thesis project targets the reliability analysis of Insulated Gate Bipolar Tran-
sistor (IGBT) modules when subjected to vibrational stresses, addressing a notable research
gap. Initially, a comprehensive literature review indicates that cracks at the feet of bond
wires are the primary failure mechanism for IGBT modules under vibrational loads. The
review also highlights the absence of studies providing an Expected Life trend for these
modules.

To address this gap, the thesis explores how random and harmonic vibrations differently
influence IGBT modules, particularly focusing on the induced stress on bond wires. The
research is segmented into two principal sections: simulation using Finite Element Analysis
(FEA) with ANSYS software, and experimental testing.

During the simulation phase, a detailed 3D model of the IGBT module is designed using
SolidWorks and Rhinoceros 3D, featuring precise dimensions and material layer thicknesses.
This phase extends beyond dimensional accuracy to examine the materials’ elasticity and
vibration resistance, extracting SN curves for each material to estimate their lifetimes in
ANSYS.

A crucial part of the simulation involves applying and comparing the effects of random
and harmonic vibrations within ANSYS. The study identifies vibration frequency as a crit-
ical parameter. Extensive modal analysis is used to analyze how the shape of bond wires
influences the stress near their feet. Additionally, a key equation is derived to calculate the
first resonance frequency of the bond wires based on their dimensions, aiding in determin-
ing the physical requirements of bond wires relative to the vibrational frequencies of their
intended operational environments.

The simulation specifically focuses on random vibrations to align with the capabilities
of the Typhoon 2.5 machine used in laboratory experiments. A resonator is designed via 3D
modeling to narrow the broad frequency range of random vibrations, simplifying the anal-
ysis. Simulation results validate the theoretical expectations, showing increased stress and
failure probability as the vibration frequency nears the bond wires’ first resonance frequency.
This underscores the need to adapt bond wire dimensions, particularly their thickness and
length, to mitigate resonance within the module’s operational environment.

The experimental phase commences with designing a monitoring circuit to assess the
integrity of the IGBT module during vibration tests. This circuit utilizes an Arduino DUE
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board, LEDs as alert indicators, and BJTs with resistors for driving the IGBTs and diodes,
continuously checking all connections’ continuity. After assembling the circuit, the module
is mounted on top of the resonator, which in turn is fixed on the vibration plate of the Ty-
phoon 2.5. Various excitation frequencies and acceleration levels are tested to evaluate the
module’s Expected Life under different conditions.

It should be noted that this thesis does not provide an Expected Life characteristic for
every possible vibration condition under which the module might operate, due to the infinite
combinations of frequencies and accelerations. However, this research enhances understand-
ing of the module’s reliability under vibrational loads. Indeed, by employing a resonator
to evaluate the Expected Life of the module as a function of vibration frequency (while
maintaining constant displacement), it is demonstrated that frequency is the most critical
parameter to consider.



Preface

The thesis is drawn up as follows:

Chapter I: This chapter introduces the thesis and focuses on the initial literature re-
view. It highlights the current state of research regarding the reliability of IGBT mod-
ules under vibrational loads and identifies the persistent gaps that this thesis aims to
address.

Chapter 2: This chapter provides the necessary background on vibration analysis
crucial for conducting reliability studies. It specifically discusses the differences be-
tween harmonic and random vibrations and describes some key vibration analysis
techniques.

Chapter 3: This chapter lists and explains the material properties essential for con-
ducting a detailed fatigue analysis of the considered module. Understanding these
properties is crucial for the subsequent simulations and experiments.

Chapter 4: This chapter details the structure of the IGBT module under study and
summarizes the dimensions and thicknesses of all layers, which are critical for accu-
rate simulations. Moreover, each material within the module is analyzed, specifically
focusing on deriving each material’s Young’s modulus, Poisson’s ratio, and SN curve.

Chapter 5: This chapter details the setup of the ANSYS simulation environment for
conducting a comprehensive vibration reliability study. It also includes a compara-
tive analysis between simple harmonic and random vibrations within this simulation
framework. Finally, it outlines the results obtained from the simulations, offering in-
sights on the simulated expected life of the IGBT module.

Chapter 6: This chapter describes how the experimental setup was constructed and
discusses the design and functionality of the circuit used to test the integrity of the
IGBT module. Finally, it presents the results obtained from the experimental work,
with some insights on the properties of silicone gel in improving the IGBT module’s
bond wires reliability.

Chapter 7: This chapter summarizes the simulation and experimental results, compar-
ing them and explaining their differences and similarities.
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Chapter 1

Introduction - State of the art

With the growing demand for Insulated Gate Bipolar Transistor (IGBT) modules, under-
standing their failure mechanisms is becoming increasingly important. Many studies have
focused on their reliability under various stressors, such as temperature variations and power
cycling. However, the reliability of IGBT modules under vibrational loads continues to be
a notable research gap, as only a few studies have thus far explored their failure mecha-
nisms in such environments. To guarantee robust performance across various conditions,
it is therefore crucial to deepen the understanding of how these modules respond to such
stresses.

The establishment of standard limits for vibrational forces, such as those detailed in ISO
16750-3 [1] for automotive road equipment, has facilitated a more profound understanding
of the stresses that IGBT modules need to endure. Environmental vibrations can appear as
either simple harmonic or random vibrations. In analyzing random vibrations, the Power
Spectral Density (PSD) function, explained in [2], proves to be a critical tool. The PSD
function helps in characterizing the vibrational loads during tests. By understanding the
PSD limit profile versus vibration frequency from standards, researchers can apply these
limits to evaluate specific products under the worst-case vibrational conditions.

Various studies have adopted this approach, including research [3], which utilized Fi-
nite Element Analysis for IGBT failure analysis. This study analyzed both simple harmonic
and random vibrations. The findings suggest that the stress distribution across the module
remains nearly identical in both scenarios. However, elevated stress levels in random vibra-
tions, particularly near the bonding line’s foot, heighten the likelihood of device failure (Von
Mises stresses equal to 3.17 MPa in simple harmonic and 12.76 MPa in random vibrations).

Further research, such as [4], explored these findings through both hardware simulation
and a different software simulation. Studying IGBT modules under horizontal vibration
load with frequency f = 250 Hz and acceleration a = 20 g, the research reveals that, as
expected from the previous study, the IGBT cracked at the root of the gate and kelvin-emitter
bondwires. COMSOL simulations validated these findings, emphasizing that even slight
bond dimension alterations result in stress distribution variations and affect the Number of
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Cycles to Failure (NCF) during tests on different IGBTs. The analysis over 5 different IGBT
modules reported indeed a high discrepancy between the NCFs of the different samples.
This study therefore underscores the critical role of precision in manufacturing processes to
mitigate failures induced by vibrational stresses in IGBTs.

Other analysis, not taking into consideration bondwires failures, were carried out as well.
For instance, [5] analyzed the reliability of an IGBT module’s solder layer under vibrational
loads. It was found that, since the first resonant frequency was falling within the random ex-
citation bandwidth, the displacement and induced stresses were significantly higher at that
frequency. It was therefore recommended to minimize vibrational loads near the first reso-
nant frequency. Importantly, the analysis also revealed that increasing the substrate thickness
tends to prolong the solder layer’s life, whereas increasing the substrate width tends to de-
crease it. The analysis further indicates that an increase in the module volume lowers the
structure’s fundamental frequency. These findings suggest that, in structural design, strate-
gically increasing the substrate thickness can effectively extend the solder layer’s lifespan
and enhance the overall reliability of the component.

Moreover, other studies not only focusing on IGBT modules, carried out vibration relia-
bility analysis on electronic devices. For instance, [6] conducted a comprehensive analysis
incorporating an electro-mechanical shaker and Laser Doppler Vibrometry (LDV) testing
to dynamically and mechanically analyze an IGBT Gate Driver. LDV recorded the modal
behavior, providing contactless measurements, and determined the transfer function of the
IGBT driver, which was mounted on a vibration shaker. Once derived the transfer functions,
fatigue cycle ratios were calculated using Steinberg’s Three-Band-Technique and stress-
based fatigue curves. Subsequently, an Highly Accelerated Life Test (HALT) was conducted
to assess the device’s lifetime and potential failure locations. X-Ray computer tomography
identified internal structural damage, such as delamination in the DC/DC converter and sol-
der joint separation on the PCB.

Another study [7], through ABAQUS FEA, analyzed the reliability of solder joints in
power modules, considering the possibility of varying the vibration loading angles. Specif-
ically, angles of 0° (horizontal excitation), 30°, 45°, 60°, and 90°(vertical excitation) were
selected. As the input frequency increased, the solder joints became more susceptible to fail-
ure. The primary stress distribution analysis identified the solder joints between MOSFETSs
and the PCB as the weakest component. The study predicted that an increase in the angle of
vibration loading would diminish the possibility of crack initiation and propagation. Indeed,
the influence of input frequency on stress was more pronounced at lower loading angles and
the system exhibited higher reliability under 90° loading. They finally used Miner’s rule to
determine the expected life of the device, again demonstrating that the decrease in the angle
decreases also the NCF value.

Once obtained a stress distribution across a module, different approaches can be used to
derive an prediction on its lifetime.

For example, in their research, [8] conducted a statistical analysis of the failure mecha-
nisms affecting IGBT modules exposed to both mechanical and temperature stresses. They



performed statistical analysis with six set of temperatures and vibrational frequencies. The
Shapiro—Wilk test, Weibull and Maximum Likelihood Estimation (MLE) were used to ana-
lyze the accelerated life test data of the IGBT modules and estimated that the average service
life of the IGBT module is 12.56 years under different environmental conditions.

This thesis aims to consolidate the limited existing literature knowledge by developing
a comprehensive 3D model of an IGBT module, focusing particularly on the bond wires
design, which are identified as the most likely components to fail. Utilizing detailed Finite
Element Analysis and experimental work, the objective is to predict which component will
fail first and estimate its time to failure, thereby deriving an Expected Life characteristic for
the device.






Chapter 2

Vibration Theory and Analysis Tech-
niques

2.1 Simple harmonic vibration

Simple harmonic vibration refers to the fundamental sinusoidal motion exhibited by vibrat-
ing systems. In such oscillatory behavior, key quantities are defined to characterize the
motion, namely displacement (d(t)), velocity (v(¢)), acceleration (a(r)), and frequency (f).
All of these quantities follow a sinusoidal behaviour and can be described as in equation 2.1
and depicted as in Figure 2.1.

d(t) = Dsin(ot + ¢4)
v(t) = Vsin(ot + ¢,) (2.1)
a(t) = Asin(ot + ¢,)

In an harmonic vibration, the displacement and acceleration values are totally out of
phase between each other (i.e., they have a 180° phase shift), while instead the velocity
is in quadrature (i.e., 90° phase shift) with the displacement and acceleration values. The
amplitudes of the three quantities (D, V and A) are interrelated. Indeed, once one of these
values has been established, through the frequency it is possible to derive the two remaining
ones. For instance, assuming to firstly define the acceleration, then equation 2.2 holds.

(2.2)
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Figure 2.1: Simple harmonic vibration main quantities

2.2 Random vibration

Random vibrations exhibit a distinctive characteristic: their ability to simultaneously engage
all frequencies within a structure, unlike sinusoidal functions that are confined to specific
frequencies. Random vibrations span a continuous spectrum of frequencies, with both the
amplitude and phase of the signal undergoing random fluctuations over time. Such vibra-
tions, found in various applications (e.g., vehicle dynamics), result from a combination of
numerous frequencies. Figure 2.2 represents a typical acceleration vs. time characteristic
for a random vibration.

- n
o o
T

Acceleration [g]
OA

20 | | | |
0 2 4 6 8 10
Time [s]

Figure 2.2: Typical random acceleration waveform

In random vibrations, excitations such as displacement, velocity, or acceleration, exhibit
statistical rather than deterministic behavior. Such quantities are often assumed to adhere to
a Gaussian distribution, which is mathematically defined by a probability density function.
Its mean value (1) is assumed to be zero and its the standard deviation (oy) represents the
variation from the mean. The Gaussian process probability density function is:
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1
X) = eij( Ox 23
p(x) o, (2.3)
The variance of the process is calculated as follows:
o7 =E[(X —E(X))’] (2.4)

For zero mean, the standard deviation is equivalent to the Root Mean Square (RMS) value
(which characterizes the signal’s intensity over time) since:

o, = /02 = \/E[(X—E(X))?] = \/E[X?] = RMS? (2.5)
Vo= VEx—Ex)) = \JEX?

The variance can also be expressed as the zero lag auto-covariance of the process, which is
calculated, for zero mean, as:

Ri(7) = E[(X(1) —E(X))-(X(t1+7) —EX])] = E[X(1) X(1 +7)]  (2:6)

R.(0) = c? (2.7)

as:

- (2.8)

Therefore it goes that:
R(0) = [ sup)af=o? 29)
And finally:

0, = RMS = /:Sx(f)df (2.10)
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This integral represents the distribution of signal power across different frequencies, provid-
ing a measure of the total power contained within the signal. This highlights the importance
of Power Spectral Density in delineating the statistical attributes of random vibrations, as it
offers a simplified approach to determining the RMS value of the signal. The relation be-
tween the Power Spectral Density value and the RMS one is fundamental to understand what
follows in the next chapters, for the description of the input random vibration parameters.

The assumption of ergodicity in the stochastic process ensures that its statistical prop-
erties remain constant over time. This assumption facilitates the interpretation of output
responses, which often exhibit Gaussian characteristics. These responses are typically di-
vided into regions based on standard deviations. The three key regions are: the 10 region,
which accounts for occurrences 68.3% of the time; the 26 region, covering occurrences
95.4% of the time; and the 30 region, including occurrences 99.7% of the time.

The frequency content of the time history vibration signal (i.e., the spectrum), encapsu-
lated in the PSD, is utilized as input in random vibration analysis. Since a vibration signal
can be characterized by three fundamental parameters (displacement, velocity, and accel-
eration), the Power Spectral Density (PSD) can correspond to any of these values. Taking

acceleration as an example, the unit of measure for its PSD is given as %—MZS, where g rep-
resents gravitational acceleration. To derive the PSD curve from the time history values,
the bandwidth of the random vibration signal needs to be firstly determined. Subsequently,
it should be divided into smaller frequency intervals and for each interval, the RMS (Root
Mean Square) value of the acceleration versus time characteristic must be calculated using
the simple formula (where i indicates the frequency interval index and j the acceleration
sample index for each frequency interval and therefore N; is the number of samples for the

interval i):

=z

RMS; = a§ (2.11)

Once the RMS value for each interval is determined, the following formula applies (where
N is the number of frequency intervals and RMS the overall acceleration signal RMS value):

N
RMS = (|} RMS? (2.12)
i=1

The PSD curve is then constructed by computing the square of each RMS value and dividing
it by the respective frequency interval bandwidth. Finally, connecting these constant values
through a piecewise linear curve yields the final PSD curve.

In this thesis, a flat PSD curve will be considered, meaning that the power is equally
distributed across the operating bandwidth. In this particular example, it is possible to easily
relate the acceleration RMS value and the Power Spectral Density one through the simple
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formula:

812eMS
PSD = 2.13
Af (2.13)

2.3 Modal analysis

Modal analysis is fundamental, as it enables the determination of mode shapes—illustrating
how the structure deforms—and their corresponding modal frequencies. Understanding the
mode shapes is crucial, as they depict the structural response to specific frequencies.

This knowledge becomes essential for identifying potential resonances and ensuring that,
under normal operational conditions, the structure avoids unacceptable deformation scenar-
ios. From a mathematical perspective, performing modal analysis requires starting from the
Linear equation of motion, given as:

[M|{ii} + [Cl{a} + [K]{u} = {F} (2.14)

Here, [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {u} is the
displacement, {i} the velocity, {ii} the acceleration and [F] the external forces vector. In the
case of a modal analysis, the external forces are null, and it is assumed to not have damping,
therefore [C] = 0. Assuming an harmonic motion, the displacement and acceleration are
defined as:

{u} = {P}isin(wit + 6;)

5 . (2.15)
{ii} = —0{D}isin(wit +6;)
Substituting these into equation 2.14, it is obtained:
([K] - o [M]){®:} = {0} (2.16)

This equation represents an eigenvalue problem, where the eigenvalues a),2 are the squares of
the natural frequencies and the eigenvectors ®; are the mode shapes. Commercial software
packages usually provide efficient algorithms to compute eigenvalues and eigenvectors.

Two important parameters allow to assess the modal analysis results’ correctness in soft-
ware simulation environments: the mode participation factor and the effective mass.

The participation factor quantifies the extent to which a particular mode contributes to
the overall motion in a specified direction or degree of freedom when the structure is sub-
jected to dynamic loading. It provides insight into how much a specific mode is involved in
the response of the structure when excited. For a given mode i, the participation factor P, is
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defined as:
P, = {®;}T [M){D} (2.17)

Where ®; is the mode shape vector for the " mode, [M] is the mass matrix and D is the

direction vector, which specifies the direction of interest (e.g., X, y, or z direction) for calcu-
lating the participation factor.

The effective mass in modal analysis provides a measure of how much of the total mass
of a structure participates in a given mode of vibration. It is closely related to the partic-
ipation factors and is an important concept for understanding the dynamic behavior of the
structure. For mode i, the effective mass m, s, is defined as:

})iZ
T UTIC 19

This equation includes both the squared participation factor and normalization by the
modal mass (term at the denominator). If the modal mass is normalized to 1 (which can be a
common practice in some contexts), the effective mass simplifies to the squared participation
factor.

Ideally, for each degree of freedom, the sum of the effective masses should correspond
to the total mass of the body. However, this depends on how the structure is constrained,
because if some of its components are fixed and can not move, they will not need to be
considered in the final computation. Simulation wise, it is important to look at the ratio
between the effective masses sum and the total mass, so to understand if enough modes have
been extracted.

2.4 Frequency response analysis

Frequency Response Analysis (FRA) focuses on examining how a structure reacts to a par-
ticular excitation or load at a specified frequency. This analysis, conducted over a frequency
range, provides a detailed portrayal of the structure’s dynamic behavior within that spec-
trum. It is useful to analyze for example how the displacement of a structure can vary under
vibrational loads with different frequencies. It is therefore strictly related to modal analysis,
which predicts as well the resonance frequency of a body’s components.

This type of analysis is extensively covered in Section 5.4, where the Response Power
Spectral Density (RPSD) tool from ANSYS was utilized to assess the frequency distribution
of displacement in the IGBT module mounting structure during its design process.



Chapter 3

Mechanical Properties and Fatigue

3.1 Mechanical Stress and Strain

To comprehensively understand the impact of vibrations on a body, it is crucial to distinguish
between stress and strain. Stress denotes the external force exerted on the body due to
vibrating loads, leading to deformation. The resulting deformation is referred to as strain.
The interplay between stress and strain is encapsulated in stress-strain relations, also known
as constitutive equations, which elucidate the material properties of the body.

Each material, especially metals, possesses an elastic limit, denoting the threshold be-
yond which the material undergoes plastic deformation under uni-axial stress — that is, stress
applied in a single direction. Prior to surpassing the elastic limit, deformations are reversible.
However, once this limit is exceeded, the deformation becomes permanent, causing the ob-
ject to alter its original shape. The concept of the elastic limit is fundamental in understand-
ing a material’s response to external forces, particularly in the context of vibrations.

Furthermore, materials exhibit lower and higher yield limits under uni-axial stress. The
lower yield limit signifies the point at which plastic deformation becomes noticeable. On the
other hand, the higher yield limit indicates a stress level associated with more pronounced
plastic deformation under uni-axial stress. Following the lower yield limit, it’s essential to
consider rupture stress, also known as ultimate tensile strength (UTS). Rupture stress repre-
sents the maximum stress a material can withstand under uni-axial stress before undergoing
complete failure or rupture. It is the point on the stress-strain curve where the material ex-
periences a sudden decrease in cross-sectional area, leading to failure. This characteristics
are summarized in Figure 3.1.

In practical engineering applications, structures and components often experience com-
plex multi-axial stresses rather than simple uni-axial stresses. To account for this complex-
ity and provide a more accurate representation of material failure, the concept of von Mises
stress is introduced. It was first considered by Huber in 1904 [9] and further revisited by
Von Mises in 1913 [10].

Von Mises stress is a derived quantity that combines the principal stresses into a single

11
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Stress(o)
4 Ultimate tensile strength
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lastic
region

Strain (g)

Figure 3.1: Stress strain curve

equivalent stress. It is particularly useful for predicting yielding and failure in materials
under multi-axial stress conditions induced by vibrations or other dynamic loads. To better
understand the Von Mises stress mathematical definition, it is necessary to know what the
Cauchy stress tensor is.

The Cauchy stress tensor, named after the French mathematician Augustin-Louis Cauchy,
is a mathematical concept used in continuum mechanics to describe the distribution of in-
ternal forces within a deformable body undergoing stress. It is a second-order tensor that
characterizes the stress state at a specific point within a material. In a three-dimensional
Cartesian coordinate system, the Cauchy stress tensor is typically represented as a 3x3 ma-
trix. The components of the Cauchy stress tensor, denoted as o;;, describe the force per unit
area acting on a surface oriented normal to the i-direction, with the force being parallel to
the j-direction. The general form of the Cauchy stress tensor in a three-dimensional space is
given by:

Oxx ny Oy
Oyx Oy Oy
O Oz O

The von Mises stress is a scalar measure derived from the Cauchy stress tensor. It simplifies
the stress state information into a single value that can be compared directly to the material’s
yield criteria. Starting from the Cauchy stress tensor, it is calculated as:

1
OvM = \/2 [(Ge — Oyy)2 4 (Oyy — 02) + (0, — O )2 + 6(03 + o7 + o%)] G.D

Calculating the principal stresses oy, 02,03 by solving the eigenvalue problem associated
with the stress tensor, the following equation applies.

1
ovm =[5 [(Gl —0)?+ (00— 03)>+ (03— 01)? (3.2)
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Figure 3.2: Graphical Cauchy stress tensor

The von Mises stress is particularly useful in situations where the material’s yielding and
failure criteria are primarily dependent on the magnitude of the stress rather than the specific
orientation of the stress components. In summary, while the Cauchy stress tensor gives a
comprehensive view of stress at a point, the von Mises stress simplifies this information into
a single scalar quantity, facilitating the comparison of complex stress states to a material’s
yield criteria. The von Mises stress is the main stress value this thesis looks into, being, also
in literature, one of the most important parameters regarding the reliability under vibrational
loads.

3.2 Young’s modulus and Poisson’s ratio

Quantifying the elastic properties of a material under specific loading conditions involves
two crucial parameters: Poisson’s ratio and Young’s modulus. Poisson’s ratio serves as a
measure of the Poisson effect, describing a body’s deformation in the normal direction with
respect to the applied loading (see Figure 3.3). On the other hand, Young’s modulus pertains
to the elasticity of the material.

Poisson’s ratio, denoted as Vv, is defined as follows:

v lateral strain (33)

1 ongitudinal strain

In a three-dimensional object, longitudinal strain is the change in length relative to the orig-
inal length, while lateral strain measures changes in width and height, each relative to their
respective original dimensions. Poisson’s ratio v typically ranges between —1 and 0.5. A
value of —1 signifies the opposite of rubber, which would exhibit high resistance to shear de-
formations but easy volumetric deformation (auxetic materials [11]). Conversely, a value of
0.5 indicates "volume conserving" materials. Mathematically speaking, v = 0.5 implies that
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Figure 3.3: Poisson effect

the lateral strain is half in magnitude to the longitudinal strain, resulting in no net change
in volume. To conserve volume, the lateral deformation, which affects two dimensions,
needs indeed to be half the magnitude of the longitudinal deformation, which only affects
one dimension. Materials within an IGBT module generally have a Poisson’s ratios ranging
between 0.2 and 0.3.

Poisson’s ratio is interconnected with other material parameters, such as Young’s (E),
shear (G), and bulk (K) moduli. These moduli must be positive due to thermodynamic
constraints [12]. While looking at Figure 3.4, the shear modulus (G) is the ratio of shear
strain (T = %) to shear stress (Y = g), expressed as:

T F-l
G=-= 34
Y A-Ax 34)
JAANN A Az
l
Figure 3.4: Shear modulus graphical representation
The bulk modulus is instead expressed as:
dpP
K=-V— 3.5

v (3.5)

This modulus describes how a material responds to uniform pressure applied on all its faces
(where P is pressure and V is volume). It’s defined as the ratio of the change in pressure
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to the fractional change in volume. Young’s modulus is determined by the slope of the
stress-strain characteristic within its elastic region. It represents the ratio of stress to the cor-
responding uni-axial strain during elastic deformation. All the above mentioned quantities
can be expressed as function of the others starting by these three equations:

L, _3K-2G

6K +2G
E=2G(1+V) (3.6)
E =3K(1-2v)

Additionally, materials can be classified as isotropic or anisotropic. In this thesis, the focus
is on isotropic materials, which exhibit consistent behavior in all excitation directions.

3.3 SN Curves and Fatigue

Another crucial material property essential for estimating the expected life, particularly
when deriving it from the applied stress value, is the SN curve (Stress to Number of Cycles
to Failure curve). This curve establishes a relationship between the amplitude of an alter-
nating stress and the corresponding Number of Cycles to Failure (NCF) for the examined
device. Naturally, as the applied load increases, the device’s capacity to withstand cycles
diminishes. A typical SN curve is shown in Figure 3.5.

Stress(o)

A

Ny N
Figure 3.5: Typical SN curve

The nearly horizontal segment of the curve delineates the fatigue or endurance limit for
the test material. When the applied stress amplitude remains below the endurance limit of
the material, the sample is expected to have an infinite life. However, for a lot of non-ferrous
metals like aluminum, a definite endurance limit may not exist. In such cases, the low-stress
section of the curve does not converge into a horizontal line but rather exhibits a continuously
decreasing S-N curve. In the context of random vibration analysis, the SN curve is usually
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represented in two ways: the one Power law representation, often depicted in linear log-log
space, and the two Power law representation, built through bi-linear curves.

* One Power Law (Linear Log-Log Space): In this representation, the SN curve is a
straight line when plotted on a log-log scale. The x-axis typically represents the num-
ber of cycles (fatigue life) on a logarithmic scale, and the y-axis represents the stress
amplitude, also on a logarithmic scale.

* Two Power Law (Bi-linear Curves): In this representation, the SN curve consists of
two distinct linear segments on a log-log scale. The curve is divided into two regions
with different slopes, indicating different fatigue behaviors at low and high stress lev-
els. The transition point between the two linear segments is often referred to as the
fatigue limit or endurance limit, representing the stress level below which the material
or structure can endure an infinite number of cycles without failure.

An important parameter which highly influences the SN characteristic and therefore the
expected life of components is the stress ratio. It is denoted as R and it characterizes how
the load is applied. It is referred to alternating loads and is calculated as:

minimum stress

R=———— 3.7

maximum stress

When the load fluctuates between positive and negative values of equal amplitude, the stress
ratio is R = —1, indicating fully reversed loading. Conversely, if it varies only between
positive (or negative) values and zero, the stress ratio is R = 0. For random vibrations, it can
be assumed to have a totally reversible loading (i.e. R = —1) [13].

One common cause of failures due to random vibration is metal fatigue, which results
from repeated loading. Two primary methods are used to estimate the fatigue life of struc-
tures subjected to cyclic loading: the stress life approach and the strain life approach. The
stress life approach, typically used for High-Cycle Fatigue (HCF) ranging from 10,000 to 1
billion cycles, applies when stresses are below the Ultimate Tensile Strength (UTS). Con-
versely, the strain life approach is more suited for scenarios involving low cycle fatigue,
where the cycles are fewer but the strain on the material is greater [14].

For random vibration fatigue analysis, the Steinberg formulation is the preferred method
to estimate the expected life of components based on SN curves and stress levels. Originally
detailed in [15], the Steinberg formulation effectively developed a robust fatigue model for
predicting the lifespan of electronic components on a Printed Circuit Board (PCB) under
random vibrations, with fatigue limits expressed in terms of the maximum 3¢ displacement,
assuming a Gaussian distribution at the natural frequency.

The Steinberg 3-band formulation incorporates the 10, 20, and 30 stress levels. This
involves considering that P; = 68.27% of the cycles occur at the 10 stress, P» = 27.18% at
the 20 stress, and P; = 4.28% at the 30 stress, as shown in Figure 3.6.
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Figure 3.6: Gaussian distribution for Steinberg three band method

The utilization of the Steinberg formulation, coupled with Miner’s rule, allows to cal-
culate the total fatigue damage and the overall life expectancy of the system. Miner’s rule
operates on the assumption that each stress cycle depletes a portion of the structure’s fatigue
life. The fundamental hypothesis underlying Miner’s rule says that fatigue damage is cu-
mulative, directly proportional to the applied stress levels, and independent of the order in
which the stresses are applied. This rule is expressed as:

nic e 3o

D=_—">+4+_242 (3.8)
Nla NZG N3cr

Each term in this equation represents a fraction of the overall damage, contributing to the
determination of fatigue life, which is the reciprocal of the damage. Specifically, n;s corre-
sponds to the actual number of cycles that have been completed by having a stress equal or
below the io stress level. This can be computed by starting from the statistical frequency fy
(i.e., the number of cycles per unit time) as:

nic = P fot (3.9)

Finally, N;s corresponds to the number of cycles to failure that one can derive by looking at
the SN curve considering as stress level the io one.

The statistical average frequency (expected frequency in cycles per time) can be calcu-
lated by dividing the RMS velocity by the RMS displacement. This represents the number of
positive zero crossings of the process per unit time, and each positive zero crossing implies
one cycle of vibration [13].

When D = 1, we have the 100% probability that the Device Under Test (DUT) will fail.
Rewriting the equation 3.8 it is obtained:
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(3.10)

A P P 0.6827 02718  0.0428
D=f01(1+2 3>=n< + )

—= +
Nlcr NZG N3G Nlc N20' N3G

Summarizing the procedure for estimating the device’s lifetime expectations, what should
be done is:

* Commencing with knowledge of the stress distribution and values across the three
band levels.

 Utilizing the material Stress Number (SN) curve to determine the number of cycles to
failure for a specific component at each of the three band levels.

 Calculating the statistical frequency.
* Computing the damage fraction for each band level.

* Summing the damage fraction terms and determining the final coefficient through
Miner’s rule. If it is below 1, the system is predicted not to fail.



Chapter 4

Case study

4.1 Module schematic

The subject of analysis in this thesis is the FPSOR12KT4 IGBT module by Infineon [16]. Its
external structure is depicted in Figure 4.1. The internal circuitry of this module is illustrated

in Figure 4.2.
Figure 4.1: IGBT module: internal and external shape.
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Figure 4.2: FP50R12KT4 schematic: in yellow the three phase inverter, in green the diode bridge rectifier, in
blue the brake chopper
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The considered IGBT module implements a three phase rectifier, a brake chopper, an
inverter and an NTC (Negative Temperature Coefficient) Thermistor. The three phase recti-
fier, built with six diodes, simply acts as a bridge rectifier, converting three-phase AC voltage
into a pulsating DC voltage. The brake chopper is useful for the fast energy dissipation re-
quired for instance to stop or control the speed of a motor. The braking technique involves
converting the kinetic energy of the rotating motor into electrical energy and dissipating it
as heat. The circuit does this by switching between the motor and a braking (or damping)
resistor which is connected between the brake chopper’s IGBT and diode. The primary of
the three-phase inverter is to convert direct current (DC) into three-phase alternating current
(AC) to efficiently power industrial equipment, drive large motors, and distribute electricity
over long distances. Finally, the schematic shows the presence of an NTC thermistor, which
is a temperature sensitive resistor used for thermal protection and monitoring. Knowing its
resistance, it is possible indeed to implement safety techniques so to avoid the module to
overheat.

4.2 Module Internal Structure and Materials Composition

For this thesis’ purposes it is important to know the internal structure of the module. Know-
ing indeed its materials composition and their mechanical characteristics allows to carry out
a detailed failure analysis of the device. A simplified materials stack of the IGBT module is
depicted in Figure 4.3, where the layers’ thicknesses are not in scale.

POWER CHIP ‘

DBC COPPER Cu
DBC CERAMIC 1,0; | |DBC

DBC COPPER Cu

BASEPLATE

Figure 4.3: Stack of materials inside an IGBT module

The module’s datasheet [16] provides a detailed material listing, indicating that the base-
plate is predominantly made of copper (Cu) and includes aluminum oxide, tin, silver, among
other materials in smaller quantities. This baseplate connects directly to the heatsink. A
solder layer then separates this baseplate from the DBC (Direct Bonded Copper) layer, a key
technology in electronic packaging that bonds copper to a ceramic substrate, usually alu-
minum oxide (A, 03). This arrangement ensures excellent thermal conductivity and electri-
cal insulation.

A second copper layer, depicted in orange in Figure 4.1, encapsulates the DBC structure,
and another layer of solder precedes the placement of the silicon chip to enhance its attach-
ment. Atop the silicon, aluminum pads host the Aluminum bond wires, soldered directly
onto them.
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Analyzing the material composition is crucial for assessing the reliability of IGBT mod-
ules under vibration. Materials’ distinct mechanical properties mean that they respond dif-
ferently to mechanical stresses induced by vibrations, potentially leading to failures through
various mechanisms. Hereafter is reported table which summarizes all the most important
characteristics of the materials.

Material p [kg-m~3] Young’s modulus (GPa) Poisson’s ratio SN curve
Aluminum 2710 70 [3],[17] 0.33[3],[17]  Section 4.3
Aluminum oxide 4000 400 [18] 0.23 [18] [19]
Silicon 2330 130 [20] 0.28 [21] [22],[23]
Copper 8960 120 [24] 0.33 [25] [26]
SAC305 7380 26.2 [27],[28],[17] 0.42 [28] [29]

Table 4.1: Materials’ properties summary.

4.3 Bond wires’ SN curve

This section is particularly important, given that the aluminum bond wires are the most
susceptible to stress. As explained further in the following chapters and as outlined in the
literature review of this thesis, there exists a considerable risk of encountering cracks at the
near the foot of these bond wires. Consequently, it is imperative to precisely characterize
their mechanical properties.

The formulation of the SN curve originates from the analysis presented in [30]. The
primary objective of this study was to empirically determine the Stress to Number of Cy-
cles to Failure curve for diverse stress ratios, followed by modeling the results to establish a
comprehensive model applicable across varying R ratios. Their investigation initiated with
the derivation of stress-strain characteristics, from which the tensile strengths for bond wires
with diameters of 300 um and 500 um were deduced. Given that the IGBT module under
consideration specifies bond wire diameters less than or equal to 400 um, the analysis fo-
cused on the 300 um case. Once they derived the SN characteristics for R ratios spanning
from 0.1 to 0.7, the results were fitted through a linear and a non linear method, using the
equations in 4.1.

linear log(o,) = ar+ by -log(N)
O, — CNL (41)

nonlinear log(N) = ayr — byi - log(
Ours — Oq

In these equations:
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* 0o, refers to the alternating stress, that corresponds to 6, = Gpax — Ouvg

* 0,75 refers to the transformation of the tensile stress into a stress amplitude, which

also depends on the stress ratio based on the formula o,75 = o75 - FTR

* N refers to the number of cycles to failure

a, b and c refer to the fitting parameters

Once completed the fitting, they were able to derive the equations showing the dependence of
the fitting parameters on the R ratio. Particularly, they confirmed that the non linear method
proves valuable also in determining the fitting parameters also outside the considered 0.1
to 0.7 stress ratio range. Therefore, the equations which have been also used in this thesis,
where the stress ratio for random vibrations has been taken as R = -1 ([13]) are reported in
Equation 4.2.

anyr, =0.996 -R+ 5.114
byp =—0.869-R+3.125 “4.2)
cyp =—16.237-R+415.913

Finally, after imposing R = -1, the resulting SN curve has been plotted and is depicted in
Figure 4.4. Moreover, Table 4.1 summarizes all the materials’ main properties discussed in
this chapter.
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Figure 4.4: SN curve for aluminum in log log scale
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4.4 Inverter bare dies

The inverter IGBT bare die utilized in this IGBT module is the Low Power Chip IGC50T120T8RL
from Infineon [31]. Its shape is reported in Figure 4.5.

(a) Datasheet IGBT bare die. (b) Real IGBT bare die.

Figure 4.5: IGBT bare die: real and theoretical shape.

The IGBT bare die comprises four different Aluminum zones on top of the black Silicon
zone. One is the gate contact, one is the test contact (to not be used) and the remaining two
are the emitter pads. The architecture used in this IGBT is the Trench gate field-stop (TGFS)
one. The main difference of this IGBT structure is the addition of a Field Stop n- layer.
This layer introduces two major improvements. Firstly, the FS layer helps to create a more
uniform electric field throughout the chip. This allows the chip to withstand a higher voltage
before electrical breakdown occurs. Moreover, it reduces the time it takes for electrical
charges to recombine. This leads to better overall performance when the chip is switching
states. The inverter diodes utilized for the three phase inverter are fast switching emitter
controlled diodes (IDC28D120T8M from Infineon [32]). The datasheet and real bare die
shape can be seen in Figure 4.6.

{
A

(a) Datasheet diode bare die. (b) Real diode bare die.

Figure 4.6: Diode bare die: real and theoretical shape.
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4.5 Dimensions and thicknesses summary

In table 4.2 are reported all the thicknesses and dimensions of each layer.

Component Thickness [tm] | Width [mm] | Length [mm)]
Aluminum pad Inverter IGBTs 3.2 54 5.74
Inverter diodes 3.2 5.346 3.526
Brake chopper IGBT 3.2 4 4
Brake chopper diode 3.2 2.026 2.326
Rectifier diodes 8 35 3.5
Silicon layer Inverter IGBTs 111.8 6.84 7.25
Inverter diodes 106.8 4.5 6.3
Brake chopper IGBT 111.8 4.99 5.45
Brake chopper diode 106.8 298 33
Rectifier diodes 302 4.8 4.8
Solder layer 1 Inverter IGBTs 85 6.84 7.25
Inverter diodes 85 4.5 6.3
Brake chopper IGBT 85 4.99 5.45
Brake chopper diode 85 298 33
Rectifier diodes 85 4.8 4.8
Copper DBC 1 - 300 27.8 23
Ceramic layer - 380 29 24
Copper DBC 2 - 300 27.8 23
Solder layer 2 - 250 27.8 23
Baseplate - 3000 38 107.5

Table 4.2: Thicknesses and dimensions of each layer for a simplified IGBT module model

Length

Width

Figure 4.7: Simplified top view of the IGBT model
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4.6 Final module model

The IGBT module was accurately modeled in 3D using various software tools. The struc-
tural components were designed using SolidWorks, while the bond wires were modeled in
Rhinoceros 3D due to SolidWorks’ limitations in handling such detailed features. Rhinoceros
is particularly suitable at creating bond wires thanks to the MFis Wire tool, which not only
ensures consistent contact surface shapes for each wedge bond wire connection but also al-
lows for adjustable height and radius, ensuring a perfectly defined model without design
inaccuracies. For simplicity, the bond wires were categorized into four groups: left, central,
right, and terminal. These were subsequently assembled using SolidWorks. The complete
assembly was then exported as an IGES file, which was imported into ANSY'S for simulation
purposes. The final model of the IGBT module is illustrated in Figure 4.8.

Figure 4.8: Final IGBT module 3D model






Chapter 5

Vibration simulation in ANSYS

5.1 Modal analysis

To conduct a random vibration analysis in ANSYS Multiphysics, it is essential to first per-
form a modal analysis in order to obtain results through a mode superposition method.
Similarly, for harmonic analysis, although it can also be solved using a "full" (i.e., non-
approximated) method, the same procedure is required. The environment that has been used
for this thesis is ANSYS Mechanical.

When conducting a modal analysis in ANSYS, it is crucial to accurately define all struc-
tural characteristics. This allows the simulator to precisely extract resonance frequencies
and their corresponding mode shapes. One of the most critical characteristics to define is the
support, which can vary in types. For the simulations undertaken in this thesis, the "fixed
support” has been selected as the most suitable option. Specifically, for the structure and
type of vibration being analyzed, the system can be compared to a building with its base
fixed to the ground, experiencing an earthquake. The boundary condition "fixed support"
refers to the base of the building, which, being anchored to the ground, does not need to be
considered in the modal analysis, as it does not experience a motion relative to ground.

Module

Vibrating plate

Figure 5.1: Simplified structural illustration
As is depicted in Figure 5.1, the IGBT module will be mounted on top of a vibrating

plate (see chapter 6). The light blue area refers to the fixed support, that is indeed fixed
to the plate. Once the plate is vibrating, it is fundamental to derive how the module "free-

27
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to-move" components will deform. The closer the vibrating frequency is to the resonance
frequencies of the module, the higher the displacement and the stress will be.

In addition to selecting the fixed support, it is crucial to determine the number of modes
to extract. Typically, it is recommended to extract modes up to at least the resonance fre-
quency equal to 1.5 times the maximum vibration frequency, as a general guideline. How-
ever, in the case of the IGBT module under consideration, numerous bond wires with vary-
ing shapes are present on the module, resulting in different frequencies for their respective
modes. Given the presence of tens of bond wires and the necessity for precise results, it is
considered appropriate to extract not only the first or second mode of each bond wire during
simulations. Therefore, as a compromise between computational constraints and accuracy,
100 modes have been extracted.

5.2 Harmonic and Random Vibration environments

Harmonic analysis can be conducted using either a mode superposition method or a full
harmonic method. The former involves a linear combination of mode shapes to determine
the displacement vector of the structure. The solver computes the response of the structure
across a range of frequencies, which can be selected with a specified number of points.
ANSYS calculates the response for each point, yielding three possible outcomes: frequency
response, phase response, and contour plots. Frequency response provides values across a
frequency range, while phase response indicates the phase lag between input and output.
Contour plots depict the distribution of strains, stresses, etc., at specific frequencies.

The full harmonic method is more accurate but computationally expensive. It eliminates
errors that may occur because of modal truncation and is typically employed for systems
with high damping, where complex mode shapes make responses difficult to obtain correctly
through linear mode superposition.

In the context of this thesis, the full harmonic method is not required, as the results
obtained through mode superposition are precise enough.

Regarding instead Random vibration analysis, in ANSYS, users have the ability to insert
one of four types of Power Spectral Density (PSD) curves as input excitation for structures:
displacement, velocity, g acceleration, and “3* acceleration. The quality of the PSD input
curve is crucial for achieving accurate results, and ANSYS aids this process by visually
displaying the PSD curve in color. A curve is considered to have good fidelity if the increase
in Power Spectral Density between consecutive frequency points does not exceed one order
of magnitude.

Furthermore, the selection of boundary conditions is a critical input parameter that de-
termines the surfaces where excitation will be applied. In the context of this thesis "fixed
support” is used as the random vibration boundary condition, serving as the source of the
excitation. Looking at the random vibration analysis results, ANSYS allows to extract the
1o, 20, or 30 values, which offer insights into the maximum potential deformation or stress
occurrence with corresponding probabilities.
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Calculating derived quantities such as principal stresses, stress intensity, and equivalent
stress is challenging due to the non-Gaussian nature of their probability density functions.
This non-Gaussian distribution of the derived quantities and in particular of the Von Mises
stress is analyzed in [33], which offers an histogram showing the usual probability function
of such derived quantity.

To handle these complexities, ANSYS Mechanical utilizes the Segalman-Fulcher algo-
rithm, an advanced method that improves the traditional single degree of freedom (DOF)
method. The single-DOF response analysis, which simplifies structural complexity by fo-
cusing on a specific mode of vibration or deformation, is considered overly simplistic for
assessing the global response of a system to random vibrations. The Segalman-Fulcher al-
gorithm [34] enables a more comprehensive evaluation by considering all excited modes
and frequencies of interest. It facilitates the calculation of the Root Mean Square (RMS)
Von Mises stress at a node using a formula derived through the modal superposition method.

ANSYS provides also the Response PSD tool (RPSD), which, upon selecting a point,
reveals its spectrum response under random excitation. This tool illustrates potential res-
onance points and the distribution of power across different frequencies. The RMS value,
equivalent to a 1o value in statistical terms, is obtained by taking the square root of the area
under the PSD. Analyzing the centroid of the area under the PSD curve and its correspond-
ing frequency (i.e., the expected frequency) can offer insights into whether the output power
of the response aligns with or is close to the natural frequency.

Animations of vibrations are not available in random vibration environment simulations,
as their results are derived just through mathematical methods. Conversely, the harmonic
analysis environment allows for the visualization of animations showing how vibrations ex-
cite the structure. Therefore, to validate the setup of random vibration simulations, they
have been compared with harmonic analysis by examining the resulting stresses and dis-
placements in a simplified 3D model of the module under identical vibration conditions.
This comparison involved choosing specific accelerations and frequencies applied in both
scenarios. For random vibrations, the Power Spectral Density (PSD) spectrum was lim-
ited to a one-Hertz bandwidth centered around the target frequency. The method hereafter
explained was used to determine the necessary PSD amplitude for input.

The acceleration PSD is measured in [&}’ZSI—MZS] Thus, within a single Hertz bandwidth, the
PSD amplitude should correspond to the square of the selected RMS g acceleration value
used in the harmonic analysis. Therefore, upon selecting an acceleration, its RMS value,
given its sinusoidal behavior in harmonic analysis, was computed by dividing by the square
root of two. Subsequently, this value was squared to obtain g%MS, which was then used as
input PSD value. Equation 5.1 summarizes this simple process.

5 B [Brs]  Bags [ 2 [
PSD df — o2 2 — psp — YRms \8rms) _ Ykms | 8rus | _ 4 | 8kus | (s 4
/f ,1 f = aguys [8rus] Af [Hz] 1 Hz > | Hz (5.1

The resulting shape of the random vibration PSD curve is illustrated in Figure 5.2.
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Figure 5.2: Random vibration PSD curve for harmonic analysis comparison

After inputting identical vibrating conditions into both environments’ simulations, there
was the need to compare results such as displacements and Von Mises stresses. As previ-
ously discussed, harmonic analysis yields deterministic results, whereas random vibration
analysis provides statistical expectations on them. Specifically, the outputs of random vibra-
tion analysis are presented as 10, 20, and 30 values. However, in this context, randomness
is nearly eliminated, and also the random vibration consists only of a deterministic sinusoidal
signal at a single frequency.

When comparing the harmonic vibration with the 10, 20, and 36 values obtained from
random vibration analysis, an approximation can be made. Assuming the amplitude A of the
deterministic sinusoidal vibration remains constant throughout the analysis, the 10 value
of the random vibration can be considered as an estimate of the RMS (Root Mean Square)
amplitude of the deterministic sinusoidal vibration. Hence, the 10 value derived from ran-
dom vibration analysis can be approximated as \%, representing the RMS amplitude of the
deterministic sinusoidal vibration.

In simulation environment, four different levels of acceleration (a) were tested for val-
idation purposes: 20 g, 30 g, 40 g, and 50 g. Finally, the maximum stresses have been
identified for different frequencies and the harmonic ones have been divided by /2 to be
compared with the 1o values of the random vibration. In both harmonic and random vi-
bration environment, the excitation was applied at the bottom surface of the module model
reported in Figure 4.8, following the inputs reported in Table 5.1.

The plots for the four acceleration levels are reported in Figure 5.3. Just the stresses on
the most stressed bond wire are reported, as to comply with meshing limitations while still
keeping a good accuracy.

As is shown, the harmonic and random analysis resulting stresses are identical, since
the trajectories are perfectly overlapped. This demonstrates the correctness of the random
vibration excitation.
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Figure 5.3: Comparison between harmonic and single Hz random excitation stresses.

5.3 Fatigue in ANSYS

ANSYS provides support for fatigue analysis in the frequency domain, specifically for ran-
dom vibration and harmonic analysis. It employs the stress life method, where the fatigue
life is determined by the relationship between stress (S) and the number of cycles to fail-
ure (N). The SN curve, illustrating this relationship, is typically characterized by discrete
data points and can be expressed by a One Power Law or a Two Power law relationship. If
the linear or bi-linear SN curve is not directly defined, the ANSYS mechanical fatigue tool
linearly interpolates just the starting and ending discrete point values through the following
equation:

NS™=A (5.2)

Where N is the number of cycles to failure, S is the stress amplitude in [Pa], m is the fatigue
strength exponent and A is the fatigue strength coefficient. In ANSYS engineering data,
there is the possibility to define SN curves by specifying parameters such as A and m. For a
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bi-linear representation, it’s a matter of adding a section with distinct fatigue stress exponent
(r) and coefficient (C) [14].

Counting the number of cycles to failure is vital for assessing the lifespan of a device
within random vibration environments, a task made complex by their statistical nature. AN-
SYS offers three cycle counting methods for random vibration fatigue: Narrow-bandwidth,
Steinberg, and Wirsching formulations. The Narrow-bandwidth method, specific for narrow
frequency ranges, and the Wirsching method, aligned with oil and gas industry standards,
are unsuitable for the broader and more general applications addressed in this thesis. Con-
sequently, these methods are not employed here. Instead, the Steinberg formulation is used.
This formulation is favored due to its versatility and applicability to a wide range of indus-
tries and vibration scenarios.

5.4 Resonator design and testing

ANSYS proved practical in the design and testing phase of what has been called resonator.
Designing it was primarily fundamental as it acted as a structure to properly install the
IGBT module over the vibrating surface of the machinery which will be described in the
next chapter. Directly mounting the module directly on top of the vibrating plate proved
indeed impossible due to differences in the mounting hole distances. Additionally, as the
machinery only generated six degrees of freedom random vibration, deriving the expected
life dependence on factors such as excitation frequency or displacement solely using a ba-
sic aluminum plate as an adapter was challenging. Thus, the solution involved designing
a mounting structure to function as a mechanical filter. This structure aimed to selectively
excite certain frequencies over others, thereby approximating the random vibration of the
vibrating table as a simple harmonic vibration. Consequently, both random and harmonic
vibration environments could be analyzed using the same equipment, simplifying experi-
mental testing. The design process started with the drawing in SolidWorks of two basic
aluminum plates: one intended for attachment to the vibrating plate and the other serving as
a mounting platform for the IGBT module. The manner in which these plates were inter-
connected dictated the structure’s capability to selectively stimulate certain frequencies over
others.

The primary criteria that the resonator needed to verify were, firstly, its robustness to
withstand the vibrating environment it was designed for without breaking. Secondly, for
better comparison between simulation and experimental results, it needed to exhibit only the
first and second mode shapes (translational) within the 10-5000 Hz bandwidth. This ensured
that primarily two out of the six degrees of freedom were stimulated, facilitating comparison
with harmonic analysis with excitation along specific axes. Lastly, the resonator needed
to accommodate the stacking of additional plates, allowing for the adjustment of mass on
top of it. Consequently, like in a mass-spring system, this facilitated the variation of the
excited frequency, enabling analysis of the module’s expected life under different operating
frequencies. The final design of the resonator is shown in Figure B.4.



5.4. Resonator design and testing 33

Figure 5.4: Final resonator design

In the image just one stack plate is shown, but many more can be stacked. The height
of the resonator base is equal to 8 mm, while every one of its walls is 0.5 mm thick. The
resonator was then tested in ANSYS to validate its functionality. Initially, a modal analysis
was performed to ensure that only the first two modes fell within the 10-5000 Hz bandwidth,
as mentioned earlier. Subsequently, a parallelepiped with an equivalent total weight to the
IGBT module (179.5 g) was placed on top of the resonator, and the excitation at the module’s
base was characterized. Figure 5.5 depicts the first three modal shapes of the resonator, while
their respective resonance frequencies versus the number of stacked plates are reported in
Figure 5.6.

.—4=
T L] Lot

Figure 5.5: First, second and third modal shapes

As observed, the first two resonance frequencies decrease appropriately with an increase
in the number of stacked plates or, equivalently, with an increase in the weight placed on
top of the resonator. It was decided to limit the stacking to a maximum of seven plates. Be-
yond this limit, the final structure would have become excessively large without substantial
additional contributions to the frequency range. Since the resonance frequencies of the bond
wires are far from the chosen 2 kHz limit, there was little justification for examining frequen-
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Figure 5.6: First and second modal frequencies vs number of stacked plates

cies around 1 kHz, as the resulting stresses would likely be comparable to those observed at
2 kHz.

In the plot, the third modal frequency has also been included, which corresponds to a
torsional mode shape. This mode could potentially be excited, considering that the vibrating
plate possesses six degrees of freedom. However, it has minimal impact on the expected
lifespan of the bond wires because it does not cause significant translational displacement,
which in turn would lead to substantial oscillation of the free end of the bond wire.

To validate the performance of the resonator, a tri-axial random vibration was applied at
its bottom surface and the displacement response PSD on its top surface (where the mod-
ule is mounted) was extracted. The response PSD (Power Spectral Density) refers to the
distribution of power over frequency components in a signal. ANSYS offers a graphical
representation showing how the power of the response (displacement in this case) varies
with frequency. This information allows to identify frequencies where the displacement is
significant, which correspond to frequencies where the resonator is actually amplifying the
vibration.

Below are the plots displaying the displacement response PSDs for varying numbers of
plates. In each of the seven cases, the acceleration PSD value has been maintained constant

at0.5 ‘g’%}—"f across the bandwidth ranging from 10 to 5000 Hz.

The plot demonstrates the effective functionality of the resonator, obtaining vibration
excitation at various frequencies by adjusting the number of plates. Comparing the seven
trajectories with the one without the resonator, it’s visible that vibration characteristics re-
main largely similar outside the amplified ranges. The linear decrease in the line is a result of
constant acceleration across the frequency spectrum, with higher displacements correspond-
ing to lower frequencies.

Although the resonator is functioning correctly, its primary objective lies in comparing
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Figure 5.7: Absolute displacement RPSDs comparison with constant acceleration values

stress variations with operating frequency. Hence, despite the higher displacements observed
in the lower frequency range, they are expected to have a negligible impact on the overall
lifespan. If the acceleration PSD value was maintained constant regardless of the number
of plates, as shown in Figure 5.7, the displacements would vary each time. Ensuring that
displacement remains constant is essential for directly correlating stresses with frequency.
This necessitates guaranteeing that the areas under each peak are equal. By assuming that
stresses depend solely from these peaks, maintaining equal areas enables each area to be
associated with an equivalent harmonic analysis displacement, ensuring consistency across
frequencies.

To achieve this goal, the proposed testing approach involves reducing the total acceler-
ation grys value as the number of plates increases, thereby counteracting the effect of the
increasing response PSD values. To correctly calculate the areas, the peaks were integrated
over frequency with MATLAB. Initially, the focus was on calculating the areas under the
curves for the X-axis displacement RPSDs, in order to adjust the acceleration values. Subse-
quently, these adjusted acceleration values were utilized to check if also the areas under the
Y-axis displacement RPSD curves remained constant. After the acceleration levels equal-
ization, the resulting trajectories are shown in Figure 5.8, while the equalized acceleration
levels are reported in Table 5.2.

As a final step, it was crucial to calculate the equivalent displacement for each resonator
configuration to ensure it remained constant. The first step in computing the displacement
values for the equivalent harmonic vibration involved considering the areas under the peaks,
which had been previously calculated using MATLAB. As anticipated, the areas exhibit
nearly identical values for every number of stacked plates, approximately A = 2.81-107>
mm?. By taking the square root of the area, the RMS (Root Mean Square) value of dis-
placement is derived, which serves as an appropriate input value for the harmonic analysis.
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Figure 5.8: Absolute displacement RPSDs comparison with the same peaks’ areas

Number of plates | PSD %ﬁgs value | Acceleration ggass value
1 0.480 48.94
2 0.243 34.82
3 0.155 27.81
4 0.105 22.89
5 0.074 19.22
6 0.055 16.57
7 0.041 14.30

Table 5.2: Acceleration values for each number of plates, to keep a constant area under the peaks

The obtained value is equal to 5.31 um. More in detail, Table 5.7 offers both the calculated
displacements and peak frequencies of the equivalent harmonic analyses along the X and Y

axis.

5.5 Modal analysis results

As mentioned earlier, modal analysis serves as a crucial step in characterizing stress dis-
tribution across the IGBT module, and therefore allows the derivation of an expected life
model. Indeed, the stress amplifies near the foot of a bond wire when the excitation fre-

quency closely aligns with its resonance frequency.

Initially, a modal analysis was carried out using ANSYS for each bond wire. This analy-
sis involved fixing supports on every horizontal face expected to interface with the copper or
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Num. of plates | fpea [Hz] | d [um] Num. of plates | fpea [Hz] | d [um]
1 4383 5.33 1 4416.2 5.28
2 3548.1 5.31 2 3564.7 5.27
3 3022.9 5.31 3 3034.4 5.29
4 2652.8 5.31 4 2662 5.21
5 2372.3 5.29 5 2381.3 5.31
6 2149 5.34 6 2157.9 5.37
7 1964.9 5.33 7 1973.9 5.36
Table 5.3: X axes equivalent displacements Table 5.4: Y axes equivalent displacements

Table 5.5: Summary of the equivalent harmonic analyses parameters.

aluminum layer. Subsequently, the results were validated through mathematical derivation,
resulting in a formula capable of predicting the first resonance frequency of a bond wire
based on its main characteristics.

Given that the student version of ANSYS permits solving a maximum of 128,000 nodes
and elements, and considering the necessity for a finely meshed analysis to accurately assess
bond wire characteristics, the modal analysis was carried out singularly on each bond wire,
so to use the minimum possible body sizing, which was selected equal to 0.055 mm. A
mathematical validation of the resulting modal frequencies has been done as well.

To do that, each bond wire has been approximated as a mass-spring system, as depicted
in Figure 5.9.

mass

—

[ ]

excitation
Figure 5.9: Three main shapes for terminal bond wires

Furthermore, the wire has been considered as a thin and homogeneous beam subjected to
transverse excitation (i.e., perpendicular to the direction of the tensile force). The equations
have been derived using Euler-Bernoulli theory, which characterizes the response of thin and
flexible beams under loads.

In particular, for a mass spring system it is known that the resonance frequency, without

damping, is given by:
1 Kwire
=_—/ 5.3
I 27\ Myire 5-3)
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" resonance frequency [Hz], K. is the wire rigidity [%] and my;y, 1S

where f, is the wire n'

the wire mass [kg].
Although determining the mass of the wire is straightforward using its volume and den-

sity, calculating its rigidity is more complex. The formula for rigidity has been derived by

utilizing the findings from [35]. Thus, the rigidity of the wire is expressed as:

CvEywly

3
Lrr

Kyire = (54)

where C,, is a wire shape dependent parameter, E,, is the wire Young’s modulus [Pa], I, is
the second moment of inertia of the bond wire [m*] and [, rf 1s the wire effective length [m].

The second moment of inertia, also called area moment of inertia, is a measure of an ob-
ject’s resistance to bending or flexural deformation. It quantifies how the mass is distributed
around a given axis. Mathematically, it is defined as the integral of the squared distance
from each infinitesimal element of mass to the axis of interest, summed over all the mass
elements:

I, = /r2 dm (5.5

where r is the distance from the axis of interest to the mass element and dm is the mass of
the infinitesimal element. Solving the integral for a thin wire with circular area, it is obtained
(as in [36]):

I, =" (5.6)

The effective length of the wire is taken as half of the total wire length, given the approxi-
mation depicted in 5.9.
By inserting all the parameters into equation 5.3, it is obtained:

1 [2-C,E,r?
1 2 GEr 5.7
/i e Ip (5.7

Depending on the value of n and the specific shape of each wire, the parameter C,, will vary
accordingly, making it impractical to assume uniformity across all bond wires. However,
as an initial reference point, the C,, value obtained for the first resonance frequency in [35]
has been adjusted to align with the parameters used in this thesis. While in [35], an elastic

modulus of E,, = 69 GPa and an aluminum density of p = 2700 % were employed, in
this thesis, E,, = 70 GPa and p = 2710 % were utilized. The adapted shape coefficient

for the first resonance frequency resulted being therefore C,, = 50.72. With this value, the
calculated resonance frequencies were quite lower than the simulated ones. Therefore, after
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an adaptation of the shape parameter to the shape of the bond wires of the IGBT module
analyzed here, the resulting fitting parameters were: 78 for the terminal bond wires and 91.5
for the other ones. The necessity for adaptation is justified by the fact that, while in [35] the
bond wires’ lengths for 2.5 mm high bond wires were around 25 mm, here the lengths are
around 10 mm. The shape is therefore completely different.

Table 5.6 summarizes the simulated modal frequencies with their correspondent modal
shapes for some of the bond wires (the ones which will be analyzed more in detail also in
the next sections), offering also a comparison with the calculated ones.

As can be been from the table, the formula is useful for estimating the first resonance
frequency of a given bond wire, aiding in understanding which vibrations are likely to cause
damage and potentially lead to its rupture.
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bond wire Length Simulated f; Calculated f
7960 mm  34.593kHz  34.533 kHz
9.640 mm 23036 kHz  23.551 kHz
10.018 mm  21.318 kHz  21.805 kHz
11.265mm 17.310kHz  17.244 kHz
12.178 mm  15.679 kHz  14.756 kHz
14734 mm  9.354 kHz 9.306 kHz
H
16.265 mm  7.642 kHz 7.637 kHz
NN

Table 5.6: Summary table for bond wires modal frequencies
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5.6 Harmonic and Random Vibration results

During the resonator characterization, it was assumed that only the peaks were responsi-
ble for generating stress in the bond wires during random vibration operation with the res-
onator. The displacements corresponding to equivalent harmonic vibrations centered at the
resonator’s resonance frequencies were derived and are shown in Table 5.7.

In the harmonic analysis conducted using ANSYS, the displacement was kept constant
at 5.31 um, and the stresses on the bond wires were extracted for each of the seven resonance
frequencies. This procedure aimed to compare the stress dependency on frequency from the
harmonic analysis with that obtained using the resonator under random acceleration. By
observing whether the stress patterns were similar, it could be determined if the resonator
effectively allowed for the determination of stress frequency dependence.

An important consideration regarding harmonic analysis must be made. While the har-
monic excitation was applied along a single axis only, random vibration was tri-axial. There-
fore, it was necessary to assume that stresses on certain bonds were caused solely by excita-
tions along the y axis, while on others solely from the x axis, as depicted in Figure 5.10.

Figure 5.10: Stress dependence on the excitation directions.

In Figure 5.10, the bond wires highlighted in blue have been assumed to have stresses
only caused by y axis excitations, and vice-versa, the ones in red to have stresses only caused
by x axis excitations. This approach allowed for applying harmonic excitation along a single
axis and comparing its results with tri-axial random vibration. Simulation results confirmed
that for bond wires aligned along the x axis, the stress is predominantly due to the y axis,
and vice versa.

In the random vibration setup, the simulation setup involved mounting the IGBT module
3D module on top of the resonator and stimulating the resonator’s bottom surface through
the PSD (Power Spectral Density) acceleration values obtained from Table 5.2. The random
vibration was tri-axial (i.e., along, x, y and z directions).
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In Figure 5.11 are shown the structures used to derive the final simulation results. The
system utilized to carry out the random vibration analysis coincides perfectly with the one
which has been mounted over the vibrating surface in the experimental work. For simplicity,
in Figure 5.11 only the resonator with two stacked plates is depicted, but the results are
reported more generally for one to seven stacked plates.

(a) Module with central bonds for harmonic analysis (b) Two stacked plates resonator

Figure 5.11: Harmonic and random vibration used structures.

Using the structures provided, the following procedure was adopted to compare the re-
sults of harmonic and random analysis.

Initially, by selectively suppressing some groups of bond wires, the most stressed bond
wire was identified for both harmonic and random vibration analysis. As anticipated, the
location of maximum stresses was the same in both scenarios, occurring near the feet of the
longest bond wires in each group. Being the longest implies having the lowest first resonance
frequency.

Subsequently, after identifying the most stressed bond wire, a finer mesh was employed
to better simulate that bond wire behaviour. The goal was to maintain uniform mesh body
sizing for both harmonic and random analysis across all inputs, ensuring highly accurate
results. For this purpose, the larger structure, specifically the resonator with 7 stacked plates,
was considered, and only the longer bond wire was left unsuppressed. It was established that
using a mesh body sizing of 0.07 mm for a single bond wire helped keep the number of nodes
in the FEA below 128,000, facilitating subsequent analyses. Additionally, the number of
modes to be extracted was set at 100, deemed sufficient to analyze the most relevant modes.

Based on these decisions, 49 separate simulations were conducted for the random anal-
ysis using the resonator: for each of the 7 resonator configurations, and for each of the four
bond wire groups (i.e., left region chip-level bonds, central region chip-level bonds, right
region chip-level bonds, terminal bonds), the most stressed bond wire aligned on the X-axis
and the most stressed bond wire aligned on the Y-axis were tested using a mesh body sizing
of 0.07 mm. Hence, for each resonator configuration, 7 bond wires were tested indepen-
dently (since one of the groups had bond wires aligned only along the X-axis). This method
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derived the maximum stresses for each group and each resonator configuration.

The same process was then replicated in the harmonic analysis, where only 7 simulations
were needed, as ANSYS allows for frequency range sweeping and extraction of results at
specific frequencies of interest.

Ultimately, all results were compiled and illustrated in Figures 5.12, 5.13, 5.14 and 5.15
which display the dependence of maximum stresses on frequency for the four groups of bond
wires in both harmonic and random analysis.
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Figure 5.12: Central region chip-level bonds stresses comparison.
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Figure 5.13: Left region chip-level bonds stresses comparison.

Several observations can be made regarding this plots. Firstly, it’s evident that for both
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Figure 5.15: Terminal bonds stresses comparison.

the x and y axis excitation directions, the stresses induced by random vibration are slightly
higher than those from harmonic analysis. This outcome was expected because random vi-
bration covers a wide frequency spectrum, thereby including frequencies near and beyond
those considered in the harmonic analysis, which in turn focuses just on the peak energy.
Consequently, the random analysis resulting stress incorporates the effects of nearby fre-
quencies, contributing to the overall higher stress levels.

Furthermore, it is notable that the stress behavior remains consistent between both the
harmonic and random vibration scenarios with the resonator. This validation aligns with
expectations, indicating that the resonator effectively approximates random vibration as a
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harmonic analysis. Consequently, this approach enables the extraction of stress dependen-
cies on excitation frequency.

Moreover, the stress distribution shown in the plot for the terminal bond wires indi-
cates that these experience particularly significant stress due to their lower first resonance
frequency compared to other bond wires. Consequently, it is apparent that the first modal
frequency is a critical parameter in this study. This frequency is directly influenced by the
bond wire length and thickness, suggesting that longer and thinner bond wires are more sus-
ceptible to higher stress levels and, thus, have a greater likelihood of failure. Therefore, to
ensure the safety of the bond wires under any vibration conditions to which the module may
be subjected, it is crucial to prevent the operational frequency of the module from nearing
the first modal frequencies of the bond wires.

5.7 Simulated expected life

The simulated expected life has been derived for the longest terminal bond wire, which is
the most stressed one and should be the first failing inside the module. Its life expectancy is
reported in a log log scale in Figure 5.16 with respect to the resonator resonance frequency.
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Figure 5.16: Simulated expected life: the blue dots represent the expected life of the longest bond wire; the grey
line shows where the first resonance frequency of the longest bond wire is.

The plot shows with blue dots the life expectancy for each number of stacked plates,
while adopting the previously mentioned equalized accelerations. It also shows with a grey
vertical line the lowest bond wire resonance frequency (i.e., the one correspondent to the
longest terminal bond wire). It can be seen how, after a correct calibration, the resonator has
been designed so that it should cause the instant failure of the terminal bond wire while it
has just one stacked plate. However, decreasing the peak frequency and reaching the lowest
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peak frequency at around 2 kHz, it can be seen how the terminal bond wire should be able to
sustain continuous vibrations for around 10° seconds, which correspond to about 28 hours.

In addition to understanding the Expected Life of a component, it’s crucial to compre-
hend its 16 Von Mises stress distribution as well. This distribution indicates where failures
are more likely to occur. Two images are included below, displaying contour plots for both
the stress distribution and the Expected Life of the most stressed terminal bond wire and the
most stressed chip-level bond wire.
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Figure 5.17: Contour plots of the 16 Von Mises stress [MPa] and Expected Life [s] for the most stressed
terminal bond wire.
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Figure 5.18: Contour plots of the 10 Von Mises stress [MPa] and Expected Life [s] for the most stressed chip-
level bond wire.

As anticipated from the literature review, the stress concentration near the foot of the
bond wire is evident. This results in an Expected Life pattern that underscores the likelihood
of observing cracks along the red areas. Furthermore, these contour plots hold true for all
other bond wires as well, even if with lower stresses due to their varied dimensions.

A clear difference is visible between the Expected Life contour plots in Figure 5.17 and
5.18. The most stressed chip-level bond wire experiences significantly lower stress than the
most stressed terminal bond wire, making it much less likely to fail first.

Finally, it is important to note that the simulations predict the terminal bond wires are
more likely to fail near the points where they connect to the external module pins, rather
than near the foots where they connect to the module PCB.
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Number of plates | fpeq [Hz] | Random Acceleration ggrys | d [um]
1 4383 49 5.33
2 3548.1 35 5.31
3 3022.9 28 5.31
4 2652.8 23 5.31
5 2372.3 19 5.29
6 2149 17 5.34
7 1964.9 14 5.33
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Table 5.7: Resonator configurations: peak frequencies, equalized acceleration input levels and equivalent har-

monic analysis displacements.






Chapter 6

Experimental campaign

6.1 Equipment description

This section provides a description of the equipment used in the experimental setup, which
entirely revoles around the functionalities of the Espec Qualmark Typhoon 2.5 HALT cham-
ber. It is a state-of-the-art environmental testing chamber designed for accelerated stress
testing. This chamber is capable of simulating a wide range of environmental conditions, in-
cluding rapid temperature changes and vibration testing. It was chosen for its versatility and
precision, ensuring that the experimental conditions could be tightly controlled and varied
according to the requirements of the study. In addition to the Typhoon 2.5, other instruments
and tools were employed to monitor the experimental data, ensuring accuracy and reliability
in our results. These supplementary tools will be described in the following sections.

The most important feature of the Typhoon 2.5 is its vibrating surface. It includes a
total of 64 threaded holes, each with a 3/8-inch diameter and a 16 threads per inch (TPI)
pitch. The holes are arranged in a grid pattern, with the center of each hole positioned 4
inches away from the center of its neighboring holes, both horizontally and vertically. The
table size proves well-suited for Highly Accelerated Life Testing (HALT) applications and
various Highly Accelerated Stress Screening (HASS) applications. Its main feature is to
have a Six Degree of Freedom (6DOF) Vibration characteristic. This includes translational
movements along the X, Y, and Z axes, as well as rotational movements in pitch, roll, and
yaw (see Figure 6.1). The capability to simulate vibrations in multiple directions allows for
a more comprehensive and realistic simulation of real-world conditions.

Another key feature of this vibrating plate is its ability to generate Random Excitations.
The term "Random" implies that the vibration signals are unpredictable and non-repetitive,
mirroring the varying nature of real-world vibrations. PSD, or Power Spectral Density, is
a crucial aspect of managing vibrations. It characterizes the distribution of power across
different frequencies in a random vibration signal. The Vibration Range of the system is
specified to be from 5 to 75 grys (root mean square acceleration) across frequencies ranging
from 10 Hz to 5000 Hz. This information provides details on both the amplitude (in ggass)

49
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Figure 6.1: Six Degrees of Freedom motion [37].

and the frequency range of vibrations that the system can generate.

The Typhoon 2.5 control software allows users to input the desired ggys value, regu-
lating the acceleration through a PID controller connected to an accelerometer mounted in
the vertical direction. While this ggys value inherently accounts for movements in other
directions, it primarily corresponds to the vertical direction. The functioning block scheme
is reported in Figure 6.2.
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Figure 6.2: Vibrating plate control block scheme

The machine effectively manages the PSD to ensure that specifications are maintained
throughout testing. Assuming a constant PSD over the specified frequency range and sim-
plifying to a single degree of freedom, the PSD can be calculated from the gryss value of the
vertical direction vibration using the formula:

2 2
8 | _ 8RrRus
PSD[J Y (6.1)
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This formula reflects the relationship between the grys value and the frequency band-
width (Af), providing a simplified yet effective way to calculate the Power Spectral Density.

Screenshots of the control panel and chamber setup of the Typhoon 2.5 are provided
in Appendix A. In the control panel screenshots, the key values to note are the Vibration
Setpoint, representing the user-defined vibration acceleration level, and the Table Control
Vib. value, which indicates the actual reading from the accelerometer. After clicking the
Chamber On/Off button, users can set any desired vibration level. In the chamber setup
screenshots, users can configure all the PID parameters to adjust how quickly the system
reaches the desired setpoint. Additionally, safety limits for vibration levels can be set in
Vibration High Limit (Grms) and Vibration Backup Limit (Grms). Exceeding these limits
triggers an alarm and shuts down the chamber. An Ethernet connection was established to
enable communication between the chamber and the control computer.

6.2 Module mounting structure

As introduced in the previous chapter, a resonator was designed and then produced. All
the structure is built in Aluminum. The final real resonator is shown in Figure 6.3, where
both the resonator base and the structure with one stacked plate are displayed. A more
comprehensive image is reported in Appendix B, where a bigger view is depicted.

Figure 6.3: Real resonator

6.3 Monitoring circuit

To evaluate the integrity of the module, a circuit was designed featuring an Arduino DUE
board, BJTs, resistors, and LEDs. Based on the schematic of the IGBT module, this setup
was particularly necessary for testing the integrity of all the bond wires as well as the com-
ponents. The Arduino board was chosen for its ease of handling the activation and deacti-
vation patterns of the IGBTs and diodes. To illustrate how the circuit operates, a simplified
schematic is provided in Figure 6.4. The schematic does not include the gate drivers, which
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will be explained later on. Moreover, it highlights the monitoring components with thinner
lines for clarity.
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Figure 6.4: Simplified schematic for continuity measurement: thicker connections refer to the IGBT module
original schematic

To effectively monitor all components in the circuit and identify potential failures, a sys-
tematic approach is implemented. Initially, each IGBT is biased individually in a specific
sequence (Q1, Q2, Q3, Q4, Q5, Q6, Q7), while ensuring the diodes remain off. Subse-
quently, two distinct groups of diodes are activated. By observing the behavior of the LEDs
during these stages, any abnormalities indicative of failure can be identified. To better de-
scribe the circuit’s operational sequence and its capacity to assess module integrity, here is
reported a table, which contains the state of each component depending on the pattern the
system is in, and also the state of each one of the selectors indicated in the schematic as STA
- S9A.

To highlight the circuit functionalities two examples are be here reported, one for a
pattern where one IGBT is turned on (e.g., Pattern 1), and one for a pattern in which a group
of diodes is turned on (e.g., Pattern 8). The equivalent circuit in Pattern 1 is visible in Figure
6.5, while the one in Pattern 8 in Figure 6.6.

During Pattern 1, when IGBT QI is activated, the voltage across pin 18 and pins 19,
5, 7, and 9 matches the ON voltage drop of the IGBT. Assuming proper functionality of
both the IGBT and the bond wires linking terminals 18 (collector signal Q1), 4 (gate signal
Q1), and 5 (emitter signal Q1), the LEDs in all branches (L2-L4, L5-L7, L8-L10, L11-L13)
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Component pt.1 bpt2 | Pt3 | Pt4 | Pt5S | Pt6 | Pt7 | Pt8 | Pt9
Q1 ON | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF
Q2 OFF | ON | OFF | OFF | OFF | OFF | OFF | OFF | OFF
Q3 OFF | OFF | ON | OFF | OFF | OFF | OFF | OFF | OFF
Q4 OFF | OFF | OFF | ON | OFF | OFF | OFF | OFF | OFF
Q5 OFF | OFF | OFF | OFF | ON | OFF | OFF | OFF | OFF
Q6 OFF | OFF | OFF | OFF | OFF | ON | OFF | OFF | OFF
Q7 OFF | OFF | OFF | OFF | OFF | OFF | ON | OFF | OFF

D1-D3 + D7-D10 | OFF | OFF | OFF | OFF | OFF | OFF | OFF | ON | OFF
D4-D6 + D11-D13 | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | ON

S1A ISV |15V | 1S5V |15V | 15V | 15V | 15V | GND | GND
S2A GND | GND | GND | O.C. | O.C. | O.C. | OC. | OC. | O.C.
S3A GND |GND | GND | O.C. | O.C. | O.C. | OC. | OC. | O.C.
S4A GND | GND |GND | O.C. | OC. | OC. | OC. | OC. | O.C.
SSA GND | GND |GND | O.C. | OC. | OC. | OC. | OC. | O.C.
S6A GND | GND | GND | GND | GND | GND | GND | 15V | GND
STA GND | GND | GND | O.C. | OC. | OC. | OC. | OC. | GND
S8A GND | GND | GND | GND | GND | GND | GND | GND | 15V
SOA GND | GND | GND | GND | GND | GND | GND | GND | O.C.

Table 6.1: States of each component in the circuit’s patterns

remain OFF since their activation voltage exceeds that of the IGBT. Conversely, LED L1 is
ON to indicate the integrity of the signal-carrying bond wires. If an IGBT failure occurs, the
four series LED branches illuminate due to the higher voltage. Alternatively, if a bond wire
failure results in an open circuit, L1 switches OFF. This behavior persists across Patterns 2
and 3. Patterns 4-7 follow a similar logic with inverted states: when, for example, Q4 is
active, L1-L2-L.3-L4 illuminate under normal conditions, but all LEDs are turned OFF in
the event of a failure. This configuration enables straightforward monitoring of IGBTs and
bond wire integrity through distinctive LED patterns from Pattern 1 to Pattern 7.

During Pattern 8, when all the IGBTs are deactivated, the system’s power supply is re-
versed and directed towards the anodes of LEDs .14-1.20. Under normal conditions, current
flows through these LEDs, subsequently activating D1-D2-D3-D7-D8-D9-D10. Conversely,
LEDs L21-L26 remain OFF due to open-circuited cathodes. Any failure in a diode or in a
bond wire results in the corresponding LED in its branch switching OFF. Pattern 9 follows
a similar principle, but with voltage applied to the anodes of diodes D4-D5-D6-D11-D12-
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Figure 6.5: Simplified schematic for Pattern 1: LED L1 and IGBT Q1 are turned on.

D13. Consequently, current flows through LEDs 1.21-L.26. Once again, any bond wire or
diode failure causes the associated LED to remain OFF, facilitating fault detection.

Up to now, it has not been discussed how the IGBT are turned ON and OFF and how the
selectors are realized. Here comes the importance of using the Arduino board, which allows
a simple yet effective approach to address this problem. Since Arduino can not output from
its digital ports more than 5 V, there was the need of using a buffer (BJT BC547B), which
could allow a connection to the 15 V power supply. A simplified schematic of the switch
implementation is shown in Figure 6.7.

This setup serves a dual purpose: driving the IGBT gates and implementing the selectors
denoted as SxA in the schematic. Figure 6.7 provides an illustration of a selector between
15 V and GND, utilized as the IGBT gate driver. Variations in configuration are achievable
by changing the connections to the emitter and collector of the BJT. When the Arduino
pin’s digital output is set to HIGH, the BJT activates, grounding its collector connected to
the IGBT gate, thus turning the IGBT off. Conversely, setting the Arduino’s digital output
to LOW deactivates the BJT, allowing the system to link the 15 V power supply through
a resistor to the IGBT gate, thereby turning it on (provided the IGBT emitter maintains a
sufficiently low voltage). By utilizing Arduino and these simple schematics, precise timings
can be assigned to each Pattern, and the desired LED pattern can be selected. This simplifies
the detection of failures within the system.

To effectively monitor and store the voltages across each pattern, we employed an Ar-
duino as a Data Acquisition System (DAQ). Its analog input pins were connected through a
voltage divider to the test points highlighted in yellow in Figure 6.8. I utilized PLX DAQ



6.3. Monitoring circuit 55

2021 18 e

b4 h74 s 4 v
y N iy Q Q2 a3

3 1, s wo x s . ¥ B F

7 s e 1s R T) Pl 2

¥ 3 ¥ h4

15y N N 3 3

e 7 Lo 3

¥ % Y SZ\

N N L

sssssss pply le— 2o 3 19 5 7 9
L2 L2s 126
'\l és Y S SZ\. Sx
aNd = 15 &, Rl Al Y § ¥ N
1 w22 23 & & Y K
v v 147 114 L] L2
Py Yy I N n N [ as s o
4 5 6 16 i5 13 2
9 %:) {Z)
i 12 D13
2223 1704
157

v

oo Selectors’ positions l Current path

Figure 6.6: Simplified schematic for Pattern 8: all the diodes and LEDs crossed by the red arrows are turned
on. Some selectors are not shown as they just act as open circuits.

15V

O
O

Figure 6.7: IGBT gate driver implementation with Arduino DUE

(Parallax Data Acquisition), a software tool developed by Parallax Inc., which facilitates
data acquisition from microcontrollers like the Arduino directly into Microsoft Excel. This
tool allows users to capture, log, and visualize data in real-time within Excel spreadsheets
via Serial port communication. Thus, in addition to visually observing unusual LED pat-
terns caused by failures, it was also possible to effectively demonstrate fractures through the
derived plots.

To size the components, some simple rules have been adopted. The first one was conse-
quent to the necessity of avoiding an excess of power across the resistors. At worst case, the
resistors, rated for 0.6 W, needed to sustain 15 V, resulting in a value of resistance that needs
to satisfy:

V2 P (15V)?

P=" <06W = R>— =" _3750) 6.2
R * - R VIT oew (02)

Following this requirement, the sizing procedure proceeded to determine the appropriate
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values for the collector and base resistors of the BJTs employed as IGBT gate drivers (refer
to Figure 6.7). The base resistor’s function is to restrict the current flowing out of the Arduino
digital pin. Meanwhile, the collector resistor allows the flow of current to the IGBT gate.
Due to the low currents involved, there were no stringent demands on the resistances, hence
they were selected as follows:

Rpase = 17.8kQY  Reotiector = 19.6 k() (6.3)

The value of Ry, = 17.8 k() has been adopted not only for the IGBT gate drivers but also
for all other BJT base resistors in the schematic. Conversely, sizing the collector resistors of
selectors S1A, S6A, and S8A required a more detailed examination of the current consump-
tion of each LED and the voltage drops across various components. The voltage drop for
both the inverter diodes and the rectifier diodes was found to be around V;; = 1.7 V from
the datasheets, while for the brake chopper diode around V,;; = 1.05 V. The red LEDs have
a voltage drop of around V,.,; = 1.9 V, while the green ones (used for their higher voltage
drop in the series parallel to the IGBTs in the inverter) around Voo = 2.2 V. For S1A,
the Kirchhoff Voltage Law (KVL) while the circuit is correctly operating, accounts for the
voltage drop across resistor R1, LED L1, and the ON voltage drop of the IGBT, which has
been taken equal to Vigpr = 4.5 V. As a result, to guarantee a current across the LED of 6
mA, it is derived:



6.3. Monitoring circuit 57

15V - 1.7V—4.5V_6

15V —RiI— 17V — 45V =0 = 1 m.
R, (6.4)
R = 1466.7 Q)
Therefore:
R, =15k (6.5)

Of course, if one component fails, given the increase in the voltage drop (due to the series of
the three LEDs), the luminosity will decrease, but still remaining quite intense, so to assess
the failure.

Regarding instead resistor R2, while the circuit is working, the KVL can be written as:

15V —17V — 17V
15V =Ry, 11— 17V — 1.7V =0 = [I= =6mA
TR, (6.6)

R, =276 Q)

Given also Equation 6.2, it has been decided to use the parallel of two 420 Q) resistors, which
guarantee a close enough resistance and a limited dissipated power.
Finally, for resistor R3, it goes:

1 - 1.7V - 1.7
IS5V —R3-6I— 17V - 1.7V =0 = I= >V 4 V:6mA
OR3 (6.7)

Ry =3220

For simplicity, given again the power limitations, a single 420 () resistor has been selected.

For prototyping simplicity, while a PCB is being designed, the circuit was assembled
using a breadboard, and the preliminary tests were carried out through the setup shown
in Figure 6.9. The complete setup is schematically shown in Figure 6.10 and its photos
are instead shown in Appendix B, where the IGBT module is absent since it is inside the
vibrating chamber.

During testing, each Pattern has been set to last 1 second. This results in a total testing
time of 9 seconds, which equals to the worst-case scenario accuracy in failure detection.
While this precision may seem excessive, it provides an ample margin of accuracy for the
intended Expected Life measurements.

A Printed Circuit Board (PCB) was also designed to have a better setup for future works,
and its schematic, created with KiCAD, is included in Appendix C. This PCB is intended to
function as an Arduino DUE expansion board, providing a clearer LED view for monitoring
the IGBT module compared to the breadboard setup.
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6.4 Experimental results

As a starting point, each one of the seven configurations of the resonator has been tested for
20 minutes under a 10 ggps vibration, to verify that the structure was behaving correctly and
was not showing any structural problems. As expected from simulation, the excitation was
correctly propagating to the top of the resonator.

Subsequently, the tests involved maintaining the vibration for 30 minutes for each one
of the seven configuration, inserting as input the equalized acceleration values reported in
Table 5.2. While the module was excited, the monitoring circuit was actively checking its
integrity. The same procedure was repeated for two different modules, starting from the least
stressful condition (i.e., 7 stacked plates and 14 ggrass) and progressing to the most stressful
condition (i.e., 1 stacked plate and 49 ggruss). The final results are reported in Table 6.2.

During the initial tests, no failures were observed in any of the modules for a number of
stacked plates greater or equal of two (i.e., frequency higher than 3600 Hz). Failures were
however observed after 20 and 25 minutes for the two modules under 49 ggrps with one
stacked plate.

The experimental results differ from the simulation ones, which predicted failures also
with 2 and 3 stacked plates within a 30 minutes vibration. This discrepancy is explained by
the properties of the silicone gel, which were not accounted for in the simulation, where a
worst-case scenario was considered. After obtaining these outcomes, further literature re-
search was conducted, focusing on the properties of silicone gel and its effects on exciting
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Figure 6.10: Experimental setup drawing

and attenuating certain vibration frequencies. Sasaki et al. [38] simulated bond wire strains
in a silicone gel environment under random vibration excitation, highlighting that silicone
gel attenuates higher frequencies, effectively acting as a low-pass filter. Therefore, while the
resonator amplifies higher frequencies to approach the bond wires’ resonance frequency, the
silicone gel attenuates these frequencies, preventing failures. This characteristic is crucial for
ensuring the reliability of IGBT modules under vibrating loads. By applying a silicone gel
layer across the entire surface of the module, completely covering the bond wires, higher fre-
quency excitations are cut off, maintaining proper module operation under vibration which
are not too strong and with frequencies not to close to the bond wires’ resonance ones.

When just one plate was stacked, and the vibration frequency was closer to the terminal
bond wires’ resonance one, failures were observed in all the modules and happened as cracks
at their feet connected to the module’s external pins. An image showing how the fractures
happened is reported in Figure 6.11.

As expected from the simulations, the fractures happened exactly at the higher feet of the
terminal bond wires. In particular, the bond wires failing were the gate loops. The failures
were correctly identified from the circuit, which was showing strange LED patterns when
failures happened. When strange LED patterns were identified, the vibration chamber was
stopped and the module was visually monitored. Finally, a the voltages plot resulting from
the employed DAQ system was analyzed, and is here reported for Module 3 in Figure 6.12,
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Plates | f[Hz] | grums Module 1 Module 2 Module 3
7 19649 | 15 No failure No failure No failure
6 2149 17 No failure No failure No failure
5 2372.3 19 No failure No failure No failure
4 2652.8 | 23 No failure No failure No failure
3 30229 | 28 No failure No failure No failure
2 3548.1 | 35 No failure No failure No failure
1 4383 49 | Failure (20 min.) | Failure (25 min.) | Failure (7.5 min.)

Table 6.2: Experimental results on IGBT modules with silicone gel

Figure 6.11: Full module in the center, failure on module 1 in the upper zoom, failure on module 2 in the lower
zoom.

where the bond wire cracked as in Figure 6.13.
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Figure 6.12: Voltages plot showing the crack after around 7.5 minutes

Figure 6.13: Crack on Module 3






Chapter 7

Results summary

Tests were conducted both in the ANSYS simulation environment and using Typhoon 2.5.
The setup was identical in both conditions, consisting of a resonator with a certain number
of stacked plates, with the IGBT module placed on top of the stack. This configuration
allowed for the analysis of IGBT module reliability across frequencies ranging from 2 kHz
to 5 kHz, while maintaining a constant displacement. This facilitated an assessment of bond
wire reliability under different vibration frequencies. The results obtained from simulations
did not account for the presence of silicone gel, which has been shown to strongly attenuate
higher frequencies [38], thereby diminishing the resonator’s amplification characteristics.
Consequently, a difference between the outcomes in the two environments was observed.
Table 7.1 presents the final results from both environments, where failures are observed
within a 30 minutes random vibration excitation.

Plates | grus Sim. results Experimental results
Module 1 Module 2 Module 3
7 15 No failure No failure No failure No failure
6 17 No failure No failure No failure No failure
5 19 No failure No failure No failure No failure
4 23 No failure No failure No failure No failure
3 28 | Fail. (3.3 min.) No failure No failure No failure
2 35 Fail. (15 sec.) No failure No failure No failure
1 49 Fail. (< 1 sec.) | Fail. (25 min.) Fail. (20 min.) Fail. (7.5 min.)

Table 7.1: Final simulation and experimental results.

As shown in the summarizing table, differences between the simulation and experimental
results are evident. These discrepancies are attributed to the silicone gel, which, as explained
in the previous chapter, attenuates higher frequencies, thereby enhancing the reliability of
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the IGBT modules.

However, the simulations accurately predicted the failure locations, identifying the ter-
minal bond wires as the most fragile components. Importantly, the experimental work con-
firmed the simulation predictions regarding the failure cause, which is the presence of a
crack. No lift-offs were observed, and there were no failures in the module dies. These
results also confirm the findings of [39], where both temperature and sinusoidal vibration
stress were combined to examine the Number of Cycles to Failure of a set of IGBT module
samples.



Chapter 8

Conclusion

In conclusion, this thesis successfully expanded knowledge regarding the reliability of IGBT
modules under vibrational stresses. Starting with a literature review, the most probable cause
of failure was identified as potential cracks near the foot of the bond wires. Subsequently, an
analysis was conducted on how to characterize random and harmonic vibrations, understand-
ing their differences and how to relate them. Additionally, the thesis provided a theoretical
background on their analysis techniques.

After introducing vibrating environments and their analysis methods, the focus shifted to
studying basic mechanical properties, such as stress-strain relations, elastic modulus, Pois-
son’s ratio, SN curves, and fatigue analysis. The Steinberg three-band method and Miner’s
rule were explained as they were adopted for assessing the expected life of the modules.

To ensure accurate simulation, the material properties of the IGBT module were ana-
lyzed, and the complete structure of the module, including its dimensions and mechanical
properties, was summarized.

Before proceeding with the simulation, the ANSYS mechanical environment was ex-
plored using simple models to understand the correct boundary conditions for both harmonic
and random vibration analyses. A precise 3D model of the IGBT module was developed,
and initial simulations were conducted. Given that the thesis aimed to understand the pa-
rameters that most influence the expected life of these modules, a resonator was developed
to relate random vibrations to harmonic ones. This approach allowed the use of random
vibrating machinery in the laboratory with the resonator to examine the module’s expected
life dependence on excitation frequency. Alongside the mathematical derivation of a for-
mula assessing the bond wires’ first resonance frequency, the thesis demonstrated how the
thickness, length, and shape of the wires influence their expected life. In particular, ANSYS
simulations showed that terminal bond wires, being the longest, have lower first resonance
frequencies, closer to real environmental vibration frequencies, making them the most likely
to fail under vibrational loads.

Experimental work revealed that silicone gel significantly enhances the reliability of
bond wires under vibrations by strongly attenuating high-frequency vibrations and acting
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as a low-pass filter. Given that the resonance frequencies of the bond wires are relatively
high (greater than 7 kHz), their stresses and strains are significantly reduced, and resonance
effects are diminished. However, at frequencies close to the bond wires’ resonance frequen-
cies, failures were observed at the upper sides of the terminal bond wires’ feet, consistent
with simulation predictions. Consequently, this thesis recommends avoiding exposing the
modules to vibrating environments with frequencies near the bond wires’ resonance fre-
quencies. Since a simple formula is provided to determine the bond wires’ first resonance
frequency, assessing the risk of failure is straightforward.

For future work, more extensive experimental tests could be conducted to fully validate
the simulations. This would allow returning to the ANSYS environment to develop a more
accurate model that includes silicone gel, enabling a wider range of tests (e.g., using differ-
ent displacements). This approach could lead to deriving a fitted equation that determines
the life of a module as a function of vibration frequency and displacement. Additionally,
similar tests could be conducted for random vibrations without using a resonator, relating
the module’s life to different PSD curves.
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Appendix A

Control software
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Figure A.1: Control panel for the Typhoon 2.5 control software
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Appendix A. Control software
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Figure A.2: Chamber setup in the control software




Appendix B

Experimental setup

Here are reported more comprehensive views of the resonator, when mounted on the ESPEC
Qualmark Typhoon 2.5, and of the experimental setup.

Figure B.1: Typhoon 2.5 and resonator base
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Figure B.2: Typhoon 2.5 and resonator with module

Figure B.3: Final laboratory setup for monitoring failures and managing the vibrating chamber



Figure B.4: Different resonator setup
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Appendix C

Monitoring circuit

Here is reported the full schematic of the monitoring circuit.
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Figure C.1: Final monitoring circuit schematic, which just misses the data acquisition section
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