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High Cycle Fatigue Testing of Silicon IGBT Devices
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Christian Schwabe , Nick Thönelt , Josef Lutz , Senior Member, IEEE, and Thomas Basler , Member, IEEE

Abstract—To speed up the testing time in a power cycling test,
normally high-acceleration factors induced by high temperature
swings are applied. With a classical Coffin–Manson lifetime ap-
proach, the induced fatigue can be modeled. This work uses
test conditions at the transition between the elastic and plastic
deformation zones. Testing the high cycle fatigue zone requires
evolved equipment, so active power cycling with switching losses
is implemented. It was found that for high junction temperatures
(Tvj,max = 150 °C), a transition between the plastic and the elastic
zones could not be detected down to ΔT = 18 K. However, for
reduced junction temperatures (Tvj,max = 115 °C), the start of the
elastic zone was found at around ΔT < 29 K. The main failure
mechanism was found to be chip solder fatigue in the center of
the solder layer. The experimental data are transferred into a 3-D
simulation environment to further investigate the failure mode.
With the findings, a lifetime model is described and applied, which
predicts, depending on conditions, lifetime benefits up to 268%
compared with a standard lifetime approach.

Index Terms—High cycle fatigue (HCF), insulated gate bipolar
transistor (IGBT), lifetime estimation, power cycling, reliability.

I. INTRODUCTION

IN PAST years, the requirements of power semiconductor
devices are increasingly rising: high power density, higher

operating temperatures, and also increasing reliability. Power
cycling reliability is an important point for the overall system
reliability. Caused by the coefficient of thermal expansion (CTE)
mismatch and different temperatures for the layers in the power
device, fatigue stress cannot be avoided. Hence, sufficient re-
liability is required to guarantee faultless 20 or more years of
service. Not only a reinforced package design but also a suitable
power rating is important. To calculate the expected reliability
of a power device in the application, the load profile and the
cooling performance is used to estimate the number of thermal
swings. A possible workflow is shown in Fig. 1.

The known mission profile can be transferred into a simulation
environment. The tool allows us to analyze the number and
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Fig. 1. Possible algorithm used for analyzing the estimated lifetime of a power
device according to [4].

amplitudes of the thermal swings which occur. The rainflow
method has been established to calculate the number of fa-
tigue cycles. After analyzing the amount of different thermal
swings, the lifetime is calculated with a lifetime model and the
Palmgren–Miner [1], [2] rule is usually applied to estimate the
accumulated fatigue of the power electronic device. Different
optimizations can be further implemented to achieve higher
accuracy, e.g., additional finite element method (FEM) analysis
or the implementation of 3-D-thermal networks [3].

A crucial point in this analysis is the applied lifetime model.
This article studies the applicability of a standard lifetime model,
such as the CIPS 08 model [5], to application-close conditions.
Limitations of lifetime models are discussed on the basis of
experimental results and optimizations, which are implemented
in Section IV.

II. ELASTIC–PLASTIC TRANSITION ZONE

The lifetime of power electronic packages can be described
by different lifetime models. They can be categorized into stress-
based, crack growth-based, strain-based, and empirical models.

Stress-based models are based on the mechanical stressσ. The
models are suitable for isothermal conditions and geometries
where no stress peaks occur and the stress is constant [6]. The
temperature gradients in power electronic packages and the
variable load, especially when reaching end-of-life, make them
less suitable in a power cycling environment.
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Fig. 2. Strain-life model separated in two segments: LCF with high-
acceleration factors described by a Coffin–Manson term and HCF zone described
by a Basquin term adapted from [10].

A second large group of models is based on crack initiation
and crack growth. The most common one is the Paris–Erdogan
law [7], which was found suitable to describe solder layer cracks,
see Darveaux [8]. The model is quite suitable to describe crack
growth also during power cycling [9]. In the failure analysis,
in Section V of this work, it can be observed that for the
performed tests, no clear single crack forms, which makes the
model unsuitable for this work.

The strain-based models are more flexible than the models
discussed before. They are based on the mechanical strain εtotal
induced by thermal expansion. They are also valid when temper-
ature gradients are present, which makes them suited for power
cycling. However, strain life models are more complex. The total
strain εtotal can be calculated by the sum of elastic and plastic
strains

εtotal = εel + εpl. (1)

The elastic strain εel is dominant for low elongations while the
plastic strain εpl is dominant for high strain values. These two
regions are described by different approaches, as shown in Fig. 2.
Power cycling conditions with high ΔT and high plastic strain
εpl can be found on the right-hand side in the low cycle fatigue
zone (LCF). High cycle fatigue zone (HCF) on the left-hand side
is dominated by elastic strain εel. A large temperature swing ΔT
during power cycling is inducing a high amount of the plastic
strain, which leads to a lower number of power cycles until
failure. In contrast, under application conditions, most of the
temperature ripples are low, respectively, and the strain is mainly
induced as the elastic portion. A drawback of the model is the
determination of the strain, which must be done by simulation.
This requires a digital model and accurate material models,
which are often hard to obtain.

A fourth large group of lifetime models are the empirically
based ones, which require a high number of experimental power
cycling results in the LCF zone. The advantage of empirical

lifetime models is the use of parameters, which can be directly
gained by the power cycling experiment and no additional
simulation is required to determine mechanical stress or strain
values. Several different models exist starting with the Lesit
model [11] for modules, the model from Scheuermann et al. [12],
or the model from Zeng et al. [13] for discrete devices. The
most common model with the highest set of parameters is the
CIPS 08 model [5]. Equation (1) gives the lifetime model as
follows:

Nf = K ·ΔT β1
vj · exp

(
β2

273+Tvj,min

)
· tβ3on · Iβ4 · V β5 ·Dβ6.

(2)
Temperature swing ΔTvj, minimum junction temperature

Tvj,min, ON-time ton, and load current I are the test parameters.
The voltage class V divided by 100 and the bond wire diameter
D are both geometrical parameters. The remaining parameters
are fitting parameters, such as the base lifetime K [14], and
the exponents β1–β6 also taken from [5]. For evaluating the
lifetime in a lab environment, high-acceleration factors are used.
Hence, the ΔTvj dependency is modeled with a strain-based
Coffin–Manson approach [15], [16], which is also shown in
Fig. 2.

According to the theory, as described for the strain-based
models, there is a transition from LCF to HCF, in which the
number of possible cycles rises rapidly. This increasing trend
for power electronic devices was first identified in [17] and
described in more detail in [18] and [19]. Also different semi-
conductor device manufacturers indicate increasing lifetime for
small temperature swings [20], [21]. Large power cycling sur-
veys show that most tests apply temperature swings between 50
and 150 K. For swings below <50 K, the results are rare and
below 30 K and no results were available before 2019 [22], [23].

This white spot of lifetime results is caused by the long
runtime of a standard test. A test with 2-s cycle time and an
expected number of cycles until end of life of 500M cycles
would result in a testing time of 32 years. It is obvious that
standard equipment and test strategies reach their limitations.
Due to the expected high number of power cycling swings, the
ON-time is highly reduced in the millisecond range to speed
up the cycle count. A drawback when testing with short pulses
< 100 ms is usually that the load current can be much higher
than the rated current. This problem leads to accelerated aging
of the bond interconnection and lifetime results are to be taken
with care. Therefore, a special advanced power cycling method
is applied to investigate the lifetime of power devices tested in
this white spot area. This is the first possible strategy to allow the
same measurement methods like in standard dc power cycling
while enabling short ON-times without overstressing the bond
interconnections by higher current than rated current.

III. ADVANCED POWER CYCLING METHODS

Advanced power cycling methods have to be used to get
comparable lifetime data in the elastic–plastic transition range.
With this kind of test, conduction and switching losses can
be adjusted to gain high temperature swings without using a
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Fig. 3. Example schematic circuit of a possible advanced power cycling tester
with an adjustable portion of switching and conduction losses.

Fig. 4. Single clamped turn-OFF for the IGBT under test for a load current of
150 A and a clamping voltage of 250 V from [26].

nonapplicational current value. Fig. 3 shows a schematic circuit
for an advanced power cycling test with switching losses.

In order to achieve switching losses, a parasitic inductance
Lx is placed in series to the device under test. The load current
is switched with a frequency in the high kHz range between
the legs. During turn-OFF, the additional inductance causes a
voltage peak and, thus, significant switching losses [24]. As
the inductive voltage peak should not exceed the breakdown
voltage of the device under test, a clamping circuit boosted
active clamping (BAC) has to provide an upper voltage limit.
Fig. 4 shows the clamped turn-OFF leading to switching losses.
Depending on load current and switching frequency, the portions
between switching and conduction losses can be adjusted [25].

The load current as well as the switching frequency of the
devices under test (DUT 1, DUT 2) can adjust the ratio of
switching losses. When dimensioning the parasitic inductance
Lx, it is necessary to ensure that the imprinted losses during the
turn-OFF process do not cause significant heating in the device.
In the tests, a smaller stray inductance with temperature ripples
< 0.5 K has been prevailed. With the lower inductance, the

impact on lifetime calculation can be neglected and the losses
can be easily adjusted with the switching frequency. Two devices
with switching and conduction losses can be tested per phase.
Thus, for three phases, up to six devices are tested, which is
the minimum requirement according to AQG 324 [27]. The test
strategy has been considered as comparable to the standard test-
ing procedure in several previous investigations [24], [28], [29],
when the failure mode is solder fatigue and bond wire lift-off.
Also, the temperature determination with the established VCE(T)
method is applied, using the p-n-junction as temperature sen-
sor [30]. Due to the short cycle time in the millisecond regime
(see Table II), a deviation between an area weighted average
and the determined temperature by the VCE(T) method can be
possible; however, it allows the extension of results gained with
the established method.

IV. EXPERIMENTAL TESTING

A total of five power cycling tests were performed in the
elastic–plastic deformation regime. As device under test, an
Econo pack (FS150R12KT4) with standard packaging tech-
nology was used. The package is rated for 1.2 kV and 150
A, which is selected as the test current. The insulated gate
bipolar transistors (IGBTs) are packaged with Al-bond wires,
tin-based solder, Al2O3 ceramic, and Cu baseplate. The module
is encapsulated using soft gel. It contains a full three-phase
inverter but only a single switch is tested in power cycling at
a time.

The investigation starts with relatively high temperature
swings ∼55 K and is lowering the swing for each test down
to ΔT = 18–19 K. All tests are performed with an ON-time of
10 ms and a toff of 20 ms. The detailed test parameters are listed
in Table I.

In power cycling, the measured maximum junction temper-
ature is always lower due to the measurement delay ΔTmd.
After turning OFF the load current and measuring the junction
temperature with a lower measurement current used for the
VCE(T) method, the carriers in the p-n-junction need a certain
time for recombination [31], such as in standard power cycling.
For the test series, a delay time of 200 μs could be achieved.
Different techniques, such the square-root-(t) method [32] or
FEM simulation, can be applied to correct the experimental
data. Other authors found that the square-root-(t) method is
not suitable for IGBT devices [33]; therefore, the correction is
made with FEM simulation (for more details, see Section VI).
It was found that under the used conditions, the error is linear in
dependency of the temperature swing ΔT and is corrected with
(3) [26]

Δ Tmd = 0.114 ·ΔT. (3)

The failure mode for the devices is mixed. The failure mode
in the standard dc-test is bond wire lift-off, similar to test 1
with ΔT = 55 K, and a VCE increase at load current of +5%
is detected. However, the failure mode changes for decreasing
temperature swings into solder fatigue, respectively, with an
increase of +20% thermal resistance Rth. For swings smaller
<30 K, the increase in Rth is the only failure mechanism.
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TABLE I
TEST PLAN FOR THE FIVE POWER CYCLING TESTS WITH Ton = 10 MS AND Toff = 20 MS WITH MEASUREMENT DELAY CORRECTED TEMPERATURE DATA AND A

STANDARD REFERENCE TEST IN THE LCF RANGE (DC-TEST WITH Ton = Toff = 1 S)

Fig. 5. Lifetime results for the reference test with Si-IGBTs ton = 1 s and
Tvj,max = 150 °C for standard dc power cycling without switching losses.

First, the results for a standard LCF power cycling test (dc-
test) with only conduction losses are shown in Fig. 5. The results
are in good agreement with the CIPS 08 expectation.

In Fig. 6, the lifetime data for tests 1–4 are displayed in a
double logarithmic diagram. The Coffin–Manson-based CIPS
08 approach is a linear function in this plot printed in black
as reference line. All test data are close to this lifetime model,
which confirms the validity of the experimental testing approach
in the ms-regime. No exponential increase in lifetime for low
temperature swings down to ΔT ≈ 18 K can be observed. Since
the maximum junction temperature was kept constant at Tvj,max

= 150 °C and the failure mode is shifted to the chip solder
layer, it is expected that the high average temperature of the
system weakens the mechanical stability of the solder material
and, therefore, allows major parts of the plastic strain to develop.

To speed up testing for very low temperature swings, test 4 is
separated into two parts. At first the modules were predamaged
with the target temperature swing of 18–19 K in test 4a. After
a certain number of power cycles in test (198 million), the
conditions were changed to a ΔT ≈ 30 K (test 4b) to speed
up end-of-life testing. End-of-life was achieved after additional
72 million cycles. For calculation, the Palmgren–Miner rule in

Fig. 6. Results of tests 1–4 with high max. Junction temperature Tvj,max =
150 °C with CIPS 08 expectation as the reference line. The results in test 4 are
determined with Palmgren–Miner (4).

(4) is used for the final cycles until failure.

D =
∑ ni

Nf
. (4)

In (4), the number of cycles at a certain load step is ni, Nf is
the total number of cycles, and D is the damage value. If D >1, a
failure can be stated. In [34], it was found that it can be applied for
power cycling tests, but with some limitations. First, the failure
mode has to be the same, which is expected in this work since
for low ΔT, solder fatigue is the dominating failure. Second,
the devices under test should not be suspected to extreme loads
before testing small loads. This was implemented by testing the
low ΔT regime first, followed by higher temperature swings.
Investigating this effect, test 5 was set up with a reduced Tvj,max

to 115 °C. The results of this test are shown in Fig. 7.
It can be observed that for reduced maximum junction tem-

perature, the number of cycles until failure is significantly above
the expectation. This indicates the elastic–plastic transition zone
where the lifetime starts to increase steeply. The red lifetime
curve, so-called CIPS modified model from [18], which takes
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Fig. 7. Results of test 5 with decreased Tvj,max to 115 °C; plotted with
different lifetime models CIPS 08, CIPS 08 modified, and a fitted version (solder
fit) to the test data of test 5.

this effect into account by a variable β1 parameter in (1), does
not show a good agreement with the experimental data. The β1
parameter in (1) is calculated according to

β1′ = e−
ΔTvj−27.1 K

2.08 K + β1. (5)

A major root cause for the deviation is the different failure
mode. In the CIPS modified approach, it is bond wire lift-off,
and the experiment in this work, as discussed previously, it is
solder fatigue. Hence, new coefficients are fitted to the test data
written in bold, leading to a solder fit for the results of this work
in the following:

β1′ = e−
ΔTvj−26.2 K

1.74 K + β1. (6)

The confidence interval for the fit at ΔT = 28 K for the
parameter β1′ is ±0.219.

V. FAILURE ANALYSIS

The failure analysis after test is important to understand the
shift from bond wire degradation for higher temperature swings
to solder fatigue for lower temperature swings. In a first step,
the silicone gel was removed. With an optical microscope, the
metallization surface was investigated.

Fig. 8 shows a chip tested in test 2. Strong aluminum modifica-
tion in the center of the die and minor modification at the edge of
the chip can be observed. All tested devices throughout the other
tests show a similar pattern on the topside surface. In the simu-
lation Section VI, the highest temperature, respectively, thermal
strain rates occur in the center. Therefore, a more pronounced
damage accumulation in the center region is expected, leading
to a higher aluminum modification of the topside metallization
compared with the edge region.

Scanning acoustic microscopy (SAM) images were made to
investigate the state of health of the solder layer. The results are
shown in Fig. 9. The tested chip solder layer in Fig. 9 shows
strong degradation around the center gate. Especially for the

Fig. 8. Strong aluminum modification in the center region of the chip while
in the edge of the die the cell structure is still visible.

Fig. 9. Exemplary SAM images after end of life for tests 1, 3, and 5 with high
damage in the center area of the device especially for lower ΔT.

Fig. 10. End-of-life chip solder layer close to the center of the chip with a
high number of larger voids developed in the solder.

Fig. 11. Untested reference chip (center) with intact solder layer similar to
Fig. 10 in the edge region.

tests with very long runtime, respectively, low ΔT < 35 K, this
phenomenon is very pronounced.

For further analysis of the solder layer, a cross section of the
failed devices is performed. Figs. 10 and 11 show the solder
layer of the same chip. While the part close to the center (see
Fig. 10) shows a large number of voids, which developed during
the test, the solder at the edge of the chip is still intact and does
not show any crack formation. This is in contrast to the failure
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TABLE II
LAYER DESCRIPTION AND PACKAGED MATERIALS FOR

MECHANICAL MODELING

TABLE III
PROPERTIES SUCH AS THERMAL CONDUCTIVITY (TH. COND.), SPECIFIC HEAT,

CTE, AND YOUNG’S MODULUS ARE NONLINEAR

pattern often observed in standard power cycling tests, where
the damage is starting at the edge of the solder layer, forming
a crack, which propagates toward the center. In [20] and [35],
tests with short ON-times were also conducted causing the same
failure mechanism as observed in this experiment.

VI. 3-D SIMULATION

A 3-D simulation was performed for deeper analysis. On the
one hand, the temperature error was corrected by the simulation
data. On the other hand, the strain in the device is investigated
to further analyze the failure mode. The material composition
and the thickness of the layers are given in Table II.

Table III lists the material with its properties at the target
temperature of 150 °C. Most material models are deposited as
nonlinear models in the simulator. The most important material
model is the one for the chip solder layer, since the experiment
revealed that die attach layer as main failure location for low
temperature swings. This is additionally displayed in Fig. 12.
In [36], it is observed that for fast ON-times, the elastic–plastic
deformation is dominant and the creep fatigue is less pro-
nounced. Hence, a nonlinear stress–strain model is used in this
work to simulate the fatigue also to save computation time.

Fig. 12. Nonlinear temperature-dependent stress–strain curve for SAC305
solder from [37].

Fig. 13. Temperature distribution of the active IGBT chip for ΔT = 50 K.

In a first step, a transient thermal simulation was performed
to correct the experimental measurement data. Fig. 13 shows an
exemplary temperature distribution on the active IGBT chip with
ΔT = 50 K (see test 1). Due to the high power loss density of
11.7 W/mm2, a very large temperature gradient can be observed
between the center and the edge of the chip. Due to the small ON-
time, the heat flux is concentrated around the active die and does
not warm up the neighboring package significantly. In addition,
the bond wires have the highest temperature at the bond stitches,
while the wire loop remains relatively cold.

Fig. 14 shows the junction temperature depending on the
power loss density, in an evaluation path on the topside of the
semiconductor starting at device center. The path is crossing
two bond stitches, which can be seen as plateaus. All conditions
have an equal virtual junction temperature of Tvj,max = 150 °C,
which is evaluated as area weighted average. It can be stated that
the greater the temperature swing ΔT, the greater the gradient
along the chip. The thermal results are then transferred into the
mechanical domain and simulated for stress–strain analysis.

Fig. 15 shows the strain in the chip solder layer for two
different conditions. The reddish lines result from simulated
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Fig. 14. Temperature distribution on the topside of the IGBT along the
evaluation path (see the orange arrow in the inset) crossing two bond stitches
for different ΔT but constant Tvj,max = 150 °C.

Fig. 15. Strain evaluation for ΔT = 30 K in the middle height of the solder
layer for an equal temperature cycle for the total system and similar power
cycling conditions with high temperature gradients in the package. The same
evaluation path as in Fig. 14 is used.

power cycling conditions, such as test 2 (ΔT= 30 K). In contrast
are the bluish lines, where a constant temperature swing for the
total system is simulated, as it would occur with pure temperature
cycling. It can be observed that for a high temperature gradient,
such as in power cycling, the strain reaches its maximum in the
center, while for a balanced temperature, the strain is concen-
trated at the edge of the solder. The simulation results confirm the
failure analysis, which exposed the center region as main failure
location. This is caused first by the highest junction temperature
at this position, which weakens the mechanical stability of the
solder material. In addition, the highest cyclic ΔT is present at
this location leading to the highest strain rates (see Fig. 15).
Thus, the simulation confirms the experimental results, which

Fig. 16. Temperature profile for the automotive inverter.

Fig. 17. Lifetime consumption for the automotive inverter calculated with the
CIPS 08 lifetime model and the Palmgren–Miner approach.

expose the chip solder center region as main failure location.
Nevertheless, it should be noted that the simulation is a small
extraction of only a few power cycles, not considering long-term
aging effects of the solder layer. This would, especially for high
operation temperatures, weaken the mechanical stability of the
solder layer significantly over time [38], [39].

VII. EXAMPLE LIFETIME BENEFIT

The findings of the experimental section of a significant in-
crease in lifetime for low temperature swings are implemented in
an application-close lifetime study. Two different fields of appli-
cation were investigated, and the influence of the elastic–plastic
area is discussed. It should be kept in mind that only the active
power cycles are considered. The device used for calculation is
the same as in the experimental section for which the lifetime
data were gained. In Figs. 16 and 19, a randomized temperature
profile for an automotive inverter and a wind turbine inverter was
simulated using LabView. Both show comparable fluctuation in
the average temperature Tvj,avg. The automotive inverter has
more spikes due to load variation such as acceleration (e.g.,
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Fig. 18. Lifetime consumption according to the CIPS08 modified lifetime
model and the Palmgren–Miner approach.

Fig. 19. Temperature profile for a wind turbine inverter.

kick-down) and breaking events where the load is orientated
on the new European driving cycle, e.g., in [40]. In contrast the
wind turbine inverter is oriented to the mission profile in [3]. The
inverter has significantly less power peaks. This is caused by the
constant output grid frequency and the inertia of the turbine,
leading to a damping effect for load spikes. Hence, more power
cycles are crowded in the low ΔT regime.

As shown in the workflow of Fig. 1, a rainflow analysis
is performed with two different lifetime models, which are
accumulated with the Palmgren–Minor approach using (4).
Figs. 17 and 20 show the result for the standard CIPS lifetime
model. The conditions used for calculation are similar to the
test conditions in Section IV with a load current of Iload =
150 A, ton = 10 ms, D = 400 μm, and V = 12 (1.2 kV). The
β1–β6 coefficients are taken from [5] and the base lifetime K
= 9.3·1014 is taken from [14]. As expected, the most cirtical
fatigue is caused by the high ΔT but also in the low ΔT regime
lifetime consumption is visible. Figs. 18 and 21 show the results
calculated under the same conditions, such as Figs. 17 and 20, but

Fig. 20. Lifetime consumption for the wind turbine inverter calculated with
the CIPS 08 lifetime model and the Palmgren–Miner approach.

Fig. 21. Lifetime consumption according to the proposed CIPS08 modified
lifetime model and the Palmgren–Miner approach.

under consideration of an elastic deformation zone for which the
proposed model in (6) is used. Both applications show a benefit
in lifetime when the elastic deformation is taken into account for
calculation. However, the influence differs significantly. While
in the automotive application major load peaks are present,
which consume a lot of lifetime, the benefit using the new
approach is only around +4%. In contrast, in the wind turbine
application, no major temperature swing peaks occur and most
of them can be considered in the transition to the elastic branch
respectively to HCF, leading to a resulting lifetime of +268%.

VIII. CONCLUSION

In this work, the elastic–plastic deformation zone for power
electronic packages is investigated and further analyzed. To
the best of authors’ knowledge, current power cycling re-
sults do not cover a temperature ripple ΔT < 30 K. In
the experimental section, results down to ΔT = 18 K are
gained by experiment. The following statements regarding the
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reliability performance in the elastic–plastic transition zone can
be made.

1) Solder fatigue is the dominating failure mode in power
cycling tests with low temperature swings. The most dam-
age occurs in the device center area, driven by the high
temperature gradient on the chip, which allows locally
higher elastic and plastic strain rates.

2) Power cycling with high power densities and short ON-
times will cause high thermomechanical strain and heat
in the center region, which triggers strong degradation
in the chip solder layer leading to microvoids in the
center area. In this case, the microvoids are expected to be
caused by unavoidable defects in the solder, which cause
fatigue concentration points that accelerate plastic strain
accumulation.

3) The topside metallization surface is subjected to strong
modification of the aluminum, especially in the hotter
center region.

4) No exponential increase in lifetime can be found for tem-
perature swings ΔT > 18 K and a high maximum junction
temperature of Tvj,max ≈ 150 °C. Due to the loading and
temperature conditions, it seems that the chip solder layer
is exposed to a combination of LCF (e.g., center region)
and HCF (e.g., edge region).

5) For lower maximum junction temperatures, such as
Tvj,max ≈ 115 °C, an exponential increase in lifetime can
be observed in the experiment and fitted with a modified
β1 exponent of the ΔT.

The findings from experiment and simulation were used for
the calculation of an expected lifetime of an inverter. It could
be demonstrated that for applications with load peaks, e.g.,
e-mobility, the lifetime benefit is minor. A huge lifetime boost
can be gained when no or only a few peaks occur. Therefore all
deformation results in the transition from the elastic domain to
the HCF domain. The calculated expected life of the wind turbine
is increased by a factor of 2.7. Even though first results in the
HCF zone tested in power cycling were obtained, more research
in this region will be valuable. More testing has to be done to
identify the lifetime behavior between Tvj,max = 150 °C and
Tvj,max = 115 °C. Also the impact of a varying solder thickness
due to production variations is suggested as a subject of future
research.
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