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Abstract—This paper presents a series of experiment results on
the ageing effects of cyclic junction temperature variations (ΔTj )
of low amplitudes in power modules, to help the capturing of mod-
ule reliability characteristics and the derivation of lifetime models
in the future. Power cycling tests, for nonaged and aged modules,
are designed to illustrate the failure mechanisms. Insulated gate
bipolar transistor (IGBT) modules in actual converters are usually
operated in a ΔTj range up to 40 °C; therefore, tests are carried
out to observe the effects of such narrow ΔTj stress cycles on the
module lifetime. It is found that the relatively minor stress cycles
may not be able to directly initiate a crack but can contribute to
the development of damage in the die attach solder layer due to
stress concentration. Finite element analysis modeling is utilized to
verify the stress concentration effect. The experiment results show
that the effects of the narrow ΔTj stress cycles are affected by the
ageing status of the module and the stress level itself.

Index Terms—Narrow junction temperature cycles, power
cycling test, reliability, stress concentration, solder failure.

NOMENCLATURE

Tjmax Maximum of junction temperature.
Tjmin Minimum of junction temperature.
ΔTj Amplitude of junction temperature cycle at the

beginning of each test.
Tjm Mean value of junction temperature cycle at the

beginning of each test.
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Fig. 1. Part of an IGBT module structure.

Tc Case temperature.
Tcmax Maximum case temperature.
Vce IGBT on-stage voltage drop.
σ Mean tensile stress.
σcrack−tip Tensile stress at the tip of a crack.
a Major diameter of the crack.
b Minor diameter of the crack.
Rth Thermal resistance between junction and case.
Rth0 Initial thermal resistance between junction and

case.
K Rate of thermal resistance increase.
rp Plastic zone width.
DUT Device under test.
Δvon-Mises Difference of the maximum and minimum

stresses at the crack tip during one cycle.

I. INTRODUCTION

INSULATED gate bipolar transistors (IGBTs) are now the
main components in most power electronic systems, playing

a key role in delivering flexible control of electric energy and
efficient power conversion. However, semiconductor modules
are one of the most vulnerable components [1], [2]; meanwhile,
temperature is the predominant source of stresses causing mod-
ule fatigue and has the most significant impact on reliability [3],
[4]. Therefore, it is important to carry out electrical–thermal–
mechanical analyses on the power modules in order to enhance
the knowledge about their reliability characteristics.

In all converters, the junction temperature Tj fluctuates as the
load condition varies. Due to temperature cycling, the mismatch
of coefficients of thermal expansion (CTE) between adjacent
layers and internal temperature gradients, a module can be sub-
ject to cyclic shear stresses, leading to fatigue damage. Part of an
IGBT module structure is shown in Fig. 1, with two weak points
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Fig. 2. Power cycling lifetime as a function of ΔTj and Tjm [16].

at the interfaces. The most commonly observed failure modes
are bond wire liftoff [5], [6] and solder delamination [7]–[9].
Depending on the cooling arrangement, the case temperature Tc

may also fluctuate with the load condition and this is important
when considering the thermomechanical wear out of the solder
layer between the module base-plate and substrate. Huang and
Mawby [10] show that the die-attach solder fatigue is usually
more dominant while bond wire joints start to degrade when the
junction temperature is above 200 °C. The failure mechanism of
solder interconnections as well as microstructural observations
of the primary cracks are reported in [11] with a junction temper-
ature profile between 25 and 125 °C. Power cycling tests above
ΔTj = 80 °C are used to account for thermal fatigue life behav-
ior of different solder joint composition [12]. Previous studies
of power cycling test focused on large ΔTj (�80 °C) [13]–[15]
because the small ΔTj ageing test would take a long time. But
in an actual inverter ΔTj is only about 40 °C. Wintrich et al.
[16] indicate that a narrow power cycling test with ΔTj = 30
°C would take 30–100 years, as shown in Fig. 2. It is unrealistic
to test to the end of lifetime under such stress conditions.

It is well known that stress concentration can be very high at
a crack tip and decreases gradually away from the tip. It means
that once there is the initial crack in the solder, the effects
of the small ΔTj may not be ignored. Normally, two basic
types of accelerated ageing tests are used to analyze the failure
mechanism and assess reliability of power modules. The first
type is passive temperature cycling, where the modules under
test are stressed by external changes of temperature [17]. The
other type is power cycling, which is an active test because the
stress is generated by the power losses inside the device [18].
The latter is more suitable to study the effects of narrow junction
temperature cycles on the power modules in different stages of
the ageing process. This paper mainly examines the effects and
characteristics of the small ΔTj stress cycles on the aged and
unaged modules.

II. POWER CYCLING TESTS

A. Power Cycling Test Rig

The main electrical circuit of the power cycling rig is shown
in Fig. 3. Four IGBT single-chip modules (SKM50GB12T4, 50
A/1200 V) are connected in series to ensure that all chips are

Fig. 3. Main circuit of power cycling test rig.

under the same cycling current, which is controlled using the re-
mote current mode of the power supply. The control strategy of
the rig keeps the maximum swing of the case temperature con-
stant. This leads to ΔTj varying as ageing proceeds. A 100 mA
current source is connected through all modules, which are per-
manently gated on. In this setup, a heating up phase is initiated
by closing the heating control switch. When the heating con-
trol switch turns off according to the set Tcmax , the IGBTs are
then sent into a cooling phase, at which moment every IGBT
module’s Tjmax is obtained by measuring the corresponding
Vce . During cooling, the current going through the IGBTs is
always 100 mA, therefore the measurements of Vce will con-
tinually indicate the decaying junction temperature [19]–[21].
This temperature-sensitive electrical parameter (TSEP) method
is verified in [22]. The module thermal resistance Rth is obtained
at the beginning of each cooling phase from the junction-above-
case temperature and the power loss, which can be calculated
from the voltage and current. The minimum junction tempera-
ture Tjmin is obtained in a similar way at the end of the cooling
phase and beginning of the next heating up phase. Tjmax and
Tjmin define the stress level ΔTj , which can be adjusted by
the duty cycle and period of the heating control switch. But the
stress level ΔTj is not directly controlled to be constant be-
cause as the modules start to degrade this will cause the Tjmax
to be higher than before. An inductor is connected in the circuit
to limit the current overshoot when the heating control switch
turns on.

B. Large ΔTj Power Cycling Tests

In actual applications, converters mainly operate under inter-
mittent and/or variable-load conditions. The temperature swing
on the die is typically situated between 10 and 40 °C [23],
corresponding to a predicted lifetime greater than one million
cycles. It would be therefore impossible to conduct lifetime test-
ing under realistic stress conditions that are of interest. Previous
studies of power cycling focus on large ΔTj above 80 °C [14],
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[15], [24] to shorten the test time. Therefore, large ΔTj power
cycling tests are designed to obtain the ageing-to-failure process
of power modules and analyze the effect of thermomechanical
wear out, as shown in Fig. 4. This will lay the theoretical foun-
dation for the low ΔTj study. Device degradation is monitored
at the end of each heating phase by comparing the measured
Vce and thermal resistance of the module Rth with their initial
values.

According to (1), the increasing steady-state thermal resis-
tance of the power module will lead to increasing junction tem-
perature for the same case temperature, current, and voltage.
This is verified in Fig. 4(a) and (b). Both the thermal resis-
tance and junction temperature increase after 60 000 cycles,
which take 28 days to complete. The heating time and cool-
ing time are about 25 and 15 s, respectively, in each cycle.
The higher junction temperature will lead to accelerated ageing
of the module. Fig. 4(c) shows that when the die-attach sol-
der has degraded, the bond wires start to degrade because the
increased thermal resistance leads to the increase of junction
temperature. The voltage changing trend agrees with previous
research [25]

Tj − Tc = Vce · Ic · Rth . (1)

Comparing Fig. 4(a) and (c) shows that the solder degrades
faster when ΔTj is higher, which agrees with previous research
[14], [15], [24]. The die-attach solder degrades before the bond
wire degrades and the bond wire failure process lasts for about
3000 cycles from initial wear out to complete failure (Module
wear out 3). This is because the junction temperature increases
with the growth of the thermal resistance, which leads to bond
wire liftoff. Therefore, bond wire liftoff is accelerated by solder
cracking and the subsequent rise of junction temperature. The
die-attach solder fatigue is the main failure mechanism, and it
is necessary to analyze its process of development.

It is well known that the reliability of power semiconductor
modules mainly suffers from fatigue and creep, which lead to
the wear out of packaging materials. Fatigue is a progressive
structural damage caused by a repeated oscillating stress be-
low the yield stress of a material. The thermomechanical stress
caused by the junction temperature cycling and CTE mismatch
are the main reasons for the fatigue failure. Therefore, the sol-
der wear-out process is divided into two stages, as shown in
Fig. 4(c). First, it starts with dislocation movements, forming
persistent slip bands that act as stress risers and nucleate mi-
croscopic cracks in stage ©1 ; the threshold that defines the end
of the stage and the start of stage ©2 is arbitrarily set as 0.5%
increase from the initial thermal resistance value. Then macro-
scopic cracks will be initiated in the areas of stress concentration
which is followed by incremental crack propagation and leads
to final fatigue failure in stage ©2 . ΔTj will vary as degradation
proceeds due to the control strategy adopted for the test rig,
which only keeps ΔTc constant. Therefore, in stage ©1 , only
large ΔTj would be an issue while in stage ©2 with an initial
crack both large and small ΔTj may cause further damages.

Fig. 4. Results of power cycling test. (a) Normalized Rth and Vce under
ΔTj = 71 °C; (b) junction temperature under ΔTj = 71 °C; (c) normalized
Rth and Vce under ΔTj = 94.3 °C.
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Fig. 5. Contour lines of stress (a) without and (b) with crack. (a) Contour
lines of stress are uniform and parallel initially, producing a uniform stress
which equals to the ratio of force and area. (b) The introduction of the crack
causes the contour lines of stress to become nonuniform and nonparallel.

III. STRESS CONCENTRATION UNDER DIFFERENT CONDITIONS

A. Stress Concentration

Most of the fractures initiate on the corners, where there is
a local stress concentration. A stress concentration is usually
due to geometric discontinuities located in an object. Geometric
discontinuities cause an object to experience a local increase in
the intensity of a stress field. Examples of shapes that cause such
concentrations are cracks, sharp corners, holes, and changes in
the cross-sectional area of the object. A material can fail via a
propagating crack, when a concentrated stress exceeds the ma-
terial’s cohesive strength. High local stresses can cause objects
to fail more quickly; therefore, an example is used to illustrate
the principle as follows. The contour lines of stress before and
after an initial crack introduction are shown in Fig. 5. Without
the initial crack, the contour lines of stress are uniform and par-
allel, as shown in Fig. 5(a), producing a mean tensile stress σ
which equals the ratio of force to area. However, it is changed
with a crack, as shown in Fig. 5(b). The nonuniform distribution
produces a crowding of force lines at the crack tip [26], but the
contour lines of stress will become uniform and parallel again
away from the crack tip meanwhile a plastic zone is produced
at the crack tip [27], [28]. The higher density of force lines at
crack tip produces an increased stress [29]–[32]. The larger the
crack length is, the greater impact of stress concentration will
be [26]. For a propagating crack, the stress at the tip must be

Fig. 6. Sizes of crack.

greater than the strength of the material. Therefore, it can be
completely different with or without an initial crack under the
same conditions due to the stress concentration.

B. Simulation of Stress Concentration

ANSYS models with or without a crack are established to
verify the stress concentration under narrow ΔTj profiles. A
crack, as shown in Fig. 6 whose width and length are 0.013
and 0.488 mm, respectively, is selected corresponding to an
Rth increase of about 10%. Test module geometry, materials,
and junction temperature profiles are used in the model. The
junction temperature profiles are obtained from power cycling
test, as shown in Fig. 7(a) and (b). Fig. 7(c) shows that the
contour lines of stress are uniform and parallel away from the
corners of solder, while the stress is concentrated at the corner.
The stress near the crack tip, rather than at the tip itself, is
obtained in the simulation due to the singularity. Linear elastic
stress analysis of sharp cracks predicts infinite stresses at the
crack tip. In real materials, however, stresses at crack tips are
finite [29]. Fig. 7(d), (e) and (f) shows that the stress is largest
at and gradually drops away from the crack tip. Fig. 7(f) shows
that the maximum stress is almost five times as large as the mean
stress, which may cause the crack to propagate under ΔTj = 40
°C. The maximum stress when Tj = 95 °C with crack is more
than double as compared to the case without crack, as shown in
Fig. 7(a). The stress near the crack tip is larger than that when
Tj = 140 °C by comparing Fig. 7(a) with Fig. 7(b). The results
agree with previous results: the stress at the crack tip is much
higher than σ [29]–[32], and the stress gradually drops away
from the crack tip and approaches σ eventually. Moreover, the
larger crack length is, the greater impact of stress concentration
will be [26].

C. Effect of Different Stress Level on Power Module
Solder Joint

Further simulation cases with the previous crack size are
performed to obtain the stress distribution under different stress
levels, as shown in Fig. 8. Fig. 8(a) and (b) shows that larger ΔTj

causes larger fatigue stress near the crack tip. Fig. 8(b) plots the
Δvon-Mises as the difference of the maximum and minimum
stresses near the crack tip. It shows that when ΔTj ≤ 10 °C, the
Δvon-Mises is so small (<45 MPa) that the crack would not
progress, i.e., the rate of degradation is low. Bond wire failure
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Fig. 7. Results of ANSYS simulation. (a) Junction temperature and stress under ΔTj = 40 °C. (b) Junction temperature and stress without preset initial crack
under ΔTj = 110 °C. (c) Stress distribution without crack under Tj = 95 °C. (d) Stress distribution with crack under Tj = 95 °C. (e) Enlargement of the near
crack tip for solder layer under Tj = 95 °C. (f) Stress away from crack tip.

and die-attach solder layer fatigue are mainly caused by the
cyclic shear stress between adjacent layers due to the mismatch
of the products of CTE and temperature. Therefore, the
following narrow ΔTj power cycling tests are mainly designed
around 30–40 °C. Fracture mechanics applies to cracks that are
infinitely sharp prior to loading. While laboratory specimens
inevitably fall short of this ideality, it is possible to introduce
cracks that are sufficiently sharp for practical purposes. The
most efficient way to produce such a crack is through cyclic
loading.

IV. NARROW ΔTj POWER CYCLING TESTS AND ANALYSIS OF

THERMAL RESISTANCE CHARACTERISTICS

According to the simulation results, the effects of stress con-
centration are affected by the stress level for a preset initial
crack. However, stress concentration does not distinctly exist
without an initial crack. Therefore, not only power cycling tests
should be conducted for aged and nonaged modules under the
same conditions, but also the repeatability should be demon-
strated. Experiments and Huang and Mawby [10] indicate that
a 50% increase of Rth would be an appropriate inflection point.
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Fig. 8. Results of ANSYS simulation under different load profiles. (a) von-
Mises under the different ΔTj . (b) Δvon-Mises.

Therefore, this paper mainly studies the behavior of Rth between
its initial value of a nonaged module and an increase of 50%. A
series of power cycling tests are designed to verify the effects.
In one test, four IGBTs have no complete same ΔTj due to the
difference of modules and setup place on the heat sink. One test
is designed with four same type module in the series connection
so that the earliest degraded module could be found to shorten
the test time. The degraded module could be used for small ΔTj

test.

A. Narrow ΔTj Power Cycling Test 1

The earlier discussion has shown the importance of obtaining
the effects of narrow ΔTj stress cycles on the solder layer in
the second stage of power module ageing (with macroscopic
cracks). In order to verify the effects, test plans which are com-
pletely different to previous power cycling tests are designed.
Given the difficulty to wear out a new module, a staged test

Fig. 9. Results of power cycling test under narrow ΔTj . (a) Normalized Rth
in a new module under large ΔTj . (b) Normalized Rth in aged module under
narrow ΔTj .

scheme is proposed in this study. Some new modules are first
subject to large ΔTj cycles to cause initial solder cracks. Once
the thermal resistance reaches a preset value, which can change
from test to test, the stress cycles will be reduced to the 30–
40 °C range. The degradation level at which the changeover
takes place can be controlled so that the effects the module’s
present condition on the further progress of ageing can be in-
vestigated.

The first test aims to show qualitatively, the respective effects
of ΔTj , the mean junction temperature Tjm and the present
solder pad condition, as shown in Fig. 9. New modules are first
subject to a sufficient number of stress cycles with ΔTj = 119
°C and Tjm = 86 °C to cause 41% increase of Rth. This test
is to prove for the first time the effect of narrow ΔTj , stress
cycles. Therefore, a seriously degrade state (41%) is selected.
Further change of Rth is monitored under ΔTj ≈ 40 °C and
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Fig. 10. Normalized Rth in nonaged module under narrow ΔTj .

Tjm = 74 °C as the number of stress cycles increases. Rth is
normalized with respect to its initial value for the new module:
Rth0 . Fig. 9(a) shows that the thermal resistance still increase
under ΔTj = 40.7 °C and Tjm = 74 °C, because once there is a
crack the stress close to the crack tip is greater than the average
stress applied to the solder layer due to stress concentration,
meanwhile a plastic zone is formed around the tip. The module
is more likely to further degrade than in the case without a
crack. The number of cycles is set as 15 000 from stage ©2 to
©3 . Comparing Fig. 9(a) with Fig. 9(b) shows that the higher the
mean junction temperature is, the faster the crack progresses.
This is because the higher mean temperature leads to larger
thermomechanical stress caused by the CTE mismatch, agreeing
with the previous LESIT results [24]. The DUT’s normalized
collector–emitter voltage Vce under the heating current and with
temperature compensation [10] is also included in the plot to
monitor the bond wire failure. In Fig. 9(a) and (b), Vce does not
change indicating that bond wire liftoff is not taking place due to
the maximum junction temperature being still modest. Huang
and Mawby [10] showed that the die-attach solder fatigue is
the dominant failure mechanism while the bond wire starts to
degrade when junction temperature is above 200 °C. Morozumi
et al. [15] showed that cracks occur at the interface between the
die and the bond wire when ΔTj is more than about 100 °C.

B. Narrow ΔTj Power Cycling Test 2

Test 2 is designed to show the effect of narrow ΔTj on
nonaged modules. First, the new modules are tested under large
ΔTj cycles, which are less stressful than in the first stage of
the previous test. After that the test conditions are changed into
the same conditions as stages ©2 and ©3 in the previous test,
which is shown in Fig. 10. The condition of a nonaged module,
measured by the junction-to-case thermal resistance Rth, hardly
changes. The stress level is now lower in stage ©1 , and as a
result, cracks are not formed, and the temperature cycling in
stages ©2 and ©3 has little effect. Comparing Fig. 9 with Fig. 10
confirms that the narrow ΔTj stress cycles would only affect

aged modules. As analyzed before once there is a crack in the
solder layer, the stress close to the crack tip becomes greater
than the overall average due to stress concentration meanwhile
a plastic deformation zone is formed around the tip, causing
progressive degradation. Therefore, it may be the case that nar-
row ΔTj stress cycles should not be ignored for modules that
are already aged.

C. Narrow ΔTj Power Cycling Test 3

Test 3 is designed to verify the repeatability and show the
effect of Tjm by using a different module. Rth is first pushed up
by 17% instead of 41%. The test results are shown in Fig. 11.
The effect of further narrow ΔTj stress cycles is again observed,
as shown in Fig. 11(a), but is reduced when compared to the
previous results for the same ΔTj and Tjm on a more aged
module [see Fig. 9(a)]. The ageing effect is still present when
ΔTj is reduced close to 30°C. If the thermal resistance is larger
and the crack is longer, the stress concentration effect will be
stronger. The on-state voltage does not change in the whole
power cycling test from Fig. 11(a) and (b). Therefore, there
is no bond wire failure. Fig. 11(c) shows the measured ΔTj

during the test. It shows that as the die-attach solder degrades,
the thermal resistance increase leads to the increase of junction
temperature, because the minimum junction temperature is fixed
and the maximum case temperature is controlled.

D. Narrow ΔTj Power Cycling Test 4

Rth had been significantly increased in the previous tests.
Therefore, test 4 is conducted to verify the effect of narrow
ΔTj from an even lower initial aged status. The modules are
tested under four different stress levels. The results and test
conditions are shown in Fig. 12. It shows that the narrow ΔTj

stress cycles still have effect on the slightly aged module (1.06
Rth). According to the results, the degradation rate of thermal
resistance depends on the current Rth and further stress level.
Tests below ΔTj = 28 °C were not performed due to the time
limit; it took 28–40 days for each test performed.

The increase rates of thermal resistance in test 1, test 3, and
test 4 are estimated for different stages and are listed in Table I.
For the same stress condition, the increase rate of test 1 is
generally greater than in test 3 and test 4. The thermal resistance
is an indication of the total crack length. A longer crack length
implies stronger stress concentration effect [33]. Therefore, a
more degraded module would correspond to the greater increase
rate of Rth. It is observed that the rate in stage ©3 of test 1 is
smaller than that in stage ©2 of test 3, while the degradation in
stage©3 of test 1 is faster than in stage©2 of test 3. This shows the
mean junction temperature effect in addition to ΔTj . Comparing
stages ©2 and ©3 of test 3 clearly shows that the higher the stress
level, the greater the increase rate. It also shows that the higher
the mean junction temperature, the greater the increase rate.

E. Characteristics of Thermal Resistance

One more narrow ΔTj test is designed to demonstrate the
independence of further ageing on the history leading to the
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Fig. 11. Results of power cycling test under narrow ΔTj . (a) Normalized Rth
in a new module under large ΔTj . (b) Normalized Rth in aged module under
narrow ΔTj . (c) ΔTj in aged module.

TABLE I
RTH AVERAGE INCREASE RATE UNDER DIFFERENT CONDITIONS

Test Conditions and Rth Increase Rate K (per 10 000 cycles)

ΔTj = 40.7 °C 29% ΔTj = 41 °C
T jm = 74 °C T jm = 60.5 °C 8% ∗ ∗
R t h = 1.41R t h 0 R t h = 1.78R t h 0

ΔTj = 40 °C 11.7% ΔTj = 32.5 °C 5.44% ∗ ∗
T jm = 74 °C T jm = 55.8 °C
R t h = 1.18R t h 0 R t h = 1.40R t h 0

ΔTj = 40°C 8.95% ΔTj = 28°C ΔTj = 34°C
T jm = 74 °C T jm = 54 °C 1.91% T jm = 58 °C 7.03%
R t h = 1.06R t h 0 R t h = 1.20R t h 0 R t h = 1.24R t h 0

∗Test results unavailable.

Fig. 12. Results of power cycling test under narrow ΔTj .

present status of health. The results for two modules of the same
type are shown in Fig. 13. The Rth curve of module 1 reaches
17% increase before module 2 because their stress levels are
different. Once their Rth increase reached this level, the stress
applied to them is reduced and set to the same for both modules
(ΔTj = 40 °C and Tjm = 74 °C). The further progression of
ageing is apparently the same. For further stress cycles of ΔTj =
40 °C and Tjm = 74 °C, the rate of Rth increase is 7.19% every
10 000 cycles for Module 1 and 7.14% every 10 000 cycles
for Module 2. This also indicates that not only the effect of the
narrow ΔTj stress cycles should be considered in the second
stage of ageing but also the effect depends on the current health
condition of the power module.

Next, other two new power modules are tested under differ-
ent fatigue loading sequences. The results are shown in Fig. 14
and Table II. First, in the test both modules are brought to
Rth = 1.17Rth0 with large ΔTj stress cycles. Then, the test
conditions in stage ©2 are changed to (ΔTj = 40 °C, Tjm = 74
°C) for module 1 and (ΔTj = 32.8 °C, Tjm = 56 °C) for mod-
ule 2. After that the conditions are changed over between the
two modules in stage ©3 . The results show that at the end of the
process module 1 is degraded more than module 2, implying
that once the junction-to-case thermal resistance Rth has started
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Fig. 13. Comparing the thermal resistance from two tests.

Fig. 14. Results of power cycling test under two test conditions.

TABLE II
RTH AVERAGE INCREASE RATE UNDER DIFFERENT CONDITIONS OF

TWO MODULES.

Stage ©1 Stage ©2 Stage ©3

Module
number Test Conditions and Rth Increase Rate K (per 10 000 Cycles)

Module 1 ΔTj = 118 °C ΔTj = 40 °C 11.7% ΔTj = 32.8°C 5.44%
T jm = 85 °C T jm = 74 °C T jm = 56 °C

Module 2 ΔTj = 118 °C ΔTj = 32.8 °C 3.54% ΔTj = 40 °C 12.4%
T jm = 85 °C T jm = 56 °C T jm = 74.5 °C

to increase; the further increase follows a nonlinear relationship
with the health status of the module. The ageing process gener-
ally develops progressively faster and the sequence for different
stress cycles to occur would affect the ageing consequence.

V. DISCUSSION AND CONCLUSION

A lifetime model is traditionally extracted from acceler-
ated ageing tests under intensified stress conditions; the results
are then extrapolated to the normal operation region of lesser
stresses. More recent power module designs with improved reli-
ability can only be tested in highly intensified stress conditions
with, e.g., ΔTj ≥ 80 °C, which can introduce considerable un-
certainty in the extrapolation procedures. Linear accumulation
is usually used to calculate the damage for a load profile. This
lacks of experiment proof for power modules and has become
questionable.

This study demonstrates the effect of narrow temperature
excursions during power cycling on the IGBT module reliability
from 28 to 40 °C. The effects of the narrow ΔTj stress cycles on
aged modules are only tested above 28 °C, and the initial cracks
are established using large ΔTj stress cycles. It has not been
verified whether or not the small ΔTj stress cycles themselves
would eventually cause any cracks; if they would, it would take
many cycles. The key step of this study is to quantify the ageing
status of the power module through the measurement of its
internal thermal resistance. This is then extended to investigate
the dependence of the ageing process on the nature of the stress
cycles and the present health condition. This is the first time
to confirm the effects of narrow ΔTj stress cycles, which can
be significant on aged modules. In the next stage of work, an
improved lifetime model will be attempted, including the effects
of the narrow ΔTj stress cycles and the dependence on key
variables.

In conclusion, this study provides a new perspective, which
indicates that fatigue life is not only related to the magnitudes
of an extended range of temperature stress cycles but also de-
pendent on the module health condition itself. A series of ex-
periments are carried out to show the limitations of traditional
thinking about the ageing process. The study also implies that
the traditional stress life (S–N) curve should be improved to
accurately predict the fatigue life in real complex loading con-
ditions. The study shows that while the degradation rate of
thermal resistance is affected by the current health condition
and further stress levels, the history of the ageing process to
reach the present status is apparently irrelevant. The study has
shown that bond wire failure has not happened in all the tests,
confirming the knowledge that this mechanism usually occurs
when the die-attach solder layer is already in deep degradation
and the junction temperature is very high. It is hoped that the
study would help design engineers in developing converter sys-
tems that are expected to operate reliably over a long period
of time subject to a large number of minor stress cycles. The
study could also be usefully fed into the development of oper-
ational management techniques such as condition monitoring
and prognosis.
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