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Abstract
To accurately predict the fatigue life of a power device, a fatigue life evaluation method that is based on the
power cycle is presented in terms of an algorithm based on a combination of electrical analysis, heat analysis,
and stress analysis. In literature, the fatigue life of power devices has been evaluated on the basis of the thermal cycle. This cycle is alternately repeated within a range from a high temperature to a low temperature. In
an actual operating environment, however, a power device works in a power cycle that consists of being
switched ON and OFF. To accurately predict the fatigue life cycle of a device, then, the evaluation should take
account of this important aspect of the power cycle. To verify the utility of the evaluation method presented in
this study, the results for a power cycle based on the combined use of electrical analysis, heat analysis, and
stress analysis are compared to the results based on the thermal cycle, as found in the literature. Our conclusion is that the fatigue life cycle as estimated by the thermal cycle test is higher than that estimated by the
power cycle.
Keywords: Power Electronics, Power Modules, Reliability, Damage, Simulation Technology, Solder Joint
Fatigue, Crack Propagation, Mechanical Stress

1. Introduction
Nowadays, increasing attention is being paid to environmental problems such as global warming. In this regard, hybrid cars attract interest as fuel-efficient transportation. The growth of the fuel-efficient transportation
market is anticipated. In hybrid cars and electrical cars,
electric power is used as the driving energy source. In
order to drive a motor efficiently, direct current must be
converted to alternating current by an inverter. The electrical device used in the inverter is called the power device [1,2]. Currently, the power devices in a car is used
as an auxiliary for the internal-combustion engine. In
order to use a power device as the driving energy source
in a car such as a hybrid or an electrical car, there must
be a strong flow of electrical current in the device. On
the other hand, the available space in a car inverter is
limited. The power device must be compact. This compactness cannot be avoided with the use of high power
density, a higher degree of power device reliability is
Copyright © 2010 SciRes.

required than can be found in the literature on the subject.
In the methods of evaluating fatigue in power devices
found in the literature, we see that a stress test cycle is
applied [3]. Bond wire heel crack failures have been observed in experiments. In evaluating the fatigue of a
power device, the thermal distribution is closely related
to the fatigue life. The thermal distribution at the solder
junction and in the power device is computed using a
combination of electrical and heat analysis [4,5]. The
fatigue life cycle has also been predicted using thermal
stress analysis [6-11]. In an experiment, the fatigue life
of a power device has been evaluated by a thermal cycle
test [12], in which the temperature is raised to a specified
point and then lowered to room temperature. This raising
and lowering constitutes one cycle, and such cycles are
repeated until failures appear in the power device.
The temperature distribution in a power device tends
to become more uniform when here is a low degree of
electrical loss under a low power current density. ThereENG
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fore, by using a thermal cycle test, the fatigue life cycle
can be evaluated. Increased compactness of power devices is a great need in our time. A power device is also
used under a high current density caused by the high
current. Because heat increases at the local solder junction of power devices, the temperature distribution tends
to become non uniform. This may explain the difference
between the evaluation of the fatigue life cycle based on
a thermal cycle test as opposed to one based on the power cycle.
In this study, a method of evaluating fatigue based on
the power cycle is presented, using a combination of
electrical and heat stress analysis [13]. The discretization
procedure is based on the finite element method [14].
The propagation of cracks is modeled in the solder junction, since this cracking is the main cause of power device failure. Crack propagation thus becomes an important factor in the evaluation of the fatigue life cycle. By
comparing the results of the thermal cycle test with those
of the power cycle test, we obtain new insight into the
evaluation of fatigue life.

2. Power Device Structure
The structures of a power device are shown in Figure 1.
[17]. These consist of multilayered structures (aluminum
wires, a copper plate, an aluminum nitride plate, a silicon
plate, and an aluminum plate (heat sink)). The silicon is
soldered to the copper plate. Solder is an alloy metal that
is composed of tin, silver, and copper. The aluminum
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nitride plate is attached to the aluminum plate through
the copper plate. Semiconductor devices can be subject
to significant mechanical stress resulting from a mismatch between the CTE of the different layers. The
mismatch between the CTE of the silicon and the copper
plate is much greater than that between the other layers.
Solder is most suitable for use because it has low elasticity, low yield strength, and a relatively high ductility.
To prevent expansion, heat needs to be dissipated
through the use of a sandwich-like structure. Solder degradation increases the silicon resistance. Cyclical temperature changes result from the creep strain and plastic
strain that are produced by the power cycle, which in
turn produces cracking in the solder due to fatigue. It is
necessary for the structure to release heat from the silicon. The contact area of the aluminum nitride plate is
larger than that of the laminated structure between the
silicon and the heat sink plate. In Figure 1, boundaries
(i) and (ii) are on the collector side and emitter side, respectively. The current flows from the collector side (i)
to the emitter side (ii) through aluminum wires. The current on boundary (i) is the collector current. The difference in voltage between (i) and (ii) is the collector-emitter voltage.

3. Theory
3.1. Electrical Analysis
In Maxwell’s equations, a steady direct current is as fol-

Front figure
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Oblique perspective figure
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(i) Collector side

Chip (Silicon)

Current flow

(3mm×3mm×0.2mm)

(ii) Emitter side
Junction
(Sn-Ag-Cu Solder)

Insulation plate
(Aluminum nitride)
(11mm×11mm×0.3mm)

Conducting plate
( Copper )
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(Copper)
(11mm×11mm×0.2mm)

Heat sink
(15mm×15mm×1.5mm)

Junction
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(11mm×11mm×0.1mm)

Figure 1. Power device structure (Wire type).
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lows:
I  S J  ndS

(1)

The variables S, n, and J indicate the surface, outward
normal, and current density, respectively. The current
density, J, is as follows:
J  E
(2)
where E and σ represent the electric field strength and
the electrical conductivity, respectively. The dissipation
of the electrical energy, P, by the current in the conductivity is as follows:
P  J E
(3)
In this study, it is assumed that the dissipated electrical
energy is transformed into heat energy.

3.2 Heat Analysis
Heat is generated by the dissipation of electrical energy. For a thermal analysis, the equation is as follows:

C

T
 T
t

(4)

where T, t, C, λ and Δ represent the temperature, time,
specific heat, coefficient of thermal conductivity, and
Laplacian, respectively. Using the linear expansion coefficient α, the increment of the thermal strain is as follows:
  T
(5)

3.3. Stress Analysis
Strain consists mainly of elastic strain (εe), plastic strain
(εp) and creep strain (εc), which is time dependent. In this
study, the total strain consists of the elastic strain, plastic
strain, creep strain, and thermal strain (εθ).
   e   p   c  

(6)

In the case that the external stress does not affect this
strain, the strain is zero (Δε = 0).
   e   p   c

(7)

Thermal strain that is caused by material expansion is
converted to elastic strain, plastic strain, and creep stain.
A body is deformed due to a force exerted upon its surface between materials. In a state of elasticity, a body
can return to its initial condition. However, the initial
condition of the body cannot fully recover its plastic behavior, and the strain remains in the body. In creep behavior, the body is deformed in relation to the amount of
time that passes. Creep strain is calculated as follows:

d
 A  m2
dt

 

n

(8)

where A and n are the parameters shown in Table 5. The
variable σm represents the von Mises stress as follows:
Copyright © 2010 SciRes.
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2

(9)

where the variables σ1 ～ σ3 represent the principal
stresses.

3.4. Coffin-Mansion Law
The fatigue life cycle N is related to the strain range, Δε.
Coffin and Manson presented an approximate line correlating N and Δε using a double logarithmic graph. This
relationship is the Coffin-Manson Law, which is expressed as follows:
  N   C
(10)
where C and α are the constant of proportion and the
fatigue coefficient, respectively. In this study, N is defined as follows [15]:
1.24
  
(11)
N  1000 

 0.01 
An isothermal mechanical fatigue test is performed
using a BGA test piece, in order to investigate the fatigue
characteristics of Sn-Ag-Cu lead-free solder and the relationships between the number of cycles and the beginning of fatigue cracking and the strain range. Equation
(11) is derived from the Coffin-Mansion Law by using
these plots in Figure 2.
The plastic strain range and creep strain range affect
the fatigue life cycle. In this study, the strain range Δε is
defined as follows:
 p   c
 
,
(12)
2

where Δεp and Δεc represent the ranges of plastic strain
and creep strain, respectively.

3.5. Cumulative Damage Rule (Miner’s Rule)
In a real environment, steady repetitive loads are rare, as
there are usually complex changes in the load duration
and amplitude. It is therefore difficult to quantitatively
estimate material damage. The cumulative damage rule
is generally applied in order to estimate damage approximately. This rule is an evaluation method based on
damage superposition. The damage ratio for the strain
range experienced in one cycle is assumed to be 1/N. The
fatigue damage is derived from Equation (10) as follows:
1

1    
(13)


N  C 
The damage D caused by loading n times is assumed
to be
n
D .
(14)
N
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Figure 2. S-N curve of solder [15].

These loads are applied under the same conditions.
The cumulative damage caused by different loads is assumed to be as follows:
n 
D   i 
(15)
i  Ni 
These loads are applied under different conditions.
This relationship is also called Miner’s rule. The index i
represents the phase of the crack’s progress, as shown in
Figure 3. The phase indicates a point in time that is defined by arbitrarily dividing the time span. If the value of
the damage reaches D = 1, a crack occurs in the material.
In the case of i = 0 (the initial condition), the material
displays no damage. The fatigue life cycle is defined as
N1 = N (Equation (11)). After the phase index i = 0, additional damage is caused in the phase i = 1. Therefore,
the equation is as follows:
(16)
ni  N i 1  D 
The quantity in the parenthesis, 1-D, indicates the ratio
of the damage not yet caused. The variable Ni is obtained
by the Coffin-Manson Law (Equation (11)).

4. Algorithm
The analysis algorithm, which is shown in Figure 4,
consists of five steps. In the first step, the boundary conditions and the material constants are set in the calculation model. In the second step, the combined electrical-thermal analysis is performed iteratively. The algorithm determines the temperature data at each time step
for all nodes. The power cycle from the start time to the
end time is obtained, as shown in Figure 8. In the third
step, the combined thermal-stress analysis is performed
in order to obtain the strain values (for plastic and creep
strain). In the third step, the algorithm requires the temCopyright © 2010 SciRes.

perature distribution data. In the fourth step, the number
of cycles required to determine the fatigue life is calculated. The fourth step also consists of five stages, which
can be described as follows.

4.1. First Stage
In this study, it is assumed that the initial crack occurs at
the point of maximum strain. Subsequently, the solder
domain replaces the crack domain by a threshold at every
phase i. The threshold is determined by the Manson-Coffin Law and cumulative damage rule. In order to
calculate the crack length, one line is used to determine
how the crack progresses. In the computational domain,
3D domains are used for cracks. To determine a crack
length (1D), the crack domain should be projected on an
axis (one line). Therefore, an axis (one line) is set along
the direction of the crack progress after checking the 3D
crack domain, as shown in Figure 24 of the phase I = 9.

4.2. Second Stage
The fatigue life cycle is calculated using the Coffin-Manson Law. The strain range (Equation. (12)) in the
Coffin-Manson law is calculated by the finite element
method.

4.3. Third Stage
The damage at the node point (I) (the maximum strain)
in Figure 3 is defined as D = 1. Therefore, the initial
crack occurs at the maximum strain point. In each phase,
i, the fatigue life cycle, N, at the maximum strain is defined as the variable in Equation (11). By using N, the
fatigue life cycle at the other node point is obtained.
ENG
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Crack Progress (Solder)

Damage

Table 1. Fatigue life cycle in phase I = 0.
(Ⅹ) (Ⅸ) (Ⅷ) (Ⅶ) (Ⅶ) (Ⅴ) (Ⅳ) (Ⅲ) (Ⅱ) (Ⅰ)

i=0
(Crack length
0 μm)
(Fatigue life
cycle
2162553)

Maximum strain
High

Low
Strain

Coordinate

Fatigue Life Cycle
(Equation (11))

(I)
（II）
（III）
（IV）
（V）
（VI）
（VII）
（VIII）
（IX）
（X）

2162553
3671684
3481152
3609851
3768876
3932370
453810
5920268
6708234
7119810

Accumulated
Damage
(Equation (15))
1.00
0.59
0.62
0.60
0.57
0.55
0.48
0.37
0.32
0.30

Table 2. Fatigue life cycle in phase I = 1.
(Ⅹ) (Ⅸ) (Ⅷ) (Ⅶ) (Ⅶ) (Ⅴ) (Ⅳ) (Ⅲ) (Ⅱ) (Ⅰ)

Coordinate
(I)
（II）
（III）
（IV）
（V）
（VI）
（VII）
（VIII）
（IX）
（X）

i=1
(Crack length
50 μm)
(Fatigue life
cycle
2293763)

Crack length

Fatigue Life Cycle
(Equation (11))
Crack domain
2293763
3745064
3600837
3756262
3950283
4615109
5911460
6651597
7077491

Accumulated Damage
(Equation (15))
Crack domain
1.00
0.87
0.86
0.82
0.79
0.68
0.52
0.46
0.44

Table 3. Fatigue life cycle in phase I = 2.
(Ⅹ) (Ⅸ) (Ⅷ) (Ⅶ) (Ⅶ) (Ⅴ) (Ⅳ) (Ⅲ) (Ⅱ) (Ⅰ)

Coordinate
(I)
（II）
（III）
（IV）
（V）
（VI）
（VII）
（VIII）
（IX）
（X）

i=2
(Crack length
100 μm)
(Fatigue life
cycle
2440093)

Crack length

Fatigue Life Cycle
(Equation (11))
Crack domain
Crack domain
2440093
3821137
3728167
3913761
4694502
5902676
6595819
7035625

Accumulated Damage
(Equation (15))
Crack domain
Crack domain
1.00
0.94
0.91
0.87
0.70
0.58
0.51
0.48

Figure 3. Crack progress.

4.4. Fourth Stage
At each node, the damage at each phase is added (Equation (15)). Tables 1-3 show the relationship between the
fatigue life cycle and the damage. For example, the accumulated damage of coordinate (II) in Table 2 is calculated as follows:
n2,(Ⅱ)
9.4  105
 0.59 
 1.00 (17)
D2,(Ⅱ)  D1,(Ⅱ) 
N 2,(Ⅱ)
22.9  105
where the subscript indexes represent the phase number
and the coordinate number, respectively. Using Equation

Copyright © 2010 SciRes.

(16), the parameter n2, (II) is calculated as follows:
n2,(Ⅱ)  N 2,(Ⅱ) 1  D1,(Ⅱ)   22.9  105  1  0.59 
 9.4  105

(18)

The accumulated damage of the coordinate (III) in
Table 3 is calculated as follows:
D3,(Ⅲ)  D1,(Ⅲ)  D2,(Ⅲ) 

n3,(Ⅲ)
N3,(Ⅲ)

 0.87 

3.2  105
 1.00
24.4  105

(19)
The parameter n3,( III) is calculated as follows:
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Electricity analysis
Algorithm
Step 1

Preprocessing
Start time

Step 2

Combined analysis
between electricity and heat

Time
step
l=l+1

Heat analysis

End time
Crack
phase
i=i+1

Temperature
Start time

Time
step
l=l+1

Step 3
Combined analysis
between strain and heat

Strain analysis

End time
Strain

Step 4
Fatigue life cycle
Step 5

Post-processing

Figure 4. Algorithm.

24.4  105  1 0.87   3.2  105

(20)

As shown in Figure 4, many iterations from step 1 to
step 5 are needed with respect to crack propagation,
which increases the total computing time. Therefore, the
1,000 elements ranked as having the highest damage
among all the elements of the solder mesh are deleted in
every phase.

4.5. Fifth Stage
The relationship between the fatigue life cycle and crack
length is obtained. In this study, the projection of the
crack length on the y axis is shown in Figure 24.

4.6. Sixth Stage

5. Calculation Conditions



Side view
Junction
(Solder)

12.5
(μm )
z

For this paper, ABAQUS○R was used as a software tool.
In the computing mesh, there are 34634 and 169749
elements. The solder thickness is set to 37.5 μm. This
solder mesh is separated into 3 blocks layered in the z
direction, as shown in Figure 5. In this model, it is assumed that cracks are created only in the intermediate
solder layer, and are not created in either the top or bottom solder layers. In the experimental results, cracks
tend to occur in the intermediate solder layer. In the

Copyright © 2010 SciRes.
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plate

Top view

Insulation plate
(Aluminum nitride)

50(μm )

Top layer
(no cracks)
Layer with
cracks
Bottom layer
(no cracks)

x
Wire
(Aluminum)



Chip
(Silicon)

Conducting plate
Copper

50(μm )

The analysis data (stress, thermal, and electrical distribution) are visualized. Figure 4 illustrates the algorithm
that uses the power cycle. In the case that the fatigue life
cycle is evaluated based upon the thermal cycle, the
combined thermal and electrical analysis is not needed.

electrical analysis, the collector side current on boundary
(i) was 60.0 A (as shown in Figure 1). The voltage on
the emitter side (ii) was set to 0.0 V. In the thermal analysis, the temperature on the bottom of the heat sink was
set to 25°C (the natural cooling condition). The heat
transfer coefficient is set to 5.0  103 w /  mm 2 . k  [17].
In the structural analysis, the displacement with respect
to the x, y, and z axes was fixed at the bottom edges of
the heat sink. The material properties used in the calculated model are summarized in Table 4. The plastic
strain data of the solder with respect to the yield stress
and the creep strain data of the solder are shown in Figure 6 and Table 5, respectively. The time step was set to
0.1 s. However, the program automatically subdivides a
large time step into several smaller steps if the algorithm
has problems.
In order to compare the evaluation of fatigue life based
on the power cycle versus evaluation based on the ther-

3000(μm )

n3,(Ⅲ)  N 3,(Ⅲ) 1  D1,(Ⅲ)  D2,(Ⅲ)  

y
x 3000(μm )
Solder between
copper and silicon

Figure 5. Mesh.
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Table 4. Material constant.

Material

Thermal conductivity
(W/(mmK))

Electrical
conductivity
(S/mm)

Density
(kg/mm3)

Specific
heat
(J/(kg·K))

Young
modulus
(GPa)

Poisson ratio
(Nondimension)

0.15
0.24
0.40

0.5
37.7 × 103
59.6 × 103

2.33 × 10-6
2.70 × 10-6
8.96 × 10-6

700.0
900.0
380.0

131.0
70.0
120.0

0.28
0.30
0.30

Coefficient of
thermal expansion
(1/K)
4.2 × 10-6
2.15 × 10-5
1.70 × 10-5

0.05

9.1 × 103

7.40 × 10-6

234.0

40.0

0.30

2.30 × 10-5

3.40 × 10-6

710.0

320.0

0.24

4.60 × 10-6

Silicon
Aluminum
Copper
Solder
(Sn-Ag-Cu)

-15

Aluminum nitride

1.0 × 10
(= 0.0)

0.15

Note: 1.00 S = 1.00 Ω-1 = 1.00 A/V

60

Yield stress ( MPa )

50
40
30
20
10
0
0

0.01

0.02

0.03

Plastic strain

-55℃
-40℃
-25℃
0℃
20℃
25℃
40℃
50℃
60℃
75℃
80℃
85℃
100℃

Figure 6. Plastic strain of solder [16].
Table 5. Solder parameter of creep strain in Equation(8)
[16].
Temperature

A [MPa/sec]

n

1.1×10

-25

13.2

-30.0

7.0×10

-25

12.9

-20.0

3.4×10-24

12.5

-10.0

1.7×10-23

12.2

0.0

8.3×10-23

11.9

10.0

4.1×10-22

11.6

20.0

2.0×10

-21

11.3

30.0

9.9×10-21

10.9

40.0

4.9×10-20

10.6

50.0

2.4×10-19

10.3

60.0

1.2×10-18

10.0

70.0

5.9×10-18

9.6

80.0

2.9×10

-17

9.3

90.0

1.4×10-16

9.0

100.0

7.1×10-16

8.7

110.0

3.5×10-15

8.4

120.0

1.7×10-14

8.0

130.0

8.4×10-14

7.7

-40.0

mal cycle, three different calculation conditions were set
in the computing model. The power cycle test is defined
as calculation condition 1. By switching the electrical

Copyright © 2010 SciRes.

power supply on and off, stress between parts is generated by thermal expansion. The thermal cycle test is defined as calculation condition 2. The power device is
gradually heated on its bottom. The temperature rises to
a specified point and is then lowered to room temperature. Using experimental equipment, the heat is conveyed
from the plate of this to an object through the bottom of
the object. This type of experimental equipment is modeled in calculation condition 2.
The thermal shock cycle test is defined as calculation
condition 3. The temperature cycle of condition 3 is almost in agreement with the cycle of condition 2. The
temperature gradient of calculation condition 3 with respect to time is larger than it of calculation condition 2.
The power device is rapidly heated in calculation condition 3. Heat is conveyed from a fluid to the object
through all the surfaces of the object by setting a power
device in the fluid (air, etc.).

6. Results
6.1. Power Cycle and Thermal Cycle
Power devices are used to adjust currents and voltages.
They are installed in hybrid cars, elevators, etc., and do
not always work with uniform currents and voltages. An
electric current begins to flow at start up, after which it
may decrease if the speed of the equipment becomes
constant. Such operations are constantly repeated by the
starting and the stopping of cars, elevators, etc.
An On-Off control is shown in Figure 7. In the first
case, the voltage is adjusted from 10 V to 5 V by placing
a series resistance in the circuit. This 5 V drop in voltage
causes an energy loss in the circuit. A power device,
however, makes it possible to supply an average voltage
of 5 V through the use of On-Off switching, which results in a low degree of energy loss. However, when the
electrical power supply is switched on and off, the temperature of the power device increases and decreases,
respectively. These iterative increases and decreases in
temperature naturally cause mechanical stress to occur
due to the CTE mismatch.
Temperature cycling is generally applied as a method
ENG
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0.0(V) １．865(V)

Resistance

10 V
5V
Direct voltage output
5V
Load

Top
view
Top
view

The loss is large

Resistance control

Direct voltage input
Semiconductor

10 V
Direct voltage output
5V
Load
The loss is small

Wire
Side
view
Chip
(Silicon)

Solder layer (see Fig.5)
Power device

ON-OFF control

Figure 9. Voltage contour (25 (s)) (phase 0).

Figure 7. Resistance control and ON-OFF control.

of evaluating the fatigue life of power devices. In a combined thermal-mechanical analysis, the temperature is
raised to a specified point and then lowered to room
temperature. This form of analysis is not considered in
an electrical analysis.
As shown in Figure 8, the electricity is turned on until
a certain high temperature is reached. After that, the
electricity is turned off until the temperature returns to
room temperature. These processes together constitute
one cycle. The on time and off time are set to 3.5 s and
18 s, respectively. The voltage contour and current density contour are shown in Figures 9 and 10, respectively.
An electrical energy loss occurs when the voltage on the
collector side of the silicon chip is reduced rapidly. This
energy loss is converted to heat energy.

6.2. Time History of Temperature (No Cracks
(Phase I = 0))
The time history of the maximum temperature with respect to power is shown in Figure 11. In calculation
condition 1, the temperature rises during the ON time in
the power cycle, as shown in Figure 8. The temperature

140

140

120

120

100

100
Condition 1 : Power cycle

80

80

60

60

40

40

20

20

0

5

15

10

20

25

Time

Figure 8. Power cycle and thermal cycle
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Temperature (゜C)

Ampere (A)

Condition 2 : Thermal cycle (The bottom of power device is heated.)
Condition 3 : Thermal shock cycle (All surface of power device is heated.)

115.0 (A/mm2)

57.5 (A/mm2) 39.3 (A/mm2) 24.3 (A/mm2)

12.9 (A/mm2)

1.5 (A/mm2)

Top
view
Top
view

Side
view

Chip
(Silicon)

Wire

Solder layer (see Fig.5)
Power device

Figure 10. Current density contour (25 (s)) (phase 0).

decreases during the OFF time. Heat is essentially not
generated on the emitter side connection. Electrical
energy losses occur when the voltage on the collector
side is rapidly lowered. This energy loss is converted to
heat energy by Equation (3). In the wire type power device, the heat concentration occurs in the small connecting space between the wire and the silicon plate, as
shown in Figures 12-14. The fatigue life cycle of a power device depends on the maximum temperature it experiences. By adjusting the maximum temperature, the
maximum temperature in calculation conditions 2 and 3
is in agreement with that of calculation condition 1.
As shown in Figures 15-17 and in calculation condition 2, heat is gradually transferred from the bottom to
the top. As shown in Figures 18-20, heat is transferred
from all sides on the surface of the power device. The
temperature gradient of calculation condition 2 with respect to time is lower than it is in calculation condition 3.
The temperature distributions on the solder are shown in
Figure 21. In this study, the fatigue life of a power device is estimated by analyzing the strain in relation to the
solder crack. Fatigue life depends on the temperature
ENG
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Condition 2
Condition 1
Time (s)

1

40

0

10
Time (s)

20
139.3( ゜C )

84.1( ゜C )

29.0( ゜C )

Figure 11. Time history of maximum temperature in power
device with respect to power cycle and thermal cycle.
Figure 14. At time 3.5(s), temperature contour map of semiconductor power devices in calculation condition 1 (Power
cycle test).

55.3( ゜C )

40.2( ゜C )
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Figure 12. At time 0.1(s), temperature contour map of semiconductor power devices in calculation condition 1 (Power
cycle test).
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Figure 15. At time 0.1(s), temperature contour map of semiconductor power devices in calculation condition 2 (Thermal cycle test).
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Figure 13. At time 0.5(s), temperature contour map of semiconductor power devices in calculation condition 1 (Power
cycle test).

distribution in the solder plate. As shown in Figure 21,
in calculation condition 1, the temperature distribution
on the solder layer becomes non uniform. In the calcula
-tionconditions 2 and 3, the temperature distribution on
the solder layer becomes non uniform.

Copyright © 2010 SciRes.

133.7( ゜C )

131.6( ゜C ) 129.5( ゜C )

Figure 16. At time 0.5(s), temperature contour map of semiconductor power devices in calculation condition 2 (Thermal cycle test).
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Figure 17. At time 3.5(s), temperature contour map of semiconductor power devices in calculation condition 2 (Thermal cycle test).
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Figure 18. At time 0.5(s), temperature contour map of semiconductor power devices in calculation condition 3 (Thermal shock cycle test).
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Figure 20. At time 3.5(s), temperature contour map of semiconductor power devices in calculation condition 3 (Thermal shock cycle test).

power cycle), the maximum strains occur at the center of
the solder junction between the silicon plate and the
copper plate. In calculation condition 2 (the thermal cycle) and calculation condition 3 (the thermal shock cycle),
the maximum strains occur over the solder plate. Both
plastic strain and creep strain are accumulated during
power transitions. In this study, the fatigue life cycle is
estimated based upon the ductility of the second ON time
between 21.5 s and 25 s. The strain range is defined in
Equation (12). It is assumed that there is no difference in
the strain range after the second ON time. As shown in
Figure 22, the maximum plastic strain of the three calculation conditions is almost in agreement. As shown in
Figure 23, the maximum creep strain for calculation
condition 1 is larger than it is for calculation conditions 2
and 3.

6.4. Crack Propagation

139.3( ゜C )

139.3( ゜C )

139.3( ゜C )

Figure 19. At time 0.5(s), temperature contour map of semiconductor power devices in calculation condition 3 (Thermal shock cycle test).

6.3. Strains (No Cracks (Phase I = 0))
The time histories of the maximum plastic strain and
maximum creep strain with respect to the power cycle
and the thermal cycle (Figure 8) are shown in Figures
22 and 23, respectively. In calculation condition 1 (the

Copyright © 2010 SciRes.

Crack propagation is illustrated in Figure 24. In calculation condition 1 (power cycle), an ellipsoidal crack first
begins in the solder below the aluminum wire bonding.
No cracks begin in the corners. The size of the crack
increases according to the time in the power cycle. In
calculation condition 2 (thermal cycle), the crack begins
from both the corner and the center of the solder. In calculation condition 3 (thermal shock cycle), the crack
begins only from the corner of the solder and then
progresses along the edge of the solder.

6.5. Fatigue Life Cycle
The relationship between fatigue life cycle and crack
length is shown graphically in Figure 25. Crack length is
defined as shown in Figure 24. The fatigue life cycles
determined by the thermal cycle test and by the power
cycle test are 5747 and 4537 for the initial crack length
(50 μm), respectively. Therefore, the power device may
ENG

K. SHINOHARA
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Figure 21. Solder between copper plate and silicon plate.
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Figure 22. Time history of plastic strain with respect to
power cycle and thermal cycle at maximum point on solder.

Figure 23. Time history of creep strain with respect to
power cycle and thermal cycle at maximum point on solder.

cause failures earlier than was predicted by the simulation results, if the reliability of the power device is evaluated by the thermal cycle test.

using a power cycle test, a combination of electricity and
heat-structure analysis is presented. By comparing the
evaluation of fatigue life obtained by the power cycle test
in this study with that obtained by the thermal cycle test
in the literature, we arrived at the following conclusions:
In the temperature distribution on the solder junction
layer, the heat diffuses radially from the junction of the

7. Conclusions
To accurately evaluate the fatigue life of power devices
Copyright © 2010 SciRes.
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Figure 24. Crack propagation on solder between copper plate and silicon plate (creep contour).
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Figure 25. Fatigue life cycle with respect to crack length.

wire bonding. Therefore, the temperature distribution of
the solder junction tends to become non uniform.
In the power cycle test, an ellipsoidal crack began at
the center of the solder below the aluminum wire bonding. No cracks began in the corners. The size of the crack

Copyright © 2010 SciRes.

increased with the time of the power cycle. In the thermal shock cycle test, a crack began only from the corner
of the solder and then progressed along the edge of the
solder.
In the initial crack length (50 μm), the fatigue life
cycles obtained by the power cycle test and the thermal
cycle test were 5747 and 4537, respectively. The fatigue
life cycle determined by the power cycle test was shorter
than that determined by the thermal shock cycle test. The
actual power device operated by a power cycle may
produce failures earlier than is predicted based on simulation results if the reliability of the power device is evaluated by the thermal cycle test. Therefore, the evaluation of fatigue life using the power cycle test is clearly
superior, as it produces results that are quite close to
those of the actual operating conditions.
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