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Mud-Cracking Effect of Sintered Silver Layer on
Quantifying Heat Transfer Behavior of SiC
Devices Under Power Cycling:

Voronoir Tessellation Model

Fei Qin™, Shuai Zhao"', Yanwei Dai*, Yuankun Hu, Tong An™, and Yanpeng Gong

Abstract— Mud-cracking of the sintered silver (Ag) layer of
the SiC power module is commonly found during power cycling
tests. In this article, the effect of the mud-cracking of sintered Ag
on the heat transfer behaviors of SiC power module is studied
based on a Voronoi tessellation model. This model is verified
to be reasonable on the prediction of the equivalent thermal
conductivity of sintered Ag as well as the thermal resistance of
power module. The effect of the crack ratio on the equivalent
thermal conductivity of sintered Ag is studied and an empirical
model is proposed to predict the equivalent thermal conductivity
of sintered Ag containing different mud-cracking ratios. The
effect of mud-cracking ratio, chip size, sintered Ag thickness, and
porosity on the thermal resistance of power module are studied.
An equivalent model to study the heat transfer behaviors of the
power module with mud-cracking is also developed to improve
the calculation efficiency. This article establishes a new method
to quantitively study the heat transfer behaviors of the power
module under power cycling condition.

Index Terms— Mud-cracking, porosity, power cycling, sintered
Ag, Voronoi model.

I. INTRODUCTION

iC power modules have been increasingly adopted in
Sthe present power electronic systems due to the grow-
ing demands of integration, miniaturization, and energy
conservation, especially in the high switch frequency and
high-temperature applications. For the SiC power module
packaging, the selection of a suitable die-attach material which
can endure high temperature (>250 °C) becomes a crucial
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issue in the areas of electronic packaging and electronic
materials in recent years. Among which, sintered Ag is cur-
rently considered to be a promising candidate because of
its excellent thermal and electrical conductivity and high-
temperature operating performance [1], [2].

However, during the operation time of the SiC power
module, the junction temperature of the SiC chip will fluctuate
in cycles, which will lead the sintered Ag layer to suffer large
thermal-mechanical stresses due to the mismatch of coefficient
of thermal expansion (CTE) of different packaging layers [3].
Because of the porous and brittle properties, the sintered Ag
layer is prone to crack under that power cycling condition.
The generation of crack in the sintered Ag layer will affect
the heat dissipation characteristics of the SiC power module
significantly, which will accelerate the failure of the entire
power module [4], [5]. Hence, it is of great significance to
quantitative study the effect of the crack of sintered Ag on the
heat transfer behavior of the SiC power modules under power
cycling.

The crack of sintered Ag and its effect on the thermal—
mechanical reliability of the power modules have been inves-
tigated by many researchers. Hutter et al. [6] compared the
reliability of three different die attach materials for power
module packaging using active power cycling test. The results
show that vertical cracks were gradually generated in the
sintered Ag layer after about 570 000 cycles. Moreover, the
thermal resistance was also increased when the crack occurred.
Similar results were also reported by Heuck et al. [7]. Accord-
ing to the study given by Herboth et al [8], the crack
of the sintered Ag layer forms in the corner of die and
grows toward the center region during the power cycling test.
Recently, Dai et al. [9] and [10] and Agyakwa et al. [11]
studied the thermal and structural characterization of sintered
Ag die attachments during power cycling. The results show
that vertical cracks were formed in the sintered Ag layer
during the power cycling test. According to the observation
by X-ray current transformer (CT), the overall morphology of
these cracks is like those of “mud-crack” formed as muddy
sediment dries and contracts. In addition, the authors also
found that the thermal conductivity of the die attachments
gradually decreases with the emerging and growth of the crack.
All these investigations above show that mud-cracking is
usually generated in the sintered Ag layer during the operating
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condition of SiC power modules. The appearance of the mud-
cracking will not only affect the mechanical behavior of
sintered Ag layer but also influence the heat transfer behavior
of the sintered Ag as well as the entire power module. Hence,
it is very necessary to quantitatively study the influence of
the mud-cracking on the thermal heat transfer behavior of SiC
power modules.

In fact, a lot of researchers have focused on the influence
of microstructure and crack on the heat transfer character-
istics of sintered Ag. Youssef et al. [12] presented that the
thermal conductivity of sintered Ag is porosity dependent
which can be predicted by the typical porous material theory.
Wereszczak et al. [13] performed the experimental inves-
tigation on thermal conductivity of sintered Ag containing
different porosity levels. Choi et al. [14] made an experimental
investigation on the sintering silver ink. Signor et al. [15] per-
formed a finite element analysis based on real 3-D microstruc-
ture of sintered Ag which shows that the thermal conductivity
of sintered Ag depends mainly on pore volume fraction if
morphology and distribution of pores are negligible. More
recently, our group [16], [17] has reported the aging effect
and crack effect on the thermal conductivity of sintered Ag
in which different cracking types on the thermal conductivity
of sintered Ag are discussed. However, the discussions on
cracking effect are under 2-D condition which is far from
the real condition. The 3-D cracking effects, such as cracking
patterns and cracking density, are needed to be investigated.

The studies on the characterizations of microstructure on
thermal conductivity of different porous materials are available
from different backgrounds [18]-[20]. Some methods have
been developed by researchers to evaluate the thermal con-
duction behaviors of porous materials, e.g., theoretical model
based on statically assumptions [21], numerical homogeniza-
tion method [22], real 3-D microstructures with micro-CT
scanning, or other tested methods [23]. However, the quan-
titative method to evaluate the thermal conduction behaviors
of porous materials with mud-cracking is still very limited in
available literatures.

This article developed a Voronoi tessellation finite element
model to study the mud-cracking effect on the thermal transfer
behaviors of the SiC power module under power cycling
condition. Toward this aim, the organization of this article is
listed as follows. The problem of the mud-cracking of sintered
Ag layer during power cycling test is described in Section II.
In Section III, the methodology of the proposed model and
computational framework are presented. In Section IV, con-
vergence analysis of the proposed model and the power cycling
simulation results are obtained. The effect of crack ratio, chip
size, sintered Ag thickness, and porosity on the heat transfer
behaviors of the power module is discussed in Section V.
An equivalent model is also presented to increase the calcu-
lation efficiency. The conclusions are drawn in Section VI

II. PROBLEM DESCRIPTION

Fig. 1 shows the geometry structure of a typical commer-
cial SiC power module. The entire module contains a SiC
metal-oxide-semiconductor field-effect transistor (MOSFET)

Chip

Sintered silver
Upper copper layer

Ceramic layer

Bottom copper layer

Thermal interface layer

Baseplate

Fig. 1. Geometry structure of the typical SiC power module.
TABLE I
GEOMETRY SIZES OF THE SiC POWER MODULE
Length (mm) Width (mm) Height (mm)
SiC chip 4,6,8,10 4,6,8,10 0.2
Sintered Ag layer 10 10 0.05,0.1,0.15,0.2
Upper copper layer 30 15,14,9 0.3
AIN 30 40 0.38
Bottom copper layer 30 40 0.3
Thermal mterface 30 40 03
material
Baseplate 40 50 3

Fig. 2. Typical mud-cracking phenomenon in sintered Ag according to
previous experiments. (a) Regalado et al. [23]. (b) Dai et al. [10].

chip, sintered Ag layer, upper copper layer, ceramic layer,
bottom layer, thermal interface layer, and baseplate. The detail
geometry sizes of SiC power module are given in Table I.
To characterize the effect of geometry parameters on the heat
transfer behaviors of the SiC power module, various geometry
sizes for SiC chip and sintered Ag layer are listed in Table I.

As mentioned in Section I, mud-crack will appear in the
sintered Ag layer during power cycling test of the SiC power
module, as shown in Fig. 2. According to the experimental
results performed by Regalado er al. [23] and Dai et al. [10],
the crack density increases greatly with the increase of power
cycles. Moreover, the appearance of crack will affect the
equivalent thermal conductivity of sintered Ag layer and lead
to the variation of the thermal resistance of entire power
module. Hence, a quantitative model is needed to characterize
the heat transfer behavior of the power module considering
the mud-cracking of sintered Ag under power cycling.

III. PHYSICAL MODEL AND THEORETICAL FOUNDATION
A. Voronoi Tessellation Based Model

Voronoi is a classical method to reconstruct the microstruc-
ture of polycrystalline metal material. Common numerical
procedures can be found easily in various kinds of software.
Fig. 3 shows the Voronoi polygons generated by commercial
software MATLAB where the black dot represents the control
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Fig. 3. Configurations of Voronoi map under 2-D condition. (a) Voronoi
polygons. (b) Arbitrary polygon.
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Fig. 4. Iteration scheme for generation of Voronoi polygon with iteration
numbers. (a) 0. (b) 1. (c) 4. (d) 10.

point of one Voronoi polygon. One obvious shortage of the
presented Voronoi polygons is that the polygons generated
are very irregular, which will lead to the difficulties in grid
meshing and solution. Hence, an improved Voronoi polygon
generation algorithm is needed.

In order to generate homogeneously distributed Voronoi
polygons, a homogeneous scheme is presented. First, the
location of the mass center of every Voronoi polygon is
computed, as shown in Fig. 4(a), where the hollow rhombi
represents the mass center of the Voronoi polygons. Note that
the primary generated control point may not coincide with the
real mass center of the Voronoi polygon. Then, an iteration
algorithm is started to take the mass centers of the Voronoi
polygons generated at the first time as the control points
of the Voronoi polygons will be generated at the next time.
If the locations of the mass centers of the Voronoi polygons
generated at the first time coincide well with those generated
at the second time, the iteration algorithm is ended. If not,
a new iteration will begin until the mass centers calculated
at the nth time coincide well with those calculated at the
(n — 1)th time. Fig. 4 shows the Voronoi polygons generated
after zero-, one-, four-, and ten-times iteration. It is seen that
the Voronoi polygons become very regular and homogeneous
after ten-times iteration.

To build the geometric model of the mud-cracking sintered
Ag layer, another important problem is the generation of
cracks among different polygons. In order to generate the
cracks among different polygons, the following procedures

(a) (b)

Fig. 5. Procedures to generate the mud-cracks in planar: (a) generate Voronoi
polygon; (b) eliminate short side; (c) position offset.

Mud-like cracking Mud-like crack networks

Sintered silver without cracks

Fig. 6. Generated 3-D mud-cracking model in sintered Ag layer.

shown in Fig. 5 are presented. Based on the generated Voronoi
polygons, here a position offset between the adjacent edges
of polygons will be made. Note that the position offset
produced here is the vertical cracking length. According to
the experimental test of the mud-crack, the width of the crack
in planar is around 9-50 xm, which depends on the detail
cracking patterns [10], [23]. In this article, the length of the
position offset among the adjacent edges of polygons is set
as 10 gm [shown in Fig. 5(b) and (c)].

Based on the generation of planar Voronoi polygons and
cracks, the 3-D model for mud-cracking is built by extending
the planar Voronoi polygons containing cracks in the vertical
direction (see Fig. 6). Then, a final 3-D mud-cracking model
is generated, as shown in Fig. 6, where the model contains
sintered Ag and the mud-cracks in sintered Ag.

After generating the 3-D mud-cracking model above in the
commercial code MATLAB, all the nodes information about
this model will be outputted and then import into the ABAQUS
software as an input file via Python program to create the finite
element model of the sintered Ag layer as well as the entire
SiC power module.

B. Computational Framework

1) Equivalent Thermal Conductivity Computation of Sin-
tered Ag Containing Mud-Cracks: The heat generated by the
chips in the SiC package module is dissipated into the space
in various ways. However, most of the heat flow is conducted
vertically downward, and the heat transfer equation can be
described by the 1-D Fourier law

dT AT

where ¢, k, AT, A, and L are the heat flux, thermal con-
ductivity, temperature discrepancy, effective heat transfer area,
and length of the thermal conduction, respectively. For the
porous sintered Ag containing cracks, the equivalent thermal
conductivity of sintered Ag is given as follows:

ko — _qu3 _ (er'lzl qé + ZTzl qzjcrack)L3 o
e AT Tu _ T‘]
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Fig. 7. Computation scheme of equivalent thermal conductivity of sintered
silver layer considering mud-cracks.

Crack ratio:2% Crack ratio:4% Crack ratio:6%

Crack ratio:8%
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Fig. 8. Finite element model of sintered Ag with different crack ratios.

in which keq and L3 are the equivalent thermal conductivity
and length of thermal conduction path, respectively. 7, and T;
are the temperatures at the upper and lower bounds, as shown
in Fig. 7. ¢! and ¢/, are the discrete heat flux of the ith
element of sintered Ag and the jth element of the mud-cracks
at a specific section perpendicular to the direction of heat flow,
respectively.

Fig. 8 shows the finite element model of the sintered Ag
with different crack ratios. The effect of crack ratios and
porosities on the equivalent thermal conductivity of sintered
Ag layer is studied according to the established models. Based
on our previous computational scheme for equivalent thermal
conductivity of sintered Ag containing cracks [16], [17], the
equivalent thermal conductivity of the sintered Ag with mud-
cracking can also be obtained by extracting the heat flux under
3-D conditions.

2) Power Cycling Simulation: In the present industrial
condition, SiC devices are only partially used in MOSFET
devices, and SiC-based insulated gate bipolar translator
(IGBT) devices have not been commercialized. As a compro-
mise, the geometry parameters of the SiC virtual module in
this article refer to the BOG450H12E2AA half-bridge IGBT
module [24] to perform the numerical analysis, as shown in
Fig. 10. The detail geometry of the computed model has
been listed in Table I. The material parameters adopted in
this article are listed in Table II. Fig. 9 shows the detail

TABLE 11
MATERIAL PARAMETERS USED IN THE SIMULATION

Material Hea(t\;:/j)(nncll Plzt)i)vity Hfﬁt(lfz?%i)ty Density(kg/m3)
SiC 170 670 3210
Sintered silver dgg;)lségl " 234 dI:: ;))It.e(;lsdi?rll "
Crack 0.026 1000 1.3
Copper 390 390 8960
AIN 160 740 3780
TIM (SAC305) 64 234 7400

P 100w

Fig. 9.  Configuration of adopted SiC module. (a) Real Si-IGBT mod-
ule. (b) Single module. (c) Schematic of each layer structure along the
A-A section. (d) Enlarged view of sintered Ag layer.

finite element model and boundary conditions for the power
cycling simulation. In the finite element model, eight nodes
heat transfer brick element (DC3DS) is adopted. The power
loss of the SiC chip when the device is switching ON is set
as 100 W. The time for the chip switching ON and switching
OFF is set as 2 s/2 s to simulate the power cycling condition.
An equivalent convection coefficient of 3000 W/(m?>.K) is
applied on the bottom of the Cu baseplate to simulate the liquid
cooling, whereas the other surfaces are applied a convection
coefficient 10 W/(m?-K) considering the natural convection
heat transfer. In addition, the ambient temperature is set as
25 °C.

To study the effect of geometry parameters on the heat
transfer behavior of the SiC power module, four different chip
sizes and sintered Ag thicknesses, as listed in Table I, are
adopted. In addition, the effect of the mud-cracking density
and porosity of the sintered Ag layer on the transfer behaviors
of the power module are also considered. To quantitatively
characterize the heat transfer behavior of the power module,
the thermal resistance of the SiC power module is calculated
for each condition. The definition of the thermal resistance can
be expressed as

T, —T.

Ry = 3

3)
where T is the junction temperature of the SiC chip, T is the
temperature of the baseplate, and P is the power loss of the
SiC chip, respectively.
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Fig. 11. Convergence validation of the finite element model. (a) Meshing grid
of the SiC power module. (b) Variation of the calculated maximum junction
temperature with the element number.

IV. RESULTS
A. Convergence Analysis of the Finite Element Model

In order to obtain a convergent and accurate solution during
the simulation, the validation of the finite element model is
presented. Fig. 10 shows the meshing of the sintered Ag
layer and variation of the equivalent thermal conductivity with
the element number. It is seen that the equivalent thermal
conductivity will converge when the number of the elements
exceeds 220000. Fig. 11 shows the meshing of the SiC power
module and variation of the junction temperature with the
element number. It is seen that the junction temperature will
converge when the total number of elements exceeds 700 000.
Hence, in the following studies, for the equivalent thermal
conductivity calculation and the power cycling simulation, the
element numbers are all exceed 220000 and 700 000 to ensure
the convergence.

B. Mud-Cracking Effect on Equivalent Thermal
Conductivity of Sintered Silver

Fig. 12 shows the variations of the equivalent thermal
conductivity of sintered Ag with different crack ratios at a
porosity of 5%. It is seen clearly that the equivalent thermal
conductivity of sintered Ag approximately decreases with
increase of crack ratio linearly. When the crack ratio is 10%,
the equivalent thermal conductivity decreases by about 8%.
In addition, the equivalent thermal conductivity of sintered
Ag also decreases linearly with the increase of porosity of
sintered Ag, as shown in Fig. 13. In fact, Hoenig [25] proposed
a formula to predict the effective thermal conductivity of

Meshing of the sintered Ag layer and variation of the equivalent
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Fig. 12.  Variations of the equivalent thermal conductivity of sintered Ag
with different crack ratios at a porosity of 5%.
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Fig. 13.  Effect of porosity and crack ratio on the equivalent thermal
conductivity of sintered Ag.

a solid with flat elliptical cracks where the form is written

as follows:
8
Keq = K(] 1 — §g0

where K is the thermal conductivity without cracks, Ky is
the equivalent thermal conductivity, and ¢ is the crack ratio.
Equation (4) is based on the assumptions that cracks are ran-
domly distributed throughout the solid. The prediction formula
shows that the effective thermal conductivity decreases as the
crack ratio increases. However, the limitation of (4) is that it
is applicable only under low crack ratio.

In order to overcome the shortage of (4), a following form
is presented according to the regression analysis based on the
numerical computation results in Fig. 13:

“)

Keq = 429.94 — 725.760, — 446.32¢, + 8522900, (5)

where ¢, and ¢, are the porosity and crack ratio of sintered
Ag layer, respectively. It is seen that the regression equation is
good consistent with the numerical calculation results accord-
ing to Fig. 13.

C. Temperature Distribution of the Module Under
Power Cycling

Fig. 14 shows the temperature distribution of the power
module without crack and with 10% mud-cracking ratio at
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(b)

Fig. 14. Temperature distribution of the power module at the moment of
power-OFF after five power cycles: (a) no crack and (b) with 10% crack ratio.

the moment of power-OFF after five power cycles, respectively.
It is seen that the junction temperature for the module with
10% mud-crack is a little higher than that without any cracks.
The reason for that is the existence of the mud-cracking lead
to the degradation of the heat transfer characterization of the
SiC power module.

Fig. 15 shows the variation of the junction temperature of
the power module with 10% mud-cracking ratio with power
cycling time. The junction temperature of the power module
fluctuates repeatedly with the switching of the SiC device.
The maximum junction temperature difference appears at the
first power cycles and gradually decreases with the increase
of the power cycles. After three power cycles, the junction
temperature difference tends to be a stable value. Fig. 16 shows
the temperature distribution for each packaging layer of the
power module with 10% mud-crack ratio in the vertical
direction at the moment of power-OFF after five power cycles.
The temperature for each packaging layer is quite different.
From the SiC chip to the copper baseplate, the temperature
gradually decreases layer by layer.

V. DISCUSSION
A. Effect of Mud-Crack Ratio on Thermal Resistance

Fig. 17 shows the effect of the mud-cracking ratio on the
thermal resistance of the power module. The results show
that the thermal resistance of the power module also increases
linearly with the increase of the crack ratio. When the mud-
crack ratio increases by 10%, the thermal resistance of the
power module increases by about 0.12%. The increase of
the thermal resistance will lead to the further increase of
the maximum junction temperature difference, which will
accelerate the damage of the sintered Ag layer, and lead to
the failure of the entire power module.
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Fig. 15.  Variation of the junction temperature of the power module with

power cycling time.
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Fig. 16. Temperature distribution for each packaging layer in the vertical
direction.
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Fig. 17. Effect of the mud-cracking ratio on the thermal resistance of the
SiC power module.

B. Effect of Chip Size, Thickness, and Porosity of
Sintered Ag on Thermal Resistance

Fig. 18 shows the effect of sintered Ag thickness and
porosity on the thermal resistance of the SiC power mod-
ule with different chip sizes. It is found that the thermal
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Fig. 18. Effect of sintered Ag thickness and porosity on the thermal resistance
of the module with different chip sizes: (a) chip size with 4 mm x 4 mm;
(b) chip size with 6 mm x 6 mm; (c) chip size with 8 mm x 8 mm; and
(d) chip size with 10 mm x 10 mm.

resistance of the power module increases almost linearly with
the increase of porosity. The reason is that the increase of the
porosity will linearly decrease the thermal conductivity of the
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Fig. 19. Heat flux profiles for the power modules with different porosities
and sintered Ag thicknesses.

Porosity=30% d =200 um k=214 (W/(m . K))

sintered Ag layer. Moreover, the growing slope of the thermal
resistance versus the porosity increases with the increase of
the sintered Ag thickness. The reason is that the thermal
resistance of the sintered Ag layer is larger when the sintered
Ag layer is thicker. Hence, the contribution of the sintered
Ag on the thermal resistance of the entire power module will
also increase with the increase of sintered Ag thickness. This
is the reason that the thermal resistance of the power module
with thicker sintered Ag layer more sensitive with the change
of porosity. When the porosity and thickness of sintered Ag
are confirmed, the thermal resistance will decrease with the
increase of the chip size. It is not difficult to understand that
a large chip size will increase the heat transfer area in the
vertical direction, which is benefit for the heat dissipation of
the SiC power module.

In addition, it is seen that the thermal resistance of the
module decreases with the increase of the thickness of sintered
Ag when the porosity is under a threshold value. However,
when the porosity exceeds the threshold value, the thermal
resistance of the module increases with the increase of the
thickness of sintered Ag.

In order to further study the causes of the porosity threshold,
the distribution of the heat flux across the Z-Y cross section
for the power module is also extracted. Fig. 19 shows the
heat flux profile for the power modules with porosities of
10%, 30%, and sintered Ag thickness of 50 and 200 um,
respectively. When the porosity is lower than the threshold
value, the heat flux distribution becomes more homogenous
with the increase of the sintered Ag thickness. However, when
the porosity is higher than the threshold value, the heat flux
distribution tends to be more uneven with the increase of the
sintered Ag thickness. The reason is that, on the one hand,
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TABLE III

COMPARISON OF THE COMPUTATIONAL SOLUTIONS BETWEEN
MUD-CRACK MODEL AND EQUIVALENT MODEL

Method Number of T (°C) Ry, Computational
modeling elements Jmax (°C/W) time (h)
Mud-crack 779,508 77.679  0.28639 1

model
Equivalent 745,374 77.675 0.28635 1/3

model

the increase of the sintered Ag thickness will increase the
thermal resistance of the sintered Ag layer. This will increase
uneven distribution of the heat flux as well as the thermal
resistance of the entire power module when the porosity is
higher than the threshold value. On the other hand, due to the
exist of thermal transfer angle, the increase of the sintered Ag
thickness will increase the effective thermal conduction area
under the sintered Ag layer, which will decrease the thermal
resistance of the direct bonded copper (DBC) substrate and
the Cu baseplate. This will increase the homogenous of the
heat flux distribution and decrease the thermal resistance of
the entire power module when the porosity is lower than the
threshold value.

C. On the Equivalent Model

Although the proposed mud-cracking model can provide
an accurate estimation of the heat transfer behaviors of the
sintered Ag layer, the computation cost is relatively increased.
To increase the calculation efficiency, an equivalent model
is developed based on replacing the mud-cracking model of
sintered Ag with the equivalent bulk model. The thermal
conductivity of the sintered Ag layer in the equivalent model
is calculated according to (5). This equivalent method can also
refer to [16] and [17]. The comparison of the equivalent model
and the mud-cracking model is listed in Table III where the
maximum temperature, thermal resistance, and computational
time are given. It is found that the thermal resistance as well
as maximum temperature for these two models are very close
to each other. However, the computational time is only 1 h/3 h
compared with that of the mud-crack model, which has been
greatly decreased.

VI. CONCLUSION

This article presents a Voronoi tessellation model to quanti-
tively study the effect of mud-cracking of sintered Ag layer on
the heat transfer behaviors of SiC power module under power
cycling conditions. The main conclusions are summarized as
follows.

1) The proposed Voronoi tessellation model is verified to
be reasonable to study the mud-cracking effect on the
equivalent thermal conductivity of sintered silver layer
as well as the heat transfer behaviors of the power
module.

2) Effects of different crack ratio on the equivalent thermal
conductivity of sintered Ag layer based on the mud-
cracking model are studied. The equivalent thermal
conductivity of the sintered Ag layer gradually decreases
with the increases of crack ratio. An empirical model is

971

proposed to describe the equivalent thermal conductivity
of sintered Ag containing mud-cracks. Temperature dis-
tributions of the SiC power module with and without
mud-cracks under power cycling conditions are also
studied.

3) The effect of crack ratio, chip size, sintered Ag thick-

ness, and porosity on the thermal resistance of the entire
power module is analyzed. The thermal resistance of the
power module increases almost linearly with the increase
of the crack ratio and porosity, while decreases with the
increase of the chip size. As for the effect of sintered Ag
thickness, when the porosity is lower than the threshold
value, the thermal resistance decreases with the increase
of the sintered Ag thickness. When the porosity is higher
than the threshold value, the thermal resistance increases
with the increase of the sintered Ag thickness.

4) An equivalent model is also proposed and is proven
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to be accurate and efficient to study the effect of the
mud-cracking of sintered Ag layer on the heat transfer
behaviors of SiC power module under power cycling
conditions.
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