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Abstract 

This paper investigates the junction-to-water thermal resistance (Rth) durability of power modules 
(PMs) during the thermal shock test (TST), in which the PMs were subjected to the thermal cycle from 
−40°C to 125°C with dwell time 20 min  for up to 1000 cycles. The PMs contained silicon carbide
power devices, and were bonded to a water cooler by using liquid metal embedded elastomers
(LMEE). The bonding was performed at 150°C for 30 minutes under a pressure of 0.1 MPa. The Rth

showed no significant degradation during the TST. This indicates that LMEE is a good candidate as a
bonding material for PM-and-cooler assembly for enhancing its durability.

1 Introduction 

Power modules (PMs) with high power density 
are highly anticipated for use in power conversion 
systems, such as those installed in electric 
vehicles (EVs). Power loss in the conversion 
inevitably generates heat and then the thermal 
resistance (Rth) plays a key role in maintaining 
system operations. The heat generated in such 
PMs is typically dissipated by a water cooler 
bonded to the PMs. Thermal interface material 
(TIM) is widely used for this bond, and thermal 
grease has typified such material [1]. However, 
the thermal conductivity (k) of commercial 
thermal grease is typically about 4 W/mK at 
maximum, which worsens the total Rth of PMs. In 
addition, a problem has been reported that 
grease is easily pumped out during the operation 
of PMs [2]. Thus, sintered silver (s-Ag) bonding 
has been actively studied due to its high k and 
high melting point [3,4]. However, the maximum 
bonding area is limited to approximately 10×10 
mm because many cracks are easily induced by 
thermal stress [4]. 

The authors propose liquid metal embedded 
elastomers (LMEE) as a candidate for TIM to 
solve the above problems. LMEE consists of a 
silicone elastomer embedded with liquid phase 
eutectic gallium indium. LMEE typically exhibits a 
fracture strain of 300%, k = 10 W/mK, and a 

Young’s modulus of 0.4 MPa. In particular, this 
higher k than that of grease is likely to be 
attractive for achieving low Rth [5].  

In this study, the Rth of a LMEE-bonded PM 
and water cooler assembly was observed during 
a thermal shock test (TST). The next section 
describes the experimental setup in detail. In the 
last section, we show the effectiveness of LMEE 
on the Rth durability. 

2 Experimental methodology 

Fig. 1 shows a cross-sectional sketch of the 
structure used in this study. <SiC= denotes silicon 
carbide, and <AMB= denotes a silicon nitride 
ceramic plate sandwiched with copper plates. 
SiC chips were bonded onto the AMB at 300 °C 
by using s-Ag (average diameter: 18 nm) for 10 
minutes under a pressure of 30 MPa (CYPM-200, 
manufactured by SHINTOKOGIO, LTD, Aichi, 
Japan). Lead flames were bonded onto the top 
surface of the AMB by soldering with Sn-Ag3%-
Cu0.5% system at 230 °C in the formic acid 
reduction atmosphere. Then, wedge Al wire 
bonding was performed between the flame and 
the SiC chips surfaces in an air atmosphere. 
These bonded bodies were molded with epoxy 
resin, and finally the molded bodies, each 
representing a PM in actual use, were bonded to 
water coolers with s-Ag and LMEE. For s-Ag 
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bonding, 210°C for 10 minutes under a pressure 
of 20 MPa was used, while for LMEE bonding, 
150°C for 30 minutes under a pressure of 0.1 
MPa was used. The dimensions of the bodies are 
listed in Table 1.  

 

Figs. 2 show the cross-sectional images of the 
material interfaces in an assembled structure. 
Figs. 2 (a) and (b) are the scanning electron 
micrography (SEM) images of a s-Ag layer, while 
Figs (c) and (d) are optical microscope images. 
SEM could not be used to charge up the LMEE. 
The s-Ag layer shows a porosity of ρ = 16.5%, 
determined from the binarized image of Fig. 2 (b).  

The assemblies were placed in a commercial 
chamber (TSA41-EL-A, manufactured by Espec, 
Osaka, Japan), and the TST cycling was from 
−40°C to 125°C maintaining 30 minutes at each 
temperature for up to 1000 cycles. Rth was 
evaluated at TST 100-cycle intervals by transition 
thermal resistance measurement (A07M355, 
manufactured by Coper Electronics Co., Ltd., 
Kanagawa, Japan). 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

Table 1 The dimensions of each part（Unit: mm) 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Cross-sectional schematic view of an  

evaluated assemble. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 Typical cross-sectional images of an 

assembled structure. (a): Overall picture and  

(b): microstructure of s-Ag observed with SEM. 

(c):Overall picture and (d): magnified picture of 

LMEE with an optical microscope.  

 



 

3 Results & Discussion 

Fig. 3 (a) shows the Rth measurement results at 
every 100 cycles of the TST. The vertical axis 
represents the increase rate of Rth, rth, which is 
defined by the measured increase of Rth divided 
by the initial Rth. The initial Rth value of s-Ag and 
LMEE was almost identical, suggesting that 
LMEE has almost the same heat dissipation 
capacity as s-Ag, but rth completely differed 
between these two materials. For s-Ag, as shown 
in Fig. 3 (a), rth jumps up by about 10% just after 
100 cycles of TST, and reaches 35% after 300 
cycles of TST. This durability is not satisfied at all 
with the requirement on the Rth failure 
requirement in the EV market, i.e. 20% [6]. In 
stark contrast, however, the rth for LMEE is 
approximately 4.1% even after 1000 cycles of 
TST. This means that LMEE has the excellent 
capacity as TIM to meet the requirement on the 
Rth failure requirement in the EV market. 

 

Fig. 3 (b) shows the scanning acoustic 
tomography (SAT) image of s-Ag detected at 
bonded area after 300 cycles of TST (IS-350, 
manufactured by Insight k.k. Co., Ltd., Tokyo, 
Japan). The SAT image was obtained using an 
ultrasonic probe with 25 MHz. In the SAT image, 
a black-colored area shows bonded, while white 
and pale gray color means delamination. 
Therefore, the delamination was considered to 
increase rth of s-Ag shown in Fig. 3 (a). 

 

 

Finite element analysis (FEA) was conducted to 
understand the out-of-plane deformation 
distribution, using software, FEMTET, in which 
simulation a cyclic temperature between -40 °C 
and 125 °C was set to the ambient atmosphere 
as a driving force of induced stress. The material 
characteristic values used for the FEA are listed 
in Table 2. In LMEE, elastic behavior was 
considered [5], In s-Ag the elastic-plastic 
behavior, as shown Fig. 4 [7].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Material mechanical properties used in 

FEA. Young’s Modulus of the s-Ag shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3 (a) Rth measurement results during the TST. 

 

 

Fig. 3 (b) SAT image of s-Ag at bonded area after 

300 cycles of TST. Red dash-square is bonded 

surface area. 



 

Figs. 5 depicts the FEA results for high (150 °C) 
and low (-40 °C) temperatures. The displacement 
diagram in FEA is the vertical axis component, 
shown as figures multiplied by 30. The s-Ag 
deforms more than 100 μm with temperature 
change, as shown Fig. 5 (b). In contrast, The 
LMEE only deforms less than 10 μm, as shown 
Fig 5 (c). Therefore, the s-Ag is considered to 
have degradation because of its greater 
displacement than LMEE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

High temperature (150 °C) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

FEA model 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 (a) simulation model in FEA. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4 S-S curves for each temperature 

with s-Ag [7] in FEA. 

 Low temperature (-40 °C) 

 

Fig. 5 (b) The out-of-plane deformation 

distribution with s-Ag in FEA. 



 

 

 

As for our future work, TST is not the only 
reliability test in the EV market, and accordingly 
we will conduct vibration tests, high-temperature 
storage tests, and humidity tests to verify LMEE’s 
reliability potential.  
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High temperature (150 °C) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Low temperature (-40 °C) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 (c) The out-of-plane deformation 

distribution with LMEE in FEA. 

 


