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Abstract 

 

This paper primarily investigated the effect of the different half-bridge module 

layouts for   Hybrid electric vehicle (HEV/EV) on the reliability. Throughout the 

investigations, computational simulations were carried out on two different 

simplified half-bridge modules. The viscoplastic constitutive model Anand was 

employed in this case to calculate the plastic strain in the solder under thermal 

shock cycling loading. The scope of the research was broadened by selecting the 

various solder materials, which were subjected to power and thermal shock cycle 

loading. Hereby, the material data from SAC105, SAC205, SAC305, SAC405 and 

Sn36Pb2Ag were chosen and implemented in Ansys. To reduce the computational 

time, 2D models replaced the 3D models. Additionally, metallurgical investigations 

were carried out to highlight any additional effects, which influenced the joint 

reliability.  

 

 

Introduction 

 

Designing for reliability is one of the key factors to avoid the massive warranty cost 
and to obtain customer satisfaction at a high level. This fundamental concept is 
also valid for half- bridge module used for HEV/EV. A solder joint failure in a half-
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bridge module is a serious incident. The use of the ideal substrate materials will 
positively influence the degree of solder joint stress-strain development when 
temperature changes [1] [2].  Using a proper thermal management system, the 
half-bridge module is able to survive the harsh test and operation conditions. 
Especially, solder suffers extremely from the impact of heat fluctuation due to the 
mismatch of the coefficient of thermal expansion (CTE) of the connected materials. 
Solders are metal alloys, which are fusible under a certain temperature, and in 
general, they are mechanically soft. Their microstructures are often unstable at 
operating temperatures due to the recrystallization processes, which can start at 
low temperature [3]. Solder alloys are used to join two parts together and to 
provide an electrical interconnection between the two parts [4]. Thermal stresses 
occur due to differences in CTEs of the metal parts and the solders. The lifetime of 
the solders will be reduced due either creep or/and fatigue mechanisms which also 
cause additional stresses in the solder. Creep is defined as a flow of material. 
Cracks growths and propagates happen in the fatigue mechanisms due to 
repeating mechanical loading. In thermal loading, both creep and fatigue 
mechanisms are the driven factors in reducing the lifetime of solders. At higher 
temperature, creep dominates over fatigue. 
 

Soldering and wire bonding are two of the joining technologies [5] used in the 

power modules industry. In the past, solder was made with lead because it was a 

relatively cheap material and it is well suited for the application purpose. On the 

other hand, it is a toxic chemical element causing damage in the ecosystem when 

lead inside from electronic products leaches into the soil of the landfill [6]. Lead is 

classified as a hazard material and therefore “Restriction of Hazardous Substances 

Directive” has banned lead from electrical and electronic components since 1
st
 July 

2006 [6]. Tin-silver and copper (SAC) solder alloys were developed to replace lead 

solder alloys. It has become one of the most used solder alloys in the electronic 

industry [7] [8]. At present, the creep behaviour and lifetime expectation of these 

lead free solders are still poorly understood under the influence of temperature 

fluctuations. Therefore, much effort is being expended in time-consuming 

experimental investigations as well as simulation activities [9] to obtain data on the 

creep behaviour and the lifetime expectation.  

 

The most common solder –substrate intermetallic compound is tin-copper (Sn-Cu). 

The interfacial Cu-Sn intermetallic compound (IMC) forms and grows during 

soldering as well as during their use. Within a few seconds, the solder closest to 

the copper surface is supersaturated with copper. As a result, intermetallic crystals 

with the composition Cu6Sn5 are precipitated on the copper surface [10] [11]. The 

newly formed layer has an uneven thickness between 0.5 and 2 μm. Crystals with 

Cu3Sn are also formed at the Cu6Sn5/Cu interface, which is difficult to detect 

because of their thin layer [12] [13] [14] [15]. The amount of crystals Cu3Sn can 

increase to 30-50% of the intermetallic layer after aging solder at temperature 

above 100   C [16] [17] [18] [19]. A continuous layer of Cu3Sn can be detected at a 
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thickness of 5-7 μm. Further studies about the effect of other elements on 

intermetallic layers are reported in [20] [21] [16] [22]. Intermetallic layer growths 

play a significant role in the solder joint reliability. Intermetallics are needed; 

however, it can lead to embrittled joints [23] and unsolderable components. 

Kirkendall void is a type of defects caused by impurities in the copper and it 

influences the reliability of the solder joints. Kirkendall void was not detected at 

high purity copper soldered with pure Sn or pure SnAgCu. However, it was 

observed at electrolytic and electroless deposited copper attached with Sn and 

SnAgCu solders [13].   

 

A material subjected to a constant load or stress undergoes progressive plastic 

deformation over a period. This time dependent phenomenon is called creep. A 

classical creep curve is illustrated in Figure 1, which is divided into three regions, 

namely the primary creep, secondary creep and the tertiary creep. At the primary 

region, the initial high strain rate decelerates with increased time due to work 

hardening until it maintains almost constant. The secondary region begins where 

hardening and annealing is in balance. This region is well understood for many 

materials. In the tertiary creep region, the strain rate exponentially increases until 

the material will rupture [24].  

 

 

 

Figure 1: classical creep curve  
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Modelling methodology 

 

Model designs 

 

Modeling is an extremely useful tool in the early design stage.  The advantages 

of modeling are the cost reduction in the product development and the reduction of 

project time as well as enhancement of engineering knowledge without 

experimental tests. The project aimed to obtain a better understanding of the effect 

of the design layout on product reliability. The emphasis was on simplifying the 

assembly model, which led to a model made of signal leads, power leads, solder 

and the electric board. 3D models were used to consider the cross-module bending 

moments. Two different layout versions A and B are illustrated in Figure 1. At 

Version A, one power lead is positioned between three signal leads on the left and 

three on the right in the back view. In the front view, there are two power signals at 

the left hand side and two signals leads on the right. In version B, there are seven 

signal leads in the back view and three power leads in the front view.  

  

  

Figure 2: Simplified Designs for steering power module. Left: Version A and Right: Version B 

A further simplification of modelling took place with the positive end effect of an 

additional reduction in computational time to make comparisons between various 

SAC and Lead – based solders. As illustrated in Figure 2, the simplified model 

consisted of only one signal lead, solder and copper board in a 2D model version 

and 3D model version.  
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Figure 3: 3D and 2 D models made of signal lead, solder and copper board 

Anand is a viscoplastic constitutive model, which unified the plasticity and creep. 

This model is often chosen for characterising the thermal–mechanical behaviour of 

solders in electronic assemblies in FEA. Many previous simulations have been 

carried out with Anand constitutive model [4, 25].  It consists of a flow equation and 

three evolution equations. More details about the Anand constitutive model are 

explained in [9] [4].    

 

Table 1: Anand parameters for various solders [12] [13] 

 

 
 

 

ANSYS workbench 14.0 was the chosen finite element program for simulating 

the thermal – mechanical behaviour of various types of solders including 

hypoeutectic lead-free solders SAC105, SAC205, SAC305, SAC405 and lead 

solder Sn-36Pb-2Ag. Temperature loadings “thermal power cycles (80 to 150 
o
C)” 

and “thermal shock cycles (-40 to 125 
o
C)” were employed to generate the thermal 

Symbols Units SAC105 SAC205 SAC305 SAC387 SAC405 Sn36Pb2Ag

S0 MPa 2.348 6.6 2.15 3.299 1.3 12.41

Q/R K
-1

8076 8500 9970 9883 9000 9400

A S
-1

3.772 500 17.994 15.773 500 4000000

ξ 0.995 4.3 0.35 1.067 7.1 1.5

m 0.445 0.16 0.153 0.367 0.3 0.303

h0 MPa 4507.5 6100 1525.98 1076.9 5900 1379

S^ MPa 3.583 28.7 2.536 3.151 39.4 13.79

n 0.012 0.04 0.028 0.035 0.03 0.07

a 2.167 1.3 1.69 1.683 1.1 1.3
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stress in solder. The temperature profile for thermal power cycles (80 to 150 
o
C) 

followed a typical zigzag profile (as illustrated in Figure 3 on the left side) whose 

first ramp up rate of 700 C/s heats up the assembly from 80 °C to 150°C within 

0.1s followed by a second cooling rate of 7 °C/s for 10s. For the thermal shock 

profile (shown in Figure 3 on the right side), the ramp rates for heating and cooling 

the assembly between the temperature extremes of -40°C and 125°C takes 15s. 

The dwell time for both extremes is 30 min. 

   

 
 

Figure 4: Power Cycle (80 to 150 
o
C) on the left and Thermal Shock Cycle (-40 to 125 

o
C) on the right 

The type of mesh and the number of elements determine the degree of 

accuracy, the success of convergence and the duration of the simulation [26]. The 

3D models were meshed structurally using a solid186 element. This higher order 

3D element is defined by 20 nodes and allows to exhibit quadratic displacement 

behaviour [27]. 

The minimum number of sub steps was set at 5 and the maximum number was 

20 for all load steps achievable by using the multistep function available in 

workbench 14.0. For the 2D model simulation, the higher order plane183 was 

selected with six notes element. The contact regions for all parts were set to be 

bonded. The bottom of the copper board has zero degree of freedom.  
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2D Model  3D Model 

Figure 5: 2D and 3D models of Copper-Solder-Copper assembly 

 

Experimental and Metallography 

 

In this study, several lead signal – solder– board assemblies were fabricated and 

underwent thermal shock cycles. The thicknesses of the samples were similar to 

the industrial settings. Signal Lead and board was made of copper with 99.9% 

purity. SAC 305 made of 96.5% tin, 3% silver and 0.5% copper was used as a 

solder whose meltin  point is 21    C [28]. The surfaces of the metallographic 

specimens were prepared by polishing before optical microscopy on Reichert 

MeF3 was carried out. Nikon camera DS-Fi1 with support of Nikon Elements D 

software captured the images.  

 

Results 

 

The simplified half-bridge modules Version A and Version B underwent five thermal 

shock cycles whose computational outcomes are illustrated in Figure 6. The picture 

on left illustrated the contour plot of plastic strain for Version A. The contour plot of 

the plastic strain for Version B can be seen on the left.  

 

Figure 7 compared the version A to version B in terms of the maximum plastic 

strain in the signal lead and power lead. It was noticeable that the solder used for 

bonding the signal leads to the copper board performed around 20% higher plastic 

strain at version B. This would have significant impact to the lifetime of the solder. 

A numerical artifact can be seen at the first thermal shock cycle since the plastic 

strains for both signal leads are higher than the following ones which is practically 
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not possible. The reason is that plastic deformation is not able to recover after 

removing the loading. 

  

Figure 6: Plastic strain distributions in the solders in Version A (left) and Version B (right) 

 

 

 

Figure 7: Comparison of the average plastic strain occurred in signal and power lead at version A and 

version B under thermal shock loading 
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To extend the knowledge about the impact of thermal shock cycle on the solder, 

further computational simulations were carried out with higher numbers of cycles 

on various type solders with 3D model and 2D model.  

 

In Figure 8, the maximum plastic strain was plotted over number of thermal shocks. 

The plastic strain curves for SAC305 and Sn-36Pb-2Ag obtained with 3D model 

and 2D model are shown in this graph. The simulation for SAC 305 (2D) 

overestimated the plastic strain in compare to the 3D model, whereas, for Sn-

36Pb-2Ag, the 3D model has a lower plastic strain value in compare to the 2D 

model. At 100 cycles, the maximum plastic strain of 1.86 occurred at SAC 305 (2D) 

is almost three times higher than the 3D Version (0.607). In the case of Sn-36Pb-

2Ag, the 2D model shows almost 20% higher maximum strain rate in compare to 

the 3D model at the final cycle. This finding concludes that the 2D model has the 

tendency to calculate a higher strain rate as the 3D model, which needs to be 

considered for the lifetime calculations to avoid an underestimation.   

At this stage, an explanation for this different result is not known and need further 

investigation.  

 

 

Figure 8: Comparison of maximum equivalent plastic strain between SAC305 and Sn-36Pb-2Ag over 

100 thermal shocks cycles: (●) Sn-36Pb-2Ag (3D), (●) Sn-36Pb-2Ag (2D), (■) SAC305 (3D) and (■) 

SAC305 (2D))  
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With the consideration of the 2D overestimation, further simulations were carried 

out based on the 2D model principle to identify which type of solder exhibited the 

highest plastic strain resistance under the thermal shock conditions.  

Figure 9 illustrated several plastic strain curves from SAC105, SAC205, SAC305, 

SAC405 and, Sn-36Pb-2Ag. The highest creep resistance can be found at SAC405 

in contrast to Sn-36Pb-2Ag. The plastic strains of the solder alloys SAC105, 

SAC305, SAC387 and SAC405 are almost similar until around 400000 s where the 

plastic strain rate started to different for each solder. A well-deformed primary 

stage exits at all solders. The secondary stage is well defined at almost all solders 

except SAC305.  

 

 

Figure 9: 2D Comparison of maximum equivalent plastic strain for various solders over time (300 

cycles): Sn-36Pb-2A  (●), SAC105 (■), SAC205 (▲), SAC305 (x), SAC387 (), SAC405 (). 

 

Additionally, a set of simulations was undertaken using power shock loading. In  

Figure 10, the outcomes of the simulations using Power cycles can be seen for 

various solders. As expected, the SN-36Pb-2Ag possessed the lowest plastic 

strain resistance. Surprisingly, SAC305 responded very well followed by SAC387 

in terms of plastic strain resistance. The plastic strain of Sn-36Pb-2Ag at 300 

cycles was around 4.5 times higher than the SAC305. 
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 Figure 10: Equivalent plastic strain for various solders versus number of power cycle 1 (300 cycles). 

Data points are equivalent plastic strains obtained from Anand modeling for solders: Sn-36Pb-2Ag (●), 

SAC105 (▲), SAC205 (), SAC305 (■), SAC387 (-), SAC405 (+). 

 

By analysing the evolution of plastic strain in the solder, it was noticed that  the 

highest equivalent plastic strain always starts at the corner of the solder join and 

then the string vertically propagated.  

 

 

Figure 11- Contour plots after 1200 thermal shocks 
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Finally, the focus was to predict the optimal thickness of the solder. This result was 

shown in Figure 12 where the plastic strain is plotted over solder thickness. 

SAC305 was selected to calculate the ideal thickness at 10 cycles under thermal 

shock condition. A comparison between the 2D model and 3D model was also 

undertaken. 

 

Figure 12:  Optimization of solder thickness using 2D And 3D models 

According to Figure 12, the ideal thickness seemed to be in the range 200-400 µm 

for 2D and 3D. Any dependencies of geometry and thermal condition on the ideal 

solder thickness are not known.  

 

Metallurgy investigations were carried out to highlight any other effects, which 

would lead to a reduction of lifetime [29] [30]. The samples underwent thermal 

loading (thermal shock). Illustrated in  

Figure 13, several materials related phenomenon occurred which will have a huge 

impact on the joint reliability. One of them was the formation of groove occurred at 

100 cycles. Another one was Kirkendall voids formed after 300 cycles due to faster 

diffusion of Cu than Sn, which results in a formation of porous Cu/Cu3Sn interface 

and Cu3Sn layer. 

 

 At 450 cycles, Cu3Sn IMC layers were visible behind Cu6Sn5 IMC layer. A 

degradation of IMC layer was detected at 600 cycles.  
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Formation of Kirkendall voids Occurrence of Groove 

 

Formation of intermetallic Layers 

 
Figure 13: Side view SEM images showing Kirkendall voids, Groove and intermetallic layers Cu3Sn and 

Cu6Sn5 
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Conclusions 

 

 The layout of signal lead and power lead significant affect the product 
reliability and therefore needs to be considered in the design phase. 

 

 SAC405 has the highest creep resistance under thermal shock, whereas 
Sn-36Pb-2Ag performed the worst among the soldiers.  
 

 In terms of the power cycle, SAC305 possesses the highest creep 
resistance, whereas SN-36Pb-2Ag shows the lowest creep resistance 
again.  
 

 The ideal material would be SAC305 since the power cycles have a much 
higher impact on the joint reliability than thermal shock cycles [9]. 

 

 It is recommended that the solder thickness ranged between 200 µm and 
400 µm. 

 

 Degradation of ICM noticeable at 600 cycles 
 

 Kirkendall voids reduced the joint reliability and is an indicator of the 
degree of impurity in the copper. To obtain a higher joint reliability, it is 
important to choose high quality of copper materials   
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