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Abstract: To assess the rationality and reliability of the finite element model, finite element analysis and test were 

performed on the braze residual stress between two materials with different expansion coefficients. The samples used in this 

paper were obtained by welding tungsten - copper wafers and kovar wafers. The finite element analysis method and stress 

testing method are introduced briefly. In order to describe the welding process, this paper uses several related equations to 

illustrate the simulation calculation, and introduces the complex analysis process of the test method, and briefly introduces the 

processing method of the test data. The test results mainly include the residual stress values corresponding to different depths on 

the drilling path, and the stress state at this position is expressed by tensile stress and compressive stress. The results of finite 

element simulation analysis are comprehensive. In order to compare with the test results, the direction and size of tensile stress 

and compressive stress of the section are selected. The results of test are consistent with those of finite element analysis. It was 

suggested that the residual stress obtained from the finite element model is feasible and can be referenced to understand the 

residual stress of the actual devices. Then an example is given to verify the consistency of the two methods. 
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1. The Introduction 

Residual stresses will be inevitable in the interior of the 

object after the materials with different thermal expansion 

coefficients are welded together. The magnitude of these 

residual stresses in the shell affects the reliability of the 

encapsulated device. If the residual stress inside the shell is 

too large, deformation, cracking and air leakage of the 

encapsulated device will be caused, seriously affecting the 

reliability of the device and even lead to device failure. To 

effectively assess the reliability of the shell, Many experts at 

home and abroad have done pioneering research. Morgan first 

proposed the calculation example of thermal stress and 

thermal strain in multilayer electronic package in 1991. The 

use of metal-solder-metal three-layer structure, considering 

the influence of solder, proved the feasibility of finite element 

(FEM) in package stress calculation [1]. Now various types of 

finite element analysis software were used to predict the 

residual stress of the shell after fiber welding, which is 

recently a common method for shell reliability assessment 

[2-5]. However, the theoretical residual stress of the shell is 

obtained using this method. The stress is required to be tested 

quantitatively to verify the rationality of the finite element 

simulation model. 

The methods for measurement of residual stress mainly are 

mechanical release method and non-destructive method [6]. 

In this study, the blind hole method as a mechanical release 

method was adopted to test the residual stress of the brazed 

sample using the stress tester, and the stress generated in the 

soldering process of the sample was analyzed using the finite 

element analysis software ABAQUS. By comparing the test 

results with the simulation results, the rationality of the finite 

element model was verified. 

2. Sample Structure 

The samples were welded together with silver-copper 

solder using materials with different thermal expansion 

coefficients. The shrinkage of different materials during solder 

solidification is inconsistent, leading to the formation of 
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residual stress zone at the interface of heterogeneous materials. 

The structure and size of the sample are shown in Figure 1, 

composed of rounded flake 1 and rounded flake 2 and solder. 

Rounded flake 1 of the sample is kovar (4J29), rounded flake 

2 is tungsten copper (WCu15), and the solder is AgCu28. 

 

Figure 1. Structure and sizes of the sample. 

3. Finite Element Analysis 

3.1. Calculation 

The residual stress of sample after brazing was analyzed 

using finite element method. To improve the calculation, it 

was assumed that the plasticizing point of solder is in the “zero 

stress state” during brazing, and the temperature difference 

between temperature and room temperature is taken as the 

temperature load. Besides, thermal radiation was assumed as 

the only heat conduction way in the process of rising and 

cooling. The whole sample geometry model was taken as the 

solution region, and the stress value obtained acted as the 

residual stress [7], Secondly, the material deformation in the 

whole brazing process was assumed as an ideal linear elastic 

deformation without plastic deformation. The physical 

parameters of the material are listed in Table 1. 

Table 1. Physical capability of material. 

Material W85Cu 4J29 

Coefficient of Thermal Expansion (ppm/°C) 6.7 7.85 

Elasticity (GPa) 117 170 

Poison's Ratio 0.27 0.27 

Conductivity [W/(m·k)] 180 16.4 

Specific heat [J/(kg·K)] 134 460 

Density (kg/m3) 17740 8170 

Since the solder parts are thin, the stress distribution has 

small impacts on other parts, so the solder was ignored when 

modeling [8, 9]. Moreover, the welding interface was 

assumed to be closely connected to the ideal surface. In the 

process of soldering, the temperature of “zero stress state” was 

810°C. The temperature of the residual stress of the simulation 

was 25°C. 

3.2. Computational Process 

After the binding of different materials, the state of the 

object was calculated by the equilibrium equation of 

temperature displacement, the thermal radiation equation, the 

heat expansion equation, and the boundary equation [10]. The 

meaning of parameters in the formula is shown in Table 2. 

Table 2. The meaning of parameters in the formula. 

parameter meaning 

τ Conjugate pairing of material stress 

δ 

Virtual quantities are infinitesimally small variations of 

physical measures, such as displacement, strain, velocity, 

and so on. 
ε Conjugate pairing of material strain 

t The surface traction vector 

v The velocity field vector 
f The body force vector 

ρ The current mass density 

U The internal energy per unit mass 
θ temperature 

k The thermal conductivity matrix 

r The heat generated within the body 

q 
The heat flux per unit area of the body, flowing into the 

body 

F The geometrical viewfactor matrix 
σ The Stefan-Boltzmann constant 

η emissivity 

α Coefficient of Thermal Expansion 
φ The finite rotation vector 

N A set of N vector interpolation functions 

u displacement 
g Indicate output variations 

 

���
�
���

� τ�: δεdV�� � � t� · δvdS� � � f � · δvdV�� ρU� δθdV� � � ���� · k · ��� dV� � � δθrdV� � � δθqdS�$ � � δθq%dS�&q% � '()*+,)*-. /0θ1 2 θ3 56 2 0θ 2 θ3 567
ε89 � α;θ, f=>0θ 2 θ5 2 α;θ?, f=? >0θ? 2 θ5δxA � δxB � δΦB D 0xA 2 xB5 � δyFeF

                       (1) 



www.manaraa.com

 Journal of Electrical and Electronic Engineering 2019; 7(3): 75-81 77 

 

��
�IIJ � � βJ: τ�dV�� 2 � NJ� · tdS� 2 � NJ� · fdV� � 0

I�N � )∆P � QRS0TPU∆P-TP5V�W ,� XYRXZ ·[·X\XZV�W- � QR%V�W -� QR]V�^$ -� QR]_V�^& � 0                         (2) 

��
��
��
�
��
��
�� KIIJQ � �?ab�IY � � =aab :caa:=aaY V��W� ,� de:XfaabXaY V��W�- � Qbg ·0 XPXaY,8 )+_ X+_XaY5V�^ -� Qbg ·0 XhXaY,i)j XjXaY5V�WKI�Jk � �?ab��l � � βI�J : HI�: βI�k dV�� � � τ�: �=a\b��l dV��K�INQ � �?\R�IY � 0

K��Nk � �?\R��l � )∆P � QRS non\lV�W ,� XYRXZ ·[·XYlXZ V�W ,� XYRXZ · XpX\l·X\XZV�W- � QR XqX\lV�^$ -� QR Xq_X\lV�^&RIJ � 2IIJ � � NJ� · tdS� � � NJ� · fdV� 2 � βJ: τ�dV��R�N � 2I�N � � QR%V�W ,� QR]V�^$ ,� QR]_V�^&- )∆P � QRS0TPU∆P-TP5V�W -� XYRXZ ·[·X\XZV�W

                     (3) 

sKII,FJQ KI�,FJk
K�I,FNQ K��,FNk t uΔuF,.∆θF,.x � yRI,FJR�,FN z          (4) 

u8,F,. � u8,F � ∆u8,F,.              (5) θ8,F,. � θ8,F � ∆θ8,F,.               (6) g8,F,. � f|0u8,F,., θ8,F,.5             (7) 

When }∆u8,F,.} ~ � ��� }∆θ8,F,.} ~ �,  g8 � g8,F,.                   (8) u8,∆8, � fI0u8,F,., ∆t5               (9) θ8,∆8, � f�0θ8,F,., ∆t5                (10) 

3.3. Analysis of Simulation 

According to the simulation results of the finite element 

model, the simulated stress values corresponding to different 

depths in the borehole path during the sample test, as shown in 

Figure 2, could be obtained. 

 

Figure 2. Indication of drill path in stress simulation. 

Figure 3 shows the simulated values of tensile stress 

corresponding to different depths on the drilling path of the 

sample, and Figure 4 shows the simulated values of 

compressive stress. 

 

Figure 3. Simulated Max Principal stress on drill path. 

 

Figure 4. Simulated Min Principal stress on drill path. 

4. Stress Test 

4.1. Test Method 

Pinhole method is a mature and reliable method to measure 

residual stress, which has hign precision, low damage to 

structure and easy operation [11]. In the test sample (as shown 

in Figure 1) on the surface, strain gages were used, and 

borehole strain gauge position was made correspond to the 

circle of the sample. Subsequently, the leads on the strain 

gauge data gathering line were welded together, the rig 
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location was adjusted, blind hole was drilled in the size of 

Φ2.0mm ×1.5mm, and the stress testing platform was used to 

collect and record the strain release a quantity to the drilling 

path. 

4.2. Basic Principles 

The basic principal of the blind hole method for measuring 

residual stress is that in an isotropic material with residual 

stress, the residual stress field in a local area will be uniform. 

After drilling a small hole, the continuity of the material was 

destroyed, and the radial stress at the hole edge dropped to 

zero, causing the redistribution of the stress field near the hole 

area [12, 13]. In this study, the static strain measurement 

method was adopted, the strain value was measured by the 

strain gauge combined with the strain gauge tester, and then 

the residual stress was calculated in accordance with the 

elastic mechanics theory. Usually, the surface residual stress is 

a state of plane stress, containing two principal stresses and 

one principal direction Angle, i.e. three unknowns, as shown 

in Figure 5. The analysis of plane stress state with complex 

numbers is presented as follows [14, 15]: 

 

Figure 5. Instruction of stress. 

���
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                   (13) 

G � ��0.,�5                       (14) 
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4.3. Test Steps 

The experimental equipment for stress testing is shown in 

Figure 6, and the specific operation steps are as follows: 

 

Figure 6. The stress tester. 

1. The sample surface was cleaned. Oil stains were 

removed from the surface of the sample with an oil 

remover, and then the sample was wiped dry with a 

gauze. The measuring surface of the sample was grinded 

with coarse and fine sandpaper, respectively, and the 

measuring surface was cleaned. 

2. Strain gauge was pasted. The strain gauge was tightly 

stuck on the workpiece to be tested. 

3. Welding. The lead wire was welded on the strain gauge 

to the data acquisition line. 

4. Fix the drill floor. The drill bit could be aligned with the 

stress measuring point by adjusting the relative position 

of drill floor and strain gauge. 

5. System calibration. The data collector and computer 

software were run, making them in the state of receiving 

signals; a new test file was created, and strain gauge 

information was inputted. 

6. Drilling. The sample was drilled from the measuring 

point using a compressed air driven drill. After drilling 

slowly to a certain depth, when the real-time monitoring 

value of strain is constant, the corresponding data of the 

depth will be recorded. 

7. Analysis. The actual stress value was obtained by 

analyzing the recorded data with software. 

4.4. Test Results 

Figure 7 shows the values of tensile stress and compressive 

stress of the samples obtained from the data acquisition 

system software StrainSmart. 

 

Figure 7. Max Principal stress and Min Principal stress measured by StrainSmart. 

5. Consistency Analysis of Test and 

Simulation    

The direction of simulated tensile stress on the section 

where the borehole path of the sample is located is shown in 

Figure 8. The corresponding StrainSmart tensile stress test 

value and the simulated tensile stress value of ABAQUS are 

shown in Figure 9. 

 

Figure 8. Direction of Max Principal stress on the plane of drill path. 
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Figure 9. Max Principal stress of test and simulation. 

Figure 9 suggests that the tensile stress value of the sample 

measured by StrainSmart is consistent with corresponding 

simulation result. 

Figure 10 shows the direction of simulated compressive 

stress on the section where the drilling path of the sample is 

located, and Figure 11 shows the corresponding SrainSmart 

compressive stress test value and the ABAQUS tensile stress 

simulation value. 

 

Figure 10. Direction of Min Principal stress on the plane of drill path. 

 

Figure 11. Min Principal stress of test and simulation. 

Figure 11 suggests that the compressive stress value of the 

sample measured by StrainSmart is consistent with the 

corresponding simulation result. 

6. Test and Simulation of Thermal Sink 

Residual Stress of Package Shell 

The same method was employed to test the residual stress of a 

package shell heat sink. The test equipment and test results are 

shown in Figure 12. The Abaqus software was also used to 

simulate the thermal stress along the drilling path, and the 

simulation model and calculation results are shown in Figure 13. 

 

 

Figure 12. The stress test of heatsink. 

 

 

 

Figure 13. The stress simulation of heatsink. 

The direction of simulated tensile stress on the section 

where the drilling path of heat sink is located is shown in 

Figure 14, and the direction of simulated compressive 

stress is shown in Figure 15. The stress test value of 
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ABAQUS are shown in Figure 16. Figure 16 suggests that 

the stress state reflected by the test value and the simulation 

value are close. 

 

Figure 14. Direction of Max Principal stress on the heatsink section of drill 

path. 

 

Figure 15. Direction of Min Principal stress on the heatsink section of drill 

path. 

 

Figure 16. Stress of test and simulation on heatsink. 

7. Conclusion 

To measure the residual stress of the sample, the blind 

hole method was adopted. According to a comparative 

analysis of the numerical values of tensile stress and 

compressive stress obtained from the simulation and test, 

the simulation results are well consistent with those of the 

test, verifying the approximation between the finite element 

model and the actual sample and, to a large extent, 

reflecting the rationality and reliability of the finite element 

model. Because material parameters used in the simulation 

model and the application of the analysis steps have a wide 

range, the verification test improved the reference value of 

the finite element model for the analysis of brazing residual 

stress, thus developing a more effective analysis method for 

understanding the rationality and reliability of device 

structure and size design. 

As the stress of the test equipment requires the sample to be 

in a plane state with a large area, it is insufficient to use the 

equipment for the actual test. However, the residual stress test 

of some shell heat sink helps to know the stress state and 

rough stress of the test position in detail. 
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