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Abstract. In electronic packaging, typically two or more thin dissimilar plates or layers are bonded together by an 

extremely thin adhesive bond layer.  Electronic assemblies are usually operated under high power conditions which 

predictably produces a high temperature environment in the electronic devices. Therefore, thermal mismatch shear 

and peeling stress inevitably arise at the interfaces of the bonded dissimilar materials due to differences in Coefficient 

of Thermal Expansion (CTE) typically during the high temperature change in the bond process. As a result, 

delamination failure may occur during manufacturing, machining, and field use. As such, these thermo-mechanical 

stresses play a very significant role in the design and reliability of the electronic packaging assembly. Consequently, 

critical investigations of interfacial stresses under variable load conditions in composite structure can result in a better 

design of electronic packaging with higher reliability and minimize or eliminate the risk of functional failure. In order 

to formulize bond material selection, analytical studies are carried out in order to study the influence of bond layer 

parameters on interfacial thermal stresses of a given package. These parameters include Coefficient of thermal 

expansion (CTE), poison’s ratio, temperature, thickness, and stiffness (compliant and stiff) of the bond layer. From 

the study, stiffness and bond layer thickness are identified as the key parameters influencing interfacial shearing and 

peeling stresses. The other parameters namely CTE, poisons ratio has shown insignificant influence on interfacial 

stresses due to the very thin section of bond layer compared to the top and bottom layers. The results also show that 

the interfacial stresses increases proportionally with the increase of temperature in the layers. Therefore, it is very 

important that the temperature is maintained as low as possible during the chip manufacturing and operating stages. 

Since only two parameters namely stiffness and bond layer thickness are identified as the key parameters, the 

interface thermal mismatch stresses can be reduced or eliminated by controlling these two parameters only. Therefore 

the identification of suitable bond layer parameters selection with reasonable accuracy is possible even without 

performing optimization process. Finally, this paper proposes a Metal Matrix Composite (MMC) bond material 

selection approach using rule of mixture material design.  The outcome of this research can be seen in the forms of 

practical and beneficial tools for interfacial stress evaluation and physical design and fabrication of layered 

assemblies. The Engineers can utilize this research outcome in conjunction with guidelines for electronic packaging 

under variable thermal properties of layered composites. 

1 Introduction 

In electronic packaging, typically two or more thin 

dissimilar plates or layers are bonded together by an 

extremely thin adhesive bond layer. Electronic 

assemblies are usually operated under high power 
conditions which predictably produces a high temperature 

environment in the electronic devices. Therefore, thermal 

mismatch shear and peeling stress inevitably arise at the 

interfaces of the bonded dissimilar materials due to 

differences in Coefficient of Thermal Expansion (CTE) 

typically during the high temperature change in the 

bonding process. As a result, delamination failure may 

occur during manufacturing, machining, and field use. As 

such, these thermo-mechanical stresses play a very 

significant role in the design and reliability of the 

electronic packaging assembly. Consequently, critical 

investigations of interfacial stresses under variable load 

conditions in composite structure can result in a better 
design of electronic packaging with higher reliability and 

minimize or eliminate the risk of functional failure [1-10].  

 

The selection of electronic packaging materials 

(including bond layer) for optimum performance under 

thermal loading is a challenging task to minimize or 

eliminate the risk of structural failure. Therefore, there is 

a compulsion to understand the mechanism of interfacial 

stresses development in electronic packaging [7, 11]. Bi-
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layered analytical model for interfacial shear and peeling 

stress has been developed by Suhir [12] using integro-

differential equation. Suhir expressed the compatibility 

condition at the interface in terms of strain. Sujan et al 

[15, 7, 13-15] had developed a simple solution using a 

second order differential equation approach. Sujan used 

the compatibility at the interface in terms of displacement. 

For both Suhir and Sujan, Models are mathematically 

equivalent and thus lead to the same solution. The effect 

of bond layer properties and geometry would be another 

important concern in developing an optimized solution in 
electronic packaging.  

The conventional leaded bond material is found to 

have poor thermal mismatch resistance. Therefore, in 

recent years, there are novel efforts in the new 

development on lead free bond materials. On the other 

hand, particulate reinforced light Metal Matrix 

Composites (MMC) have shown great promise due to 

their outstanding tailor-made mechanical and physical 

properties. 

This research is proposed to formulate a lead free 

bond material selection approach in electronic packaging 
to estimate the best possible mechanical and physical 

properties of the bond material in relation to the 

packaging materials in order to minimize thermal 

mismatch stresses. Subsequently, MMC bond material 

selection strategy is developed by using the rule of 

mixture (ROM) design approach [16]. ROM is a method 

which is based on the assumption that a composite 

property is the volume weighted average of the total 

constituents of the material. MMC approach can be 

utilized later (which is out of the scope of this project) in 

order to synthesize the tailored sustainable bond material 

recommended by the reference model.  
The outcome of this research is in the forms of 

practical and beneficial tools for interfacial stress 

evaluation and physical design of layered assemblies. The 

Engineers can utilize this reference model in conjunction 

with guidelines for electronic packaging under variable 

thermal properties of layered composites.  

In this study a closed form model of bi-layered 

assembly is used with the up-to-date bond layer shear 

stress compliance expression [5]. The key bond layer 

properties namely Young’s modulus, coefficient of 

thermal expansion, Poisson’s ratio, and physical 
parameters like temperature and thickness are considered 

for interfacial stress evaluation. 

2 Analytical Model  

The same analytical model which has been used in paper 1 

(Title: Bond layer properties and geometry effect on 

interfacial thermo-mechanical stresses in bi-material 

electronic packaging assembly) in this conference is 
utilized for bond material selection, and design approach. 

Therefore, only brief discussion of the model and the 

findings of the paper 1 will be discussed here for the 

process. Since maximum stressed are recorded at the 

location of x/L =1 (edge), only results related to this 

location will be considered. 

Figure 1(a) shows an arbitrary location of the model 

in 2-dimensional form. Figure 1(b) shows the free body 

diagram of the full length of the model. The model is 

considered to be a unit of width in a direction 

perpendicular to the plane of the paper and the forces and 

moments are defined with respect to the unit width. 

 

 

 

 

 

 

 

Figure 1. (a) Bi-material assembly and (b) free-body diagram 

of the model 

Symbols and their meanings in this paper: 

Material or layer number, i=1, 2; E = Young’s modulus 

(N/m2); ti = Thickness (m); ∆T=120C 

i = Coefficient of thermal Expansion (1/C);                  

i = poison’s ratio; R = Radius of curvature;  
 

The key assumptions as follows: 

 Each layer can be regarded as Bernoulli beam 

 No external force acting among them. 

 Axial force due to thermal loading varies along the 

length of the bonded layers. 

 

The shear stress (x) is given by, 
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3 Numerical example:  

Table 1 shows the parameters used to calculate the 

interfacial stresses by using the analytical approach. The 

length of the assembly is 2L = 0.005 m. The temperature 

changes, ∆T is taken at 120C in this computation. 

Table 1. Material properties and dimension  

 

4 Results and Discussion   

The shearing stress and peeling stress are calculated using 

eq. (1) and eq. (2) respectively. The results are plotted in 

Figure 2 to Figure 5 and Table 3 to Table 4.The 

interfacial stresses are tabulated from x/L = 0.91-1.0, 

since the stress values are significantly high in the 

vicinity of the edge. The maximum shearing stress and 

peeling stress are recorded at the free end (𝑥       ) as 

expected. 

4.1 Young’s Modulus (Stiffness) Effect 
 

Table 2 represents shearing and peeling stresses for 

different values of Young modulus (E0) at location x/L = 

1. The Young modulus of bond layer, E0 is varied from 

10 to 70 MPa at the interval of 10, 20, 30, 40, and 70 

MPa. From the Table 2, it can be observed that the 

shearing stress is tensile while peeling stress is 

compressive in nature along the interface as suggested in 

theory. It is observed that both the shearing and peeling 
stress increase with the increase of Young’s modulus of 

bond layer. For instance an increase of 60% in shear 

stress and 83% in peeling stress are observed for an 

inresae of E0 from 10 to 70 MPa. Thus, it indicates that a 

more compliant bond will likely to result in smaller 

interfacial stress compared to a stiffer bond. However, 

there might be necessary to compromise between 

compliant and stiff bond due to the fact that more 

compliant bond is likely to deform easily [4]. 

 Table2. Shear and peeling stress along the interface with 
Young’s Modulus as parameter 

 

4.2 Thickness effect 
 

Table 3 compares shearing and peeling stress with bond 

layer thickness, t0 as a parameter at the location x/L= 1 

 
 

From Table 3, the shearing and peeling stresses decrease 

with the increase of compliant bond layer thickness. For 

instance, the shearing and peeling stresses decreased 

nearly 24% and 31% for an increase of h0 from 0 to 0.08 

mm. The increased bond layer thickness acts as a cushion 

between the layers which reduces the interfacial shear 
stress along the interface. Therefore, a higher value of 

bond layer thickness would be suggested in the flip-chip 

packaging design. However, the increased bond thickness 

appears to be another concern for the increased overall 

space and cost of material. 

4.3 Poisson’s ratio effect  

Table 4 represents the shear and peeling stress values at 
location x/L = 1 (edge) with Poisson’s Ratio varied in the 

range of 0.25-0.33. It can be observed that the both shear 

and peeling stress changes very slightly due to the 

variation of Poisson’s Ratio.  

Table 4. Stresses at location x/L =1 for different Poisson’s ratio   

 

Thus, Poisson ratio of bond layer do not play significant 

role in reducing interfacial stresses in layered structure. 
From the above observation it can be concluded that the 

effect of Poisson ratio in bond layer may not be essential 

to consider in predicting stresses development at the 

interface. 

4.4 Thermal expansion coefficient effect 
From eq. (1) and Eq. (2), it can be observed that the 

coefficient of thermal expansion of bond layer term is 
missing or has no effect in shearing and peeling stress 

expressions for with bond layer consideration. This is due 

to the fact that the bond layer is extremely thin compared 

to the two adhere layers. Therefore, it does not contribute 

much in terms of expansion and compression of the 

overall package. Therefore, it can be concluded that the 

coefficient of thermal expansion of the bond layer is not 

necessary to consider in predicting stresses development 
at the interface. 

4.5 Temperature effect 

From eq. (1) and eq. (2), it can be observed that the bond 

layer term is also missing in shearing and peeling stress 

expressions for with bond layer consideration. This is due 
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to the fact that the bond layer is extremely thin compared 

to the two adhere layers. Therefore, it can be logically 

assumed that the bond layer temperature will be same as 

the overall package.   

Table 5. Stresses at location x/L =1 for different temperature 

 
Nevertheless, Table 5 clearly indicates that the 

temperature is a very significant factor in stress 

development in the interface. For instance, shear stress 
increases 233% for an increment of temperature from 

60C to 120C at the edge of the package. Therefore, it 
can be concluded that the temperature should be as low as 

possible during manufacturing and operation of electronic 

packages to avoid mechanical and functional failure.  

The proposed bond material selection approach: 

 

Figure 2: Rule of Mixture design for interfacial bond 

layer selection 

4.6 The detail step-by-step approach for bond 
material selection, design and fabrication 

Step 1: Key in properties and geometry of Die and Die 

Attach of an arbitrary bi-layered package 

 

Refer to Table 1 

Step 2: Key in range of bond layer parameters  

 

Refer to Table 1 

Step 3: Key in the interfacial shearing and peeling stress 

expressions as follows: 

 

The shear stress (x) is given by, 
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The peeling stress P(x) expression is given by, 
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Step 4: Identify bond layer properties and geometry 

parameter as follows: 

 

*Only Young’s modulus will be considered for 

developing bond material since other properties are 

insignificant 

 

Step 5: Find the volume fraction of material  

combination (alloy) using rule of mixture 

 

The parametric studies which had been carried out 

earlier concluded that the dominant factors of bond layer 
in minimizing interfacial stresses in the attached layers 

are: elastic modulus, Ei and thickness, ti. Since the 

thickness of bond layer is a physical property that can be 

altered, therefore the application of rule of mixture in 

selecting the material combination for bond layer is 

focusing on elastic modulus. 

 

The equation for rule of mixture is, 

(1 )A Bc
E fE f E    

f

f m

V
f

V V



 (volume fraction) ; where EA = Property 

of material A and EB = Property of material B 

 
 
 

Table 6. Candidate Lead-free bonding materials in 

electronic packaging 

Material Young’s Modulus, Ei (GPa) 

Tin (Sn) 43.0 

Silver (Ag) 83 

Antimony (sb) 55 

Zirconium (Zr) 88 

Zinc (Zn) 108 

Aluminum (al) 69 

Design data of bond layer for shearing and peeling 

stresses at  𝑥        
*Young’s Modulus, Ei (GPa) 50.00 

CTE, i (C), 10-6 17.25 

Poisson’s Ratio,  0.31 

Thickness ti, mm 0.049 
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Gold (Au) 79 

Platinum (Pt) 168 

Copper (Cu) 117 

Indium (In) 11.51 

Bismuth (Bi) 34.02 

Cadmium (Cd) 62.5 
 

As shown in the Table 6 above, no material from the 

list exhibits the exact elastic modulus for optimized 

interfacial stresses in the package, which is 50.0 GPa in 
Example 1. Therefore, composite or alloy will be a better 

alternative solution to produce bonding material with 

desired properties. Examples of alloy/combination used 

in electronic packaging are: 1. Tin-antimony alloy ; 2. 

Tin-silver alloy ; 3. Zirconium-tin alloy ; 4. Zinc-

aluminium alloy ; 4. Zinc-aluminium alloy ; 5. Gold-

platinum alloy ; 7. Silver-copper alloy ; 8. Zinc-Cu-Ti 

alloy ; 9. Zinc-copper alloy ; 10. Gold-Tin 

 

Example combination 1: Tin-antimony alloy 

(1 )A Bc
E fE f E    

EC = Elastic modulus of desired bonding material, 50 

GPa ; EA = Elastic modulus of tin, 43.0 GPa ; EB = Elastic 
modulus of antimony, 55.0 GPa 

          
50.0 55.0

0.417
43.0 55.0

E Ec B

E EA B
f

 
 

 
  

 
Therefore, 41.7% of tin and 59.3% of antimony is 

required to manufacture tin-antimony alloy bond layer 

with desired Young modulus, which is 50.0 GPa in order 
to minimize the interfacial stresses in  the silicon-

diamond electronic package. 

 

Step 6: Fabrication of MMC composite material based on 

the combination from Rule of Mixture 

5 Conclusions   

In this research paper, a methodology is proposed for lead 

free bond material selection approach. Analytical studies 

were carried out in order to study the influence of bond 

layer parameters on interfacial thermal stresses of a            
given package. From the study, stiffness and bond layer 

thickness were identified as the key parameters 

influencing interfacial shearing and peeling stresses. The 

other parameters namely CTE, poisons ratio has shown 

insignificant influence on interfacial stresses due to the 

very thin section of bond layer compared to the top and 

bottom layers. From the analytical model, it is also 

obvious that the interfacial stresses increase 
proportionally with the increase of temperature in the 

layers. Therefore, temperature should be maintained as 

low as possible during the chip manufacturing and 

operating stages. Since only stiffness and bond layer 

thickness were identified as the key parameters, the 

interface thermal mismatch stresses can be reduced or 

eliminated by controlling these two parameters only. 

Therefore the identification of suitable bond layer 
parameters selection with reasonable accuracy is possible 

even without performing optimization process. Finally, 

this paper proposed a Metal Matrix Composite (MMC) 

bond material selection approach using rule of mixture 

material design.  The outcome of this research can be 

seen in the forms of practical and beneficial tools for 

interfacial stress evaluation and physical design and 

fabrication of layered assemblies. The Engineers can 

utilize this research outcome in conjunction with 
guidelines for electronic packaging under variable 

thermal properties of layered composites. 
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