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ABSTRACT 

 

GRAIN STRUCTURE EVOLUTION OF TIN-NASED LEAD-FREE SOLDER JOINTS 

 IN ELECTRONIC PACKAGING ASSEMBLY AND ITS IMPACTS ON  

THE FATIGUE RELIABILITY 

 

 

HUILI XU, PhD 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor:  CHOONG-UN KIM 

 Solder is one of the main joints materials used in the electronics for decades of years. It 

is not only the mechanical support but also conducts the electric signals in the electronics. 

However, the regulation of lead content in electronic devices has driven the transition from lead-

tin solder to the lead-free solder that requires lots of research to fill the knowledge gap in the 

lead-free solder property. At the same time, the reliability issues due to solder failure are of 

great interest as the miniaturization and mobilization trend of the electronic devices continues.  

A lot of works have been done to understand the fatigue failure mechanism and its affecting 

factors with some degree of inconsistence. In this research, the grain structure evolution of tin-

based lead free solder in electronic packaging and its relation to the fatigue reliability are 

studied.     

First of all, to evaluate the fatigue reliability and understand the fatigue behavior of the 

tin-based lead-free solder joints in BGA packaging assembly, isothermal shear fatigue tester 
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was designed. Solder joints under cyclic shear load is found to fail by crack opening mode and 

crack is fixed at the solder neck area in the package side regardless of the testing conditions.  

It is found that the failure of the solder joint under shear follows the Coffin-Manson 

model and a frequency-modified Coffin-Manson Model was developed for fatigue lifetime 

prediction. Fatigue property parameters that dictate the fatigue behavior of the solder joints 

were extracted from this model, namely fatigue ductility coefficient, cyclic strain hardening 

exponent/cyclic ductility exponent, and frequency exponent. The strain/work hardening rate is 

found to influence the fatigue resistance of the solder joints more than other parameters.  

In the second part of this research, the grain structure evolution on tin-based lead-free 

solder under one-time thermal exposure (cooling to room temperature) was investigated 

indicating that recrystallization and mechanical twinning can occur far easier than previously 

thought. First, it reveals that either the activation energy for recrystallization or the thermal 

stress in the packaging assembly is higher than expected. Second, it is found that deformation 

twinning in tin is promoted by hydrostatic pressure stress while dislocation glide is prevented in 

tin in the packaging assembly. Grain structure sensitivity on the cooling temperature, cooling 

rate, thermal history, solder composition, and assembly configuration are investigated  

Finally, fatigue tests on solder joints with polygrain and twin structure were carried out 

showing that recrystallization and twinning improve the fatigue resistance of the solder joints by 

more than 50%.  In summary, first, this research is scientifically important that it gives a new 

understanding on the mechanism of deformation twinning promoted by hydrostatic pressure 

stress in tin and tin-alloys.  
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CHAPTER 1 

INTRODUCTION 

1.1 An Overview of Packaging Assembly, Lead-free Solder and Environmental Compliance 

1.1.1 IC Assembly 

Solder is very important in decades since the beginning of the electronics industry, 

especially for the assembly and interconnection in Silicon die, which provides the mechanical, 

thermal and electrical continuity in the electronic devices. Solder is used in different levels in IC 

assembly industry as shown in Figure 1.1 [1]. Bonding of the die to a substrate and its 

encapsulation is referred to Level 1 packaging. As a die bonding material, solder provides 

electrical and mechanical connection between silicon die and bonding pad and dissipates heat 

generated by the devices. Conventionally, wire bonding is the major technique for silicon die 

assembly. However, the use of solder bump in the first level packaging is gaining more 

acceptances since ball grid array and flip chip technology were developed [2-3]. The cross-

section of solder bump used in first level flip chip configuration is shown in Figure 1.2 [1].  

Figure 1.3 shows the solder ball in BGA first level assembly [1].  Level 2 assembly is referred to 

the connection between the component (encapsulated silicon die) and printed wiring board 

(PWB). Practically all the components are connected to the printed circuit board with solder. Pin 

through hole (PTH) and surface mount technology (SMT) are two main assembly methods for 

attaching the components to PWBs. Figure 1.4 and Figure 1.5 show the image of PTH and SMT 

[2].   
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Figure 1.1 Overview of IC assembly process [1]. 
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Figure 1.2. Cross-section of a flip chip connection. 

 

Figure 1.3. Cross-section of a wire bond ball grid array (BGA) microelectronics component. 

 

Figure 1.4. Cross-section of a pin through hole connection of a microelectronics component on 
a printed wiring board [2]. 
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Figure 1.5. Cross-section of a surface mount connection of a microelectronics component with 
leads on a printed wiring board [2]. 

1.1.2 Lead-free Solder and Environmental Compliance 

Solder material has not been changed much for many years and lead-tin is main solder 

alloy. Use of lead-tin solder can be dated back to 300 BC by Greeks and Romans [3]. In the 

early 20
th
 century, soldering was introduced to the electronic industry. The eutectic tin-lead, 

63Sn37Pb, and near eutectic 60Sn40Pb are the most popular solder materials due to their 

unique characteristics, such as relative low temperature (183 
°
C), low cost, wide availability, 

ease of use, and good electrical/thermal/mechanical/chemical properties [1, 4-9].  

However, due to the health-related and environmental issues, although lead-tin solder 

has been successfully used for packaging industry, transition from lead-tin solder to lead-free 

solder is inevitable. The regulation of lead was firstly initiated by U.S. Congress back to 1991, 

and the U.S. Senate proposed the Reid Bill to restrict the use of lead and increased the tax for 

lead containing product. Later, the European Union directived on Waste Electrical and 

Electronic Equipment (WEEE) dictated that products sold in EU must be lead-free from July 1, 

2006.  Further in Asia Pacific, many big companies took their steps forward to develop 

alternative alloys instead of lead tin solder. Nowadays, the replacement of lead-bearing alloying 

is inevitable and is in action world widely [6-9]. 

1.2 Lead-free Solder Alloy Candidates 

 For the past twenty years, the semiconductor industry has studied a wide range of 

alloys to replace lead-tin solder. The selections are based on variety of considerations, including 

toxicity, physical properties (melting temperature, surface tension, wettability, thermal and 

electrical conductivity), mechanical properties, microstructure characteristics, electrochemical 
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properties (corrosion, oxidation and dross formation, and compatibility with non-clean fluxes), 

manufacturability, cost, and availability [10-13.] Meanwhile, patents issues associated with lead-

free solder selection needs to be considered [14-16]. . Among all the requirements, wettability 

(bondability) and suitable melting temperature are the two basics. First, solder must be capable 

to wet and bond which indicates that it should be able to form intermetallic compounds with Cu, 

Ni, and other metals routinely used in microelectronic packages. Second, the melting 

temperature should be sufficiently low enough to be reflowed as a paste and high enough to 

avoid by ill effects due to operating temperatures. To conform with the standard surface mount 

and wave soldering processes, and to avoid the damage of PCB and components, the alloy 

melting temperature should be lower than 230 
°
C and higher than 175 °C [17]. Currently, the 

replacement alloys candidates include ternary, binary and some quaternary alloys of Sn with Ag, 

Zn, In, Sb, Bi, and Cu. Table 1.1 lists some of lead-free solder with melting temperature 

between 200 
°
C to 230 

°
C. Table 1.2 lists the major lead-free solder alloys to replace eutectic 

Sn-Pb with their advantages and disadvantages based on the selection criteria [1, 4-5, 7-9, 14, 

16-33].  

Table 1.1 Lead-free solder alloys with melting point between 200
o
C and 230

o
C 

composition Melting range (
o
C) composition Melting range 

(
o
C) 

Sn-3.4Ag-4.8Bi 205-210 Sn-4.7Ag-1.7Cu 216-218 

Sn-7.5Bi-2.0Ag 207-212 Sn-2.5Ag-0.8Cu-0.5Sb 213-218 

Sn-7.5Bi-2.0Ag-0.5Cu 186-212 Sn-3.8Ag-0.7Cu 217-219
a
 

Sn-3.5Ag-3.0Bi 206-213
a
 

216-220
a
 

Sn-2.0Ag-0.8Cu-0.5Sb 213-219
a
 

216-222 

Sn-3.5Ag-5.0Bi-0.7Cu 210-215 Sn-2.0Ag-0.75Cu 217-219 

Sn-2.0Ag-3.0Bi-0.75Cu 210-215 Sn-4.0Ag-0.5Cu 217-219 
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Sn-2.0Ag-4.0Bi-0.5Cu-0.1Ge 216 Sn-4.0Ag-1.0Cu 217-219 

Sn-3.4Ag-4.8Bi 208-216
a
 

200-216
a
 

Sn-3.5Ag-1.0Zn 218-221 

Sn-3.5Ag-0.7Cu 217(E) Sn-3.5Ag 221(E) 

Sn-3.0Ag-0.7Cu 217-218 Sn-2.0Ag 221-226 

Sn-3.5Sb-2.0Bi-1.5Cu 218(E) Sn-0.7Cu 227(E) 

Sn-3.5Ag-1.5In 218(E) Sn-2.0Cu-0.8Sb-0.2Ag 226-228 

Sn-3.2Ag-0.5Cu 217-218 Sn-5.0Sb 232-240
a
 

236-240
a
 

E=eutectic composition 
a 
Different values reported in the literature 

 

Table 1.2 Major lead-free solder system candidates to replace Eutectic Sn-Pb 

Alloy system Remarks 

Binary 

Sn-Ag Fairly high melt temperature (221
o
C); Alternative for wave soldering, 

but cost a reliability issue related to Ag3Sn platelet growth 

Sn-Cu Fairly high melt temperature (227
o
C); Wave solder candidate; 

moderate wetting but sufficient for most applications 

Sn-Bi Not applicable as a general assembly solder due to high cost, low 

melting temperature (138
o
C), and availability ; good for low 

temperature end of a solder hierarchy 

Sn-Zn Cheap; Lower melting temperature than most lead-free solders 

An is highly active, presents potential corrosion and process concerns 

Ternary 

Sn-Ag-Cu Leading candidate system for reflow soldering; Lower melt 

temperature than Sn-Ag, Sn-Cu binary alloys; Adequate wetting, 

Table 1.1 – Continued 
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mechanical properties; Much reduced Cu scavenger characteristics 

compared to Sn-Ag 

Sn-Ag-Bi Even lower melt temperature than Sn-Ag-Cu alloys 

Best fatigue resistance among most popular Pb-fess alloys 

Poses some reliability and end-of–life reclamation concerns 

Other additions 

Ag, Al, Bi, Ga, In, Cu Reduce melting temperature and enhance mechanical properties 

Ni, Sb Do not reduce melting temperature but added to enhance properties 

 

1.2.1 Sn-Ag System 

 

Figure 1.6. Phase diagram of tin-silver 

Table 1.2 – Continued 
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Among all the lead-free solders, Sn-Ag based system with tin content higher than 90% 

and Ag ranges from 1% to 4% is the most promising alloy chosen by the industry. Figure 1.6 is 

the phase diagram of the Sn-Ag [3]. The eutectic composition for the Sn-Ag binary system 

occurs at Sn-3.5%Ag with eutectic temperature 221 
°
C. The microstructure consists of Sn and 

the intermetallic Ag3Sn in the form of thin platelets. McCormack et al. [34] described the 

solidified microstructure of the binary eutectic Sn-3.5%Ag as consisting of a β-Sn phase with 

dendritic globules and inter-dendritic regions with a eutectic dispersion of Ag3Sn precipitates 

within a β-Sn matrix. However, binary eutectic Sn-3.5Ag or near eutectic Sn-Ag is not adequate 

due to the high melting temperature, cost and poor wettability. A small addition of Cu, Zn, or Bi 

to create ternary alloy, or a minor addition of a fourth element, less than 1%, can reduce the 

melting temperature and cost, enhance wettability, strength and reliability [20-33].  

1.2.2 Sn-Bi System  

The bismuth–tin binary system is favored when low soldering temperatures are required 

[35]. According to the phase diagram of tin-bismuth shown in Figure 1.7, the eutectic 

composition is Sn57wt%Bi and the eutectic temperature is approximately 139 
°
C. In some ways, 

the phase diagram and microstructure of tin–bismuth are fairly similar to that of tin–lead shown 

in Figure 1.8 with eutectic composition at Sn-38.1%Pb and eutectic temperature 183
°
C. 

However, the mechanical properties are significantly different. Because bismuth is a very brittle 

metal, the eutectic suffers from lack of ductility, particularly under conditions of impact and rapid 

stressing [35]. In addition, tin–bismuth–lead forms a ternary eutectic at even lower temperature 

(95
o
C), which can lead to associated process problems during soldering (such as fillet lifting) 

[36]. To reduce brittleness, increase ductility, and avoid the harmful ternary eutectic, the 

electronic industry has selected a Sn–3 wt.% Bi alloy through trial and error during the late 

1990s and early 2000s [37-38]. 
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1.2.3 Sn-Cu System 

The tin–copper binary eutectic forms at 0.7 wt. % Cu and with a eutectic temperature of 

approximately 227
o
C. It is noted from the phase diagram that the liquidus line rises steeply to 

high temperatures if the copper level exceeds 0.7 wt. % so that the copper composition is 

usually below 0.7%. Due to the abundant availability, tin–copper binary solder is cheaper 

compared to tin-silver and tin-bismuth and thus favored in low-cost applications within 

electronics assembly.  

 

Figure 1.7. Phase diagram of tin-bismuth 
 

http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=JHd7_xjiyRyPdM&tbnid=w-NkrT4j6G1wAM:&ved=0CAgQjRwwADgI&url=http://www.himikatus.ru/art/phase-diagr1/Bi-Sn.php&ei=iaeCUpT2LoXY2AW5l4CABQ&psig=AFQjCNF7Y-qUMifmH7hi2LPa843bh__q-w&ust=1384380681852275
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Figure 1.8 Phase diagram of tin-lead 

 

Figure 1.9. Phase diagram of copper-tin. 
 

 

http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=WhYdyUwCp1uthM&tbnid=4HpnRy9vGaiw-M:&ved=0CAgQjRwwAA&url=http://oregonstate.edu/instruct/me582/Exams/W06/ME582MT1.html&ei=96iCUu_WLKbb2QXrwIGAAg&psig=AFQjCNHsaNrzCrJJOanFX59IowVA3JQqAA&ust=1384381047823268
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1.2.4 Sn-Ag-Cu  

The ternary eutectic behavior of Sn-Ag-Cu and its application for electronics assembly 

was discovered (and patented) by a team of researchers from Ames Laboratory, Iowa State 

University, and Sandia National Laboratories-Albuquerque. The addition of minor Cu, typically in 

the range of 0.7%, can lower the melting temperature of Sn-Ag to about 217 
°
C slightly higher 

than that of Sn-Ag-Bi ternary system. The presence of Cu greatly reduces the Cu dissolution 

rate from the terminal pads [39-41]. The cost of Sn-Ag-Cu is lower than both Sn-Ag and Sn-Ag-

Bi. Meanwhile, the reliability and yields of eutectic or near eutectic Sn-Ag-Cu are found to be 

comparable to that of eutectic Sn-Pb, and the solderability and reliability are reported to be 

better than that of Sn-Ag and Sn-Cu binary system [42-46]. Sn-Ag-Cu (Tin-Silver-Copper) 

solders are used by two thirds of Japanese manufacturers for reflow and wave soldering and by 

about 75% of companies for hand soldering.   

Much recent research has focused on selection of 4th element additions to Sn-Ag-Cu to 

provide compatibility for the reduced cooling rate of solder sphere reflow for assembly of ball 

grid arrays, e.g. Sn-3.5Ag-0.74Cu-0.21Zn (melting range of 217–220 ˚C) and Sn-3.5Ag-0.85Cu-

0.10Mn (melting range of 211–215 ˚C) [47-50]. 

1.2.5 Sn-Ag-Bi 

  The melting temperature of Bi is 271 
°
C, much lower than Cu which is 1083 

°
C, so that 

compared to the Sn-Ag-Cu ternary system, Sn-Ag-Bi, with Bi composition in the range of 5%, 

melts between 208 
°
C and 215 

°
C. In addition to lowering the melting temperature, Sn-Ag-Bi 

with Bi less than 5% exhibits the best solderability among all the lead-free solder alloys [51-54]. 

Besides, the addition of Bi greatly improves the fatigue resistance and strength [55-59]. 

However, the adverse effects of Bi are also found. First, it is found that Bi will increase the 

brittleness of the solder [58-59]. Second, fillet lifting when wave-soldered joints cooled down is 

observed at through hole joints [54]. Moreover, Bi is easy to be oxidized so that fluxes activity at 

lower temperatures is recommended [37-38].  

http://en.wikipedia.org/wiki/Ames_Laboratory
http://en.wikipedia.org/wiki/Iowa_State_University
http://en.wikipedia.org/wiki/Iowa_State_University
http://en.wikipedia.org/wiki/Sandia_National_Laboratories
http://en.wikipedia.org/wiki/Wave_soldering
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1.3 Lead-free Solder Interconnect Reliability 

 This part is meant to provide an overview of the issues affecting the reliability of the 

lead-free electronic solder joints subjected to service environment. First, it is important to 

mention that solders used in interconnects are in a joint geometry that the constraints present in 

the configuration influence the overall response of solder joints to the environment and in-

service parameters. The substrate, silicon die, molding and intermetallic compound exist in 

connection with the solder can affect the reliability of the joints. Besides the geometry 

consideration, fabrication process of solder and resultant microstructure, service parameters 

encountered, and response of the solder material to external influences, play significant roles in 

determining the reliability of solder joints [60]. Moreover, with the decreasing in device size, the 

service environments impose ever-increasing demands on the solder joints. The solder joint has 

to be smaller but at the same time maintain the structural integrity, dissipate higher stress and 

heat, and provide stable electrical pathway. Therefore, the trend of microminiaturization of 

electronics induces great challenges for solder joints reliability [61-64].   

 In addition, the reliability issues in solder interconnect are complicated by the 

application of lead-free solder for several reasons. First, the material properties of lead-free 

solder differs from lead-tin solder and the database of lead-free solder is far from completion. 

Different from lead-tin solder, in primary tin-based lead-free solder, thermally induced phase 

coarsening presents within the solder matrix and at the solder/substrate interface, while lead is 

usually chemical inert which does not form intermetallic compound. Also, phase diagrams, 

mechanical properties, chemical reactions between the solder material and its finishes and the 

substrate, et al. need further investigation. In addition, many researches on lead-free solder 

property are based on bulk solder, while for solder joints in packaging level, the solder geometry 

and constrains encounter are different from bulk solder resulting in changing of mechanical 

properties. Again, the differences in thermomechanical, dynamical, electrochemical and 

electrical properties create difficulties for developing appropriate acceleration testing methods 
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and conditions for property and reliability evaluation. The methods and loading conditions 

commonly used for lead-tin may not be suitable for lead-free solder.  Worldwide researchers 

have undertaken serious efforts to study lead-free solder reliability under different loadings and 

achieved insightful understandings on the solder joint reliability [59-64]. 

 Failure of the solder interconnect is primary caused by thermal, electrical, mechanical 

field or the interactions between these fields. Figure 1.10 schematically illustrates damage from 

those fields and their complex interactions [65-75]. Processes identified in this figure are EM-

electromigration, TM-thermalmigration, PF- plastic flow and fracture, JH-joule heating, CS-

current stressing and TMF-thermomechanical fatigue. Among these listed factors, the major 

damage contributors that affect the reliability of the lead-free electronic solders are (i) 

mechanical integrity, (ii) thermomechanical fatigue, (iii) whisker growth, (iV)electromigration, 

and (V) thermalmigration. However, the mutual interactions between them are becoming 

progressively more important with the continued efforts towards microminiaturization of 

electronic packages, especially whisker growth, electromigration and fatigue processes.  In this 

research, fatigue due to mechanical and thermal load is the main interest and is studied 

extensively. 

 

 

 

 

 

 

 

Figure 1.0 Fields that cause damage in solder interconnect and their Interactions  
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1.3.1 Thermomechanical Fatigue 

 Thermomechanical fatigue is resulted from the highly inhomogeneous stress 

distribution due to the differences of thermal expansion coefficient between the solder and 

surrounding components and also within the body-centered tetragonal beta-tin solder between 

the a- and c- directions[64-65, 68-69,72]. It is found that the CTE mismatch between the a- and 

c- directions is twice of the difference between polycrystalline copper and polycrystalline Sn. 

During service, the device is subjected to temperature fluctuations due to environment change 

and power change subjecting the solder joints to the stresses and causing damage to the solder 

joint. Figure 1.11 shows the solder joints under shear stresses due to CTE mismatch during 

thermal cycling [1]. The accelerated power cycling and thermomechanical testing simulating the 

solder joints in service condition by many researchers have found that the heating/cooling rate, 

temperature extremes (high/low temperature), temperature range and dwell times at high/low 

extremes significantly affect the thermomechanical fatigue behavior of the solder joints [63-64, 

66-71]. The failure is usually happens at the solder/substrate interface in the IMC layer. This is 

probably due to the constraints imposed by the substrate which causes strain localization to 

interface region. It is also found that coarsening of the intermetallic compound in lead-free 

solder affects the TMF reliability significantly [66-69]. As a result, methods to prevent the IMC 

coarsening were investigated extensively. It is found that a small addition of Ni to the Sn-Ag-Cu 

solder can reduce the IMC formation [23, 26-27, 47, 72]. Besides, nanostructured 

reinforcements with surface active radicals are proved to be effective in improving the reliability 

of the solder joints subjected to thermomechanical fatigue during service [73].  However, due to 

the complexity of the factors affect the TMF, the mechanism and mechanics are not fully 

understood. It is still a big concern and addresses a lot of research interest in the 

microelectronic industry.    
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Figure 1.11. Solder joints subjected to shear strain during thermal cycling due to CTE mismatch 
between the Die (α1), the solder (α2) and the substrate (α3). 

 
1.3.2 Whisker Growth 

 Although it is well known of Sn exhibits whisker growth, attention is taken till recently 

because of the microminiaturization of electronic components. The decreasing in solder joint 

spacing increases the chance of getting electrical short if tin whisker growth occurs. 

Compressive stress is believed to be the cause of whisker growth. In Sn-based lead-free solder, 

the compressive stress arises from the Sn-Cu IMC formation at the Sn grain boundaries. This 

process can be facilitated by copper diffusion from the substrate. In addition, for continuous 

growth of whisker, continuous compressive stress from the external, or resulting from the 

volume change with IMC formation, or the stress developed from electromigration, can facilitate 

tin whisker growth. Since it is difficult to predict when and where whisker grows, the 

investigation of whisker growth becomes difficult. Therefore, the mechanism investigation and 

evaluation of mitigation strategies to prevent whisker growth become difficult.  
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1.3.3 Electromigration (EM) 

 The enhanced atomic displacement and the accumulated effect of mass transport 

under the influence of electric field are called electromigration. EM is a result of a combination 

of electric and thermal effects on mass transport. At low temperature, EM cannot occur because 

the atomic mobility is too low. When the current density is high, usually above 10
5 
A/cm

2
, atomic 

displacement is enhanced in the direction of electron flow. In a very-large-scale-integration in Al 

or Cu interconnection, the current density is higher than 10
6 

A/cm
2
 and the device operation 

temperature is around 100 
°
C that EM can occur leading to the voids formation at the cathode 

and extrusions at the anode. Recently, with the miniaturization of electronic devices and 

development of flip chip technology, EM in solder joints has gained a lot of interest. As reported, 

EM can occur in solder joint at the current density of 10
4 
A/cm

2 
,
 
which is two orders lower than 

that in Al or Cu interconnect. Many researchers thought EM occurs in solder joint at such low 

current is due to its low melting temperature and faster lattice diffusion,  while K. Tu pointed out 

it is also due to  the higher resistivity and effective charge of lattice diffusion in solder, and lower 

stress [63]. Based on the Equation 1.1, he calculated the current density needed for EM, which 

is determined to be 10
4 

A/cm
2
. Moreover, due to the unique geometry of the solder joint, 

interfacial reactions between solder and thin film metal interface, EM in solder interconnect is 

different much more complicated than EM in Al and Cu interconnect.  In equation 1.1: J, current 

density; x , critical length;  , hydrostatic stress;  , atomic volume; Z*,  effective charge 

number for electromigration;  , resistivity.  





eZ
xj

*


            1.1 

1.3.4 Isothermal Mechanical Fatigue  

Unlike early electronic products, the electronic devices nowadays experience a variety 

of stresses due to their versatility, portability and multiple functionalities. The life cycles of the 
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electronic tend to be shorter and the environments are becoming increasingly diverse. 

Thermally induced stresses are not predominant in some cases, especially for consumer 

products such as cell phone, digital cameras and other portable devices. Mechanical vibration, 

shock, drop, bending etc. are playing an increasing role in determining the device performance. 

[74-82] Though a lot of researches on fatigue behavior of lead-free solder under isothermal 

shock/drop, bending, and vibration load have been carried, conflictions exist within the results 

due to the complex in assembly configuration, solder geometry, surface finish, solder 

composition, failure mode, and so on.   For example, various reports have shown that the lead-

free solders have poorer shock or drop test performance, as compared to the Sn–Pb solder due 

to the enhanced interfacial reactions; while at the same time, some researchers found that Sn-

Ag-Cu lead-free solder show better shock than Sn-Pb [74-82]. 

1.4 Objectives of This Study and Organization of This Dissertation  

 As mentioned before, replacement of lead-tin solder with lead-free solder is inevitable 

and understandings on the properties of lead-free solder are essential. Due to lack of field data 

on lead-free solder, the transition from lead-tin to lead-free becomes difficult. Therefore, there is 

a clear need of studying the mechanical properties of lead-free solder and enriching the lead-

free database, for example find and include the mechanical fatigue property parameters into the 

database. At the same time, the fatigue reliability is and will be an ever increasing concern as 

the devices getting smaller and mobile. The mechanical fatigue behaviors, including thermal 

cycling and isothermal fatigue, and their affecting factors have to be studied and understood, 

especially the grain structure of lead-free solder joint and its relation to the fatigue property is 

crucial for lead-free solder joints application in electronic packaging industry. 

In this research, grain structure evolution by one-time thermal exposure and its impact 

on the fatigue reliability were studied. First, aiming to enrich the database of lead-free solder 

and understand the fatigue mechanism, shear fatigue test was designed. It is find out that shear 
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fatigue is an effective and efficient method for extraction fatigue property parameters and 

studying the fatigue failure mechanism. Coffin-Manson model is found to be applicable for 

describing the fatigue behavior of solder joint under isothermal shear fatigue. Accordingly, 

fatigue property parameters, namely, fatigue ductility coefficient, ductility exponent and 

frequency exponent are extracted from shear test and coffin-Manson model. The strain 

hardening exponent which is related to the ductility exponent is derived and determined to be 

the most influential for the fatigue resistance of solder joints in packaging.   Second, the grain 

structure evolution with thermal exposure was investigated to find out the grain structure 

stability and evolution paths in Tin-based solder joints. Surprisingly, recrystallization and 

deformation twinning were observed just by simply one time thermal exposure. Their 

mechanisms were investigated and discussed in this research. These studies posed great 

scientific and technical importance to the tin-based lead-free solder technology. It indicates that 

the microstructure of the solder joints in one assembly can be different and is dynamically 

changing. Moreover, the grain structure evolution in tin-based solder joint in packaging 

assembly is much easier than in bulk solder due to the constrains from the surrounding 

components. Finally, using the shear fatigue method, the fatigue reliability of the solder with 

various grain structure created by one-time thermal exposure were evaluated. It shows that 

polygrain and twin enhance grain structure can enhance the fatigue resistance of the solder in 

electronic packaging.  In the end, conclusions are made for this research and some future 

works are planned as well.     
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CHAPTER TWO 

FRACTURE MECHCNICS OF LEAD-FREE SOLDER JOINTS IN BALL GRID ARRAY 

ASSEMBLY UNDER CYCLIC SHEAR LOAD  

2.1 Background 

The demand for portable and multifunctional electronic devices is made possible by 

increasing the density and reducing the size of the electronic components and packaging, as 

well as decreasing the size of the interconnect such as solder joints. This continuing thrust 

toward high density and high performance electronic devices has spurred extensive research on 

the structural stability of solder joints because their mechanical failure is regarded as one of the 

primary factors limiting the performance of  advanced device packaging assemblies. The solder 

joints in the assembly are more susceptible to failure than any other component in the assembly 

due to combined mechanical, chemical and electrical loads common at their use conditions.  

The reliability concern is further exacerbated by the widespread use of mobile and mini 

electronic products. [80] Decreasing in device size and thus solder joint size significantly 

reduces the robustness of the solder joint. At the same time, mobilization of the devices 

subjects device to various unconventional loads such as shock, bending and vibration [71-86]. 

The failure mechanisms of solder joints at such conditions are not well understood at this 

moment, resulting in a substantial knowledge gap in assessing their reliability limits. The 

technical challenges created by such a knowledge gap become even greater with mandated 

adaptation of Pb-free solder technology.[87-89]  Although extensive efforts during the past two 

decades have provided impressively better understanding on the properties of Pb-free solder 

alloys, the gap appears to remain large and demands further development.   

In many sources of the joint failure, the most concerning and extensively studied is 

thermal fatigue [42, 66-71, 90-92].  Thermal fatigue occurs because of the mismatch in thermal 

expansion between the chip and PCB (printed circuit board) subjecting the solder joint to 

repetitive shear stress with an on/off cycle of the device.  The resulting fatigue instigates the 
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formation of cracks and their subsequent growth until failure of the joint, typically following the 

interface between the solder and metalized layer either in the chip or in PCB [66-71].  In a 

typical reliability assessment procedure of any packaging assembly, the failure mechanism is 

simulated by thermal cycling tests.  While thermal cycling test has proven to be very successful 

in predicting the reliability of the assembly in use condition, it has a few known limitations which 

have recently become more critical.  The first and probably the most troublesome problem is the 

fact that this test takes an excessively long testing time before gaining meaningful results.  It 

takes at least several months to gain measurable failure rate, resulting in a substantial delay in 

the development cycle of the assembly.  Additionally, the failure risk of the joint under other 

types of loads such as a shock and vibration may not be directly evaluated from the thermal 

cycling results.    

 The limitations of the thermal cycling test, the lack of fatigue property data on Pb-free 

solders, and the recent emergence of new reliability concerns have resulted in a keen interest in 

mechanical fatigue methods, for example, cyclic bending and shear fatigue of the solder joint 

assembly. [69, 74-76, 85, 93-96]. The research interest in these methods is to better assess the 

reliability of the packaging assembly under pure mechanical fatigue load such as a vibration and 

gain better understanding on the fatigue mechanism and the contributing fatigue properties.    

Since these fatigue tests produce well-controlled strain and strain rate at an isothermal 

condition, the resulting data can yield fundamental knowledge of the fatigue properties of the 

solder joint at various conditions.  Furthermore, since mechanical fatigue can be conducted with 

high frequency, the reliability evaluation can be shortened to a few days provided that 

mechanism leading to the fatigue failure shares some mechanistic commonality with the device 

failure.  

  In this chapter, the failure mechanism of solder joints in package assemblies under 

shear fatigue with the specific aim of gaining fundamental understanding of the fracture 

mechanics and the correlation between the fatigue failure mechanism and solder properties 
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were investigated. This research reveals that isothermal shear fatigue method is indeed capable 

of providing data that can be, not only helpful in identifying fatigue-prone assembly structure, 

but also in collecting fatigue data indicative of solder properties, namely cyclic strain hardening 

exponent, fatigue ductility coefficient and frequency exponent. With this method, linkages 

among the solder joint microstructure, fatigue properties and fatigue reliability behavior are able 

to be identified.  This chapter attempts to present comprehensive discussion of the 

characteristics of shear fatigue method, along with representative examples of the results and 

understanding gained from Pb-free and Pb-Sn solder joints.   

2.2 Experimental Methods  

2.2.1 Shear Tester Instrumentation  

 

Figure 2.1 A picture of shear fatigue tester 

The concept of shear fatigue testing originates from the shear fatigue method of 

structural materials where the mode II fracture is an important part of material property. For 

testing of my sample composes a chip bonded to the PCB board, the working principle of the 

shear fatigue test is extremely simple as it repeatedly displaces the chip with respect to PCB 

along the direction parallel to PCB. Figure 2.1 is a picture of the shear tester system. It simply 

consists of two parts: the shear displacement driven system and the data acquisition/control 
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system. As mentioned above, displacement driven in shear testing is simple in principle 

because it only requires moving two components of the solder assembly, chip and PCB, against 

each other. However, it is found that realization of a reliable tester involves careful consideration 

of many critical factors and the most critical and challenging one is found to be the shear 

displacement repeatability. Either chip or PCB board has to be displaced by the same distance 

in each cycle; otherwise, the error in displacement accumulates to result in asymmetrical shear 

strain between the positive and negative shear direction.  In order to overcome this, the shear 

stage is carefully designed to ensure 1) displacement repeatability (no backlash during 

shearing) and 2) perfectly parallel displacement with respect to ideal shear direction to suppress 

solder assembly rotation during shearing.  To overcome the backlash, a high power stepping 

motor and linear actuator with anti-backlash screw and nut are used. To ensure pure shear 

displacement, two half inch steel rods are installed in the actuator parallel to the chip to 

eliminate any possibility of chip rotation. Moreover, a very rigid Gig was designed as shown in 

Figure 2.2.  In this picture, two grip blades are designed to make tight contact with the chip on 

PCB, and this head assembly is fixed to the linear translation mechanism. This translation 

mechanism is driven by a micro-stepping motor to induce parallel displacement of the chip 

relative to the PCB surface.  As the PCB is firmly fixed to the main body of the stage, the 

horizontal displacement in the head assembly creates the shear strain.  

 

Figure 2.2 Picture of shear tester head assembly that is designed to grip and move the chip in a 
horizontal direction, parallel to PCB, without backlash. 
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Figure 2.3 Schematic drawing of the shear tester system. 

 The second component of the system is the data acquisition and control system.  Two 

channel DAC (digital analog converter) PC board is used to generate two pulse trains with 

designated frequency.  The first pulse train is to induce constant displacement of the head 

assembly and the second is to change the direction as the head assembly reaches the target 

location.  In this way, the solder joint can be subjected to a repeated shear strain with a 

constant rate.  The same PC board contains high speed 8 ADC channels, and they are used for 

monitoring electrical resistance of the solder joints.  Figure 2.3 the schematic illustrates the 

overall shear tester system. With the head assembly and its motion control using computer, the 

system is able to test 1x1cm chip assembly with 5 Hz maximum frequency at 5% shear strain 

condition.     

2.2.2 Chip Mode Modification 

In ideal shear fatigue testing, the entire amount of applied shear displacement is 

transferred to solder arrays.  However, during the investigation, it is found that a significant error 
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in displacement can occur by the elastic deformation of the plastic chip mold.  The mold is 

essentially an epoxy which is not mechanically rigid.  Since a large number of solder joints exist 

in a chip (160 in the present case), the solder joint array poses significant mechanical 

resistance against shear deformation.  This subjects the mold to a high load, but due to its low 

Young’s modulus, the mold deforms elastically when displacement is small but viscoplastically 

when it is large.  Either form of deformation is a source of error, as it not only affects the total 

displacement but also induces chip rotation.  The FEM analysis of mold deformation during a 

typical shear fatigue load condition reveals that the deformation cannot be ignored.  An example 

case of deformation simulated to occur in a chip model is shown in Figure 2.4.  This is the case 

when the load for 10% shear strain of solder joint is applied to the edge of the chip mold 

assuming that elastic modulus of the mold is 22GPa. It can be seen that the mold edge 

experiences as high as 6% shear deformation.  The experiments also confirmed the fact that a 

sizable amount of mold deformation occurs.  This measurement result is shown in Figure 2.5, 

where the difference between target displacement and actual displacement is displayed as a 

function of the target displacement.  In this experiment, high resolution camera was used to 

determine the actual position of the chip while the shear fatigue test system was controlled to 

the targeted displacement distance.  While scatter in data exists, the result clearly demonstrates 

that a significant amount of shear deformation occurs at the chip mold and that it effectively 

reduces the actual displacement transmitted to the solder array.  In order to prevent or minimize 

the mold deformation, a 1mm thick steel plate with the same dimension as the chip was cut and 

glued on top of the chip mold. The steel plate can be seen in Figure 2.2. With its application, the 

displacement error was significantly reduced, as shown in Figure 2.5. Therefore, all subsequent 

tests were conducted with steel plate reinforcement. While it is difficult to exactly align the steel 

plate and the chip continuing to be some scatter in failure data, this application greatly improves 

the consistency of test results within the test conditions and alloys used in my study.  
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Figure 2.4 A diagram showing the FEM simulation result on the mold deformation field at the 
condition of 10% shear strain. 
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Figure 2.5 A plot showing the measured displacement error as a function of the shear 
displacement distance. 

2.2.3 Shear Testing Sample  

Figure 2.6 shows the shear fatigue testing sample configuration and all the samples are 

provided by Cisco Incorporation. As illustrated in Figure 2.6 (a) and (b), this assembly consists 

of 14x14 solder arrays with 6x6 array missing in the center so that there are total of 160 solder 

joints. The diameter of the solder ball is about 600um and pitch size is 800um. The joints are 

made with an industry standard PBGA chip and PCB metallization structure that consists of Cu 

UBM/ENiG (Electroless Nickel immersion Gold) at chip side and Cu on PCB side. In this paper, 

the top side shown in the cross section is the package side, and the bottom side is the PCB side. 
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Figure 2.6(c) is the cross section of the solder ball. It is worthy to note that there is a neck area 

or name it solder mask area where the stress/strain is going to develop the most due to the 

stress singularity. The solder array is daisy chained in several different segments to enable 

tracking of solder joint resistance in multiple places. The solder alloys tested in my research are 

three different solder alloys and they are SAC305 (Sn-3%Ag-0.5%Cu), SAC105 (Sn-1%Ag-

0.5%Cu), and eutectic Pb-Sn. They were processed by an industry standard reflow process, 

which involves steady heating up to ~260
o
C, and slowly cooling to room temperature after a 

short hold period at the reflow temperature. 

 

Figure 2.6 Picture showing (a) the PBGA assembly used for shear fatigue testing, (b) solder 
alloy configuration, and (c) cross-sectional view of the 600um solder ball. 

 For microstructure analysis, mechanical polishing was carried out for as-received and 

tested samples. 200, 600, 1500, 2500 grit sandpapers were used in sequence. Then micro-

polish with 10 um, 3 um, 1 um Alumina powder and 0.5 um silicate powder were used for final 

polish. Etching with 2% hydrochloride in ethanol was carried out when it was necessary.  

Optical Microscope (OM) and Scanning Electron Microscope (SEM)/EDS were used primary for 

cross section microstructure observation. 
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2.3 Results and Discussion 

2.3.1 Failure Characteristic-Resistance Change 

Figure 2.7 shows the fatigue resistance change of the solder joint assembly under 

shear load. The blue and red lines represent solder joints in two different rows in the same 

assemble. The sample shown in figure 2.7 was as-received SAC305 and was tested under +/- 4% 

shear strain and 1Hz. The resistance was keeping consistent until it reached some critical 

number of cycle after which it increased abruptly with additional cycles. This behavior is typical 

for all the samples tested regardless of the solder alloy composition. The fast increase of 

resistance at the final stage indicates a fast failure and crack growth rate. However, it is 

expected that the crack growth rate under shear mode (mode II) would be slow at least 

compared to tensile mode (mode I). The fast crack growth rate may indicate a crack tip opening 

mode failure other than shear mode failure, and this is true and will be explained later. 

 

Figure 2.7 A plot showing the change in the electrical resistance of as-reflowed SAC 305 solder 
joint during 1Hz shear fatigue testing under ~+/-4% shear strain. 

2.3.2 Failure Characteristic-Microstructure  

 Figure 2.8 is an image showing the fractured solder surface after test. Two 

distinguished microstructures can be seen in Figure 2.8(a): the edge of the solder joint where 
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the crack initiates shows very rough fatigued feature due to rubbing between the surfaces, while 

the center of the solder joint shows final fracture surface due to over shear with strikes of shear 

bands. The two characteristic features are shown in Figure 2.8(b) and (c) more clearly. From 

these images the fatigue crack initiation, propagation and fracture can be traced.  

 Figure 2.9 is a cross-section image of the solder joint after shear. Several things need 

to be marked in this image. First, as displayed in figure 2.9(a), the solder joint shows some 

degrees of joint rotation toward shear direction. Second, the crack initiates at the solder neck 

area at chip side and propagates in the solder matrix close to the solder/IMC interface. Third, 

crack-tip opening is clearly seen in Figure 2.9(b).  It is important to point out that the fixation of 

crack site and rotation of the joint are typical throughout our tests regardless of the joint 

composition. This is besides my expectation that under pure shear the solder joint should show 

only shear without rotation and fail by shear mode. However, both microstructure and resistance 

signal indicate failure by crack opening feature. The source for this will be explained by the 

stress/strain analysis using ANASYS. Moreover, it is also worthy to mention that besides the 

chip side solder matrix, cracks are found at the PCB side in solder /IMC interface as well when 

samples are aged for sufficient time usually 1000 hours and longer at 150 
°
C. Cracks at both 

chip side and PCB side are shown in Figure 2.10 for 1000 hours aged SnPb, SAC105 and 

SAC305. This is due to the growth of intermetallic compound in the solder/copper interface and 

weakening of the solder matrix after thermal aging. The IMC formed during aging is very brittle 

and makes the interface weak for crack initiation.  
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Figure 2.8 The image of the fracture SAC105 solder surface at chip side (a) overview, (b) 
microstructure of the crack initiates area located at the solder edge, (c) microstructure of the 

final fracture surface due to over shear located at the center of the solder.  

 

Figure 2.9 SEM cross section of the SAC105 solder after shear test (a) overview showing the 
neck area and solder rotation, (b) enlarged SEM showing the crack opening. 
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Figure 2.10 SEM images of 150
o
C 1000 hours aged (a) (d) SnPb, (b) (e) SAC105, and (c) (f) 

SAC305 

 The observation of resistance and microstructure give rises of several questions related 

to the failure mechanics of the solder joint under shear. Although it is expected that solder joints 

should be under pure shear and will fail by shear mode, the fast crack growth rate revealed by 

the fast resistance increase, rotation of the solder joint, and shape of the crack-tip suggest a 

different failure mechanics which is believed to be mode I, crack-tip opening mode. In order to 

understand this, the finite element analysis of the stress state is carried out.  

2.3.3 Mechanism of Crack-tip Opening Mode  

Table 2.1 A list showing the elastic property of component materials used for FEM analysis 

Material Elastic modulus (GPa) Poisson's ratio () 

Copper 117 0.35 

Cu6Sn5 85 0.31 

Sn-3.0Ag-0.7Cu 45 0.4 

FR4 substrate 22 0.28 

BT 22 0.28 

Mold 22 0.28 
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Figure 2.11 FEM analysis result showing the distribution of total plastic strain developed in a 
solder joint developed by shear strain. 

 The finite element analysis of the stress/strain state of the solder joints in BGA 

assembly under shear was calculated with assumption of fully elastic chip and PCB. Table 2.1 

lists the material property parameters used for this simulation. The result is shown in Figure 

2.11, where the distribution of total plastic strain developed in a solder joint is displayed.  There 

are a few interesting facts to notice from this result. First is that the FEM (Finite Element Method) 

mesh used for simulation showed rotation toward the shear direction.  This means that the 

solder in the joint was subjected to a non-zero rotational moment and experienced a rotation to 

the shear direction with rotation axis near to the center of the solder. Since the aspect ratio of 

solder (ratio between width and height) is close to or less than one, the rotational moment 

arises with the shear displacement, resulting in a sizable amount of body rotation. A similar 

body rotation was found to exist in a ball shear test due to the same mechanism in the previous 

study. [34] As the solder rotates, areas with tensile and compressive stress appear in the solder.  

As indicated in Figure 2.11, bottom right and top left corner of the joint were under tensile stress 

while the opposite corners were under compressive stress.  When the shear direction reversed, 
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the opposite stress developed at these corners. Figure 2.12, where maximum tensile and shear 

stress in the joint is compared as a function of shear displacement, clearly demonstrates the 

presence of non-shear stress in an overwhelming magnitude.  It is therefore reasonable to 

conclude that the fatigue crack should initiate and propagate by the mode I (crack opening) not 

by mode II (in-plane shear). The fact that the fatigue failure occurs by the crack opening mode 

may appear to pose a challenge in quantifying the fatigue property because the true strain at 

the solder is unknown until simulation.  However, it turns out that the total plastic strain at the 

solder is reasonably proportional to the applied shear displacement. Therefore, it is possible to 

use the shear displacement as the fatigue parameter and correlate it to the fatigue failure rate.     

 

Figure 2.12 A plot displaying the tensile and shear stress developed in a solder joint as a 
function of shear displacement. 

 Another important aspect of the shear testing configuration revealed by Figure 2.11 is 

that the maximum plastic strain area is located at the solder neck created by the solder mask. 

Such a concentration of plastic strain is a result of the stress singularity created by the steep 

change in solder geometry.  Therefore, fatigue failure should occur at the same place for a 

given assembly regardless of test condition, package design and solder types.  This, fixation of 
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failure location, allows characterization of fatigue property of solder at various test conditions 

without losing consistency in measurement due to variation in failure location.  

2.4 Conclusion and Implication 

   Although the mechanics of the shear fatigue testing appears to be simple, my 

research reveals that the application to the study of solder joint assemblies is not 

straightforward.  The core of the complexity stems from the fact that the actual strain exerted on 

the solder joint is not pure shear but includes considerable amount of tensile and compressive 

strains. This is learned from the finite element analysis of the stress-strain of the BGA assembly 

and experimental results. The experimental and theoretical FEM analysis of the stress/strain of 

the solder joints under shear reveal that 1) the solder joints are under non-pure shear stress, 

but tensile/compression as well; 2) solder body-rotation exists due to the solder geometry 

resulting crack-opening solder joint failure under shear load 3) the highest stress/strain position 

is located at the solder neck area in the chip side, resulting in fixed crack initiation and failure 

site within the solder matrix at chip side neck area; 4)The failure by tensile mode dictates the 

fast crack growth indicated by the resistance variation. The characteristic of the solder joint 

failure under shear mode may appear to be unfavorable, but it actually has its own beneficial for 

solder reliability evaluation. The fast failure by crack-opening mode can reduce the testing time 

and is more efficient in producing useful data. Moreover, the fixation of the failure site within the 

solder matrix ensures that the data collected are solder property related not interface strength 

related. Therefore, shear fatigue test is an efficient and effective method for solder fatigue 

property evaluation.  

 

 

 

   



 

 34 

CHAPTER THREE 

FATIGUE PROPERTIES AND FATIGUE LIFETIME PREDICTION OF THE LEAD-FREE 

JOINTS IN BGA ASSEMBLY 

3.1 Background 

The electronic industry has successfully transitioned from Sn-Pb to lead –free solder for 

many consumer electronics, yet there is no single industry-wide standard lead-free solder 

reliability model available for solder Fatigue lifetime prediction.[97-100]  Numerous studies have 

been done regarding thermal cycling reliability of lead-free solder joints under accelerated 

testing conditions attempting to achieve a good model for reliability prediction. However, due to 

the complexity of thermal fatigue and lack understanding of lead-free solder properties, the 

predictability of the solder joint reliability under thermal cycling is difficulty. At the same time, 

with the miniaturization and mobilization of microelectronics, the reliability concern is not limited 

to the failure by traditionally concerned thermo-mechanical (temperature and power cycling) but 

including emerging sources of fatigue such as vibration and shock, resulting in a growing 

interest on understanding the fatigue properties of lead-free solder.  Several previous studies 

have made aims to characterize fatigue behavior of Pb-free solder alloys but with limited scope 

and using bulk alloys. [100-103] The use of bulk alloy may be an inevitable choice because it 

permits an access to clean data, which is not affected by complex geometry and constraints 

presented in actual solder package assembly.  However, by the same reason, those studies 

yield data with a limited value as they may not be applicable to the fatigue prediction for solder 

in package without facing a significant error.  In order to have greater merit fatigue data, the 

fatigue testing needs to be done at the proximity condition to the real solder joint microstructure, 

this, however, often leads to highly convoluted data. In this study, shear fatigue test is designed 

to study the fatigue property of the solder joints in packaging with great confidence. 

 Before discussion the experimental results, some empirical fatigue lifetime prediction 

models developed for solder in packaging were reviewed first. They can be divided into five 
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categories based on the fundamental mechanism for inducing damage: (a) stress- based, (b) 

plastic strain-based, (c) creep strain-based, (d) energy-based, and (e) damage accumulation 

based, and are tabulated in Table 3.1.  

Table 3.1 Summary of fatigue models [97] 

Fatigue model Model class 
Applicable 

package 

Required 

Parameter 
Coverage 

1 
Coffin-

Manson 
Plastic strain All Plastic strain 

Low cycle 

fatigue 

2 Total Strain 
Plastic +elastic 

strain 
All Strain range 

High and low 

cycle  

3 Soloman Plastic shear strain All Plastic shear strain 
Low cycle 

fatigue 

4 Engelmaier Total shear strain 

Leaded and 

leadless, 

TSOP 

Total shear strain 
Low cycle 

fatigue 

5 Miner 
Plastic and creep 

strain 

PQFP, 

FCOB 

Plastic failure and 

creep failures 

Plastic shear 

and matrix 

creep 

6 
Knecht and 

Fox 
Matrix creep All 

Matrix creep shear 

strain 

matrix creep 

only 

7 Syed 
Creep strain 

energy 

PBGA, 

SMD, NSMD 

Gbs energy and 

mc energy 
Full coverage 

8 Akay Total strain energy 
LLCC, 

TSOP 
Energy 

Joint 

geometry 

accounted for  

9 Liang 

Stress/strain 

energy density 

based 

BGA and 

Leadless 

joints 

Energy 
Low cycle 

fatigue 

10 Heinrich 
Energy density 

based 
BGA Energy 

Hysteresis 

curve 

11 Pan Energy density Leadless,  Damage + energy Hysteresis  
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12 Darveaux 
Strain energy 

density 
LCCC 

Strain energy 

density and plastic 

energy density 

Hysteresis 

curve 

13 Stolkarts 
Damage 

accumulation 
All Damage  

Hysteresis 

curve and 

damage 

evolution 

14 
Norris and 

Landzberg 

Temperature and 

frequency 
All 

Temperature and 

frequency 

Test condition 

versus use 

conditions  

 

3.1.1 Strain-based Coffin-Manson Model 

 The Coffin-Manson fatigue model is perhaps the best known and most widely used 

approach for fatigue life prediction today. [104-105] It assumes that fatigue failure is due to the 

plastic deformation that the elastic strain only contributes a very small portion of the fatigue 

failure. It takes the forms that the total number of cycles to failure, Nf, is dependent on the 

plastic strain amplitude, p  , the fatigue ductility coefficient, 
'

f  , and the fatigue ductility 

exponent, C. as shown in Equation 3.1. The fatigue ductility coefficient is approximately equal to 

the true fracture ductility. The fatigue ductility exponent varies from -0.5 to -0.7 for most of the 

materials. Also it is suggested by Morrow that the cyclic ductility exponent can be related to 

strain-hardening rate of materials as shown in Equation 3.3, where  is the cyclic strain 

hardening exponent. [106] 
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This model was originally proposed to predict the fatigue life of metals in the aircraft 

industry, so that a variety of strain life engineering data is available on steels and other metals. 

Table 3.1 – Continued     
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However, not many experimental data are available for solder joints because the actual tests 

are often time consuming and the results are usually applicable dependent on the geometry of 

the solder joint and design of packaging assembly. Therefore, for solder joints in the packaging 

assembly, FEA modeling can be used to determine the plastic strains which are then used to 

predict the fatigue life.  In some cases, such as in the shear fatigue test, because the elastic 

strain/yield strain constitutes small portion of the total strain that the total displacement applied 

is transferred to plastic strain only. Therefore, the shear fatigue test in this paper is plastic strain 

controlled test.    

 Due to its simplicity and ability to link the fatigue behavior to fundamental material 

properties, Coffin-Manson model is widely adapted as a standard model for many metallic 

systems including the solder. 

3.1.2 Total Strain Model 

 Since Coffin-Manson model only consider plastic deformation, to incorporate the elastic 

deformation, the total strain model is developed by combing the Coffin-Manson equation with 

the Basquin’s equation. [107] This new model is shown in Equation 3.4.  is the total strain, 

'

f  is the fatigue strength coefficient, E is the elastic modulus, b is the strength exponent, 
'

f  

is the fatigue ductility, and c is the ductility exponent.
  

)4.3()2()2(
2

'
' b

f
fC

ff N
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 Figure 3.1 is the total strain versus number of cycle to failure plot. As seen in the figure, 

in the low cycle region to the left, the fatigue lifetime is governed by Coffin-Manson model; while 

in the high cycle region to the right, fatigue lifetime is governed by the Basquin’s equation or 

elastic strain amplitude.  
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Figure 3.1 Total strain versus lifetime equation. 

3.1.3 Plastic strain + Creep Strain Model 

 To consider both plastic deformation and creep deformation on the fatigue and apply 

Miner’s linear superposition principle [108], the plastic-creep strain-based model can be written 

in the following Equation 3.5:  

)5.3(
111

cpf NNN


 

Np refers to the life cycle due to plastic deformation and Nc is the life cycle due to creep. 

According to Solomon’s fatigue model, the relationship between pN and plastic shear strain can 

be expressed in Equation 3.6. 

)6.3()(    pp N  

p  is plastic shear strain range,   is inverse of ductility coefficient, and α is material constant. 

Nc is depending on the creep mechanism. For solder joints, there are two main creep 

mechanisms: grain boundary creep and matrix creep. Knecht and Fox proposed a simply matrix 

creep model relating the solder microstructure and the matrix creep shear strain range as 

shown in Equation 3.7. c is strain range due to creep, C is the material constant depending 

on the solder microstructure. [109]  
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)7.3(CN cc 
 

 Syed proposed another creep fatigue model which incorporates matrix creep and grain 

boundary creep together. [110] In this model, the fatigue lifetime consists of two parts, as shown 

in Equation 3.8. gbsD  and mcD are accumulated creep strain per cycle for grain boundary 

sliding and matrix creep. 

)8.3(]063.0022,0[ 1 mcgbsc DDN  

 Inclusion of creep strain into the strain-based fatigue model is more comprehensive for 

fatigue lifetime prediction, especially for solder joints under thermal-cycling. It is important to 

determine whether to include elastic damage, plastic damage or creep damage into the fatigue 

model. The selection of the fatigue model is difficult because it is highly depending on the 

thermal cycling condition as well as the packaging design, solder joints geometry and solder 

microstructure. It is strongly recommended to pay attention to three important facts while 

choosing the fatigue model. The first point refers to solder joint geometry. Data collected from 

one geometry can lead to erroneous predictions when applied to a different geometry. The 

engineering material properties of bulk solder are not fully representative of a small solder joint 

geometry. The second point refers to the importance of solder microstructure, including grain 

size and shape. Solder joints can have radically varying microstructures, depending on the 

conditions under which they were formed. The third point refers to small impurities, deliberate or 

not, which can affect the size or shape of each individual grain, and also strength characteristics.  

3.1.4 Energy-based Model 

The plastic strain model suggests that the fatigue life is determined by the amount of 

plastic deformation per cycle, while the energy model suggests that the fatigue life is related to 

the stored plastic energy, which takes the form, 

)9.3(2)2( CNW m
fd   
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Where dW  is strain energy damage term and is equal to the area in the cyclic stress-strain 

hysteresis loop. Since the strain energy includes both stress and strain information, it is thought 

to be a good indicator of solder joint damage. However, the energy based fatigue models 

predict the accumulated energy required to initiate a crack; it does not predict when fatigue 

failure will occur, because the crack propagation is not included in the fatigue model. 

Nevertheless, the benefit of an energy -based fatigue model, as compared to the strain-based 

or creep-based fatigue models, has the ability to capture test conditions with more accuracy. 

 In this paper, the low cycle shear fatigue test was carried out and the fatigue model was 

determined for the solder joints in the BGA packaging assembly. The experiment results fit into 

the strain based Coffin-Manson model very well. Furthermore, frequency-modified Coffin-

Manson equation was developed by incorporating frequency exponent into the equation since 

the fatigue lifetime is also sensitive to strain rate. The strain range was determined by the shear 

displacement by neglecting the elastic strain. The ductility coefficient, frequency exponent, 

ductility exponent and strain hardening exponent were extrapolated from the fatigue tests and 

the fatigue model. Their dependence on the temperature, solder alloy, and thermal aging were 

investigated as well. However, as mentioned before, the fatigue parameters from one test may 

not be applicable to the other because the results are highly dependent on the solder geometry 

and assembly. These results will be valuable for lifetime prediction for solder joints within similar 

BGA packaging assembly.    

3.2 Experimental Methods  

 In the previous chapter shear fatigue test was introduced and the mechanics of solder 

joint failure under cyclic shear was studied. Based on the characteristics of the shear test, it is 

believed that shear test system can be used to evaluate the fatigue reliability of the solder joint 

in BGA packaging assembly with great consistency and accuracy. In this chapter, series of tests 

are conducted using the shear test system and the results were summarized and analyzed. The 

shear tester configuration is shown in Figure 2.1. The BGA packaging assembled sample 
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configuration from Cisco is displayed in Figure 2.6. The tests were carried out under various 

strain range, temperature, frequency, solder alloy and thermal aging condition. Thermal aging of 

the samples were conducted in the commercial oven at 100
o
C and 150

o
C for 500 hours, 1000 

hours, and 1500 hours. After thermal aging, the sample wrapped with ceramic were taken out 

from the furnace and cooled slowly in the ambient. The samples rested were mostly common 

used Sn-Ag-Cu lead-free solder, SAC305 and SAC105. As a comparison, 60Sn40Pb solder 

was also tested under the same condition as lead-free solder.  Plastic strain ranges from +/-1% 

to +/-5%, frequency from 0.1Hz to 5Hz. To introduce testing temperature variable, a cartridge 

heater inserted inside a small Aluminum block was placed on top of the sample. The size of 

Aluminum was 1.25”X 0.375” X0.25” and the steel plate size for chip reinforcement is 

0.45”X0.45”X0.03125”. The temperature for testing was set at 25
o
C, 50

o
C, 75

o
C and 100

o
C.  

Before each testing, the heater was turned on first for half hour in order to get uniform 

temperature distribution in the solder joints. To reduce the force needed for shearing all the 

solder joints in the assembly, the sample was carefully cut into three sections, and only four 

rows of solder joints were sheared. The cutting lines are schematically shown in Fig.3.2 and are 

also visible in Figure 2.2. A slitting saw with thickness 1/32” cut between two rows of solder 

joints through the PCB board without touching the chip. This has to be conducted extremely 

careful otherwise it would affect the reliability of the solder joints. As the solder joints are 

connected in series which enables the checking of resistance. The current was set at 100mA, 

voltages of the solder joints in the row were red by the data acquisition system and the 

resistance were calculated and stored in the computer. There are four resistances (R1, R2, R3 

and R4) with each test. The tapping points of the resistances are also shown in Figure 3.2. 

When the final failure was achieved, the resistance increased more than 400%.  
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Figure 3.2 The image showing the cut line positions in the BGA solder assembly.  

 3.3 Results and Discussion 

3.3.1 Resistance Change with the Number of Cycle to Fail 

 Solder joints with different compositions and thermal aging conditions were tested 

under cyclic shear load with variation in strain range, temperature, and frequency. The 

resistances of the solder joint in different rows were recorded. Figure 3.3 shows the resistance 

change with the number of cycle to fail. Figure 3.3(a), (b), (c) and (d) indicate the shear fatigue 

lifetimes of the solder joints in the first row and second row of SAC305, 150
o
C 500 hour aged 

SAC105 and SnPb samples, respectively.  Regardless of the solder composition and test 

conditions, the first row solder joints always fail earlier than the others. It is unexpected because 

under pure shear, the solder joints are exposed to the same shear strain that if the testing 

conditions and microstructures are kept the same, they should have the same possibility to fail. 

In addition, it is a common assumption that the solder joints in the same assembly preserve 

more or less the same microstructure which contain single or several big grains. However, it is 

believed that it is the variation in residual thermal stress that results in the fatigue lifetime 

variation with joint position. The comprehensive explanation will be given in the later chapter.  

cut A cut B

Shear direction

R1 R2 R3 R4

cut A cut B

Shear direction

cut A cut B

Shear direction

R1 R2 R3 R4
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Figure 3.3 1
st
 and 2

nd
 row solder resistance change with the number of cycle to fail under +/-2.4% 

strain (a) SAC305, 0.5Hz, 25
o
C, (b)SAC105, 1Hz, 100

o
C, (c) 150oC/500h thermal aged 

SAC105, 1Hz, 25
o
C, (d)SnPb, 1Hz, 25

o
C. 

In addition, it is shown in figure 3.3(c) the increase of resistance approaching the final 

failure is fast but a bit slower after thermal aging than as received sample. It is well known that 

thermal aging induces intermetallic compound (An3Sn and Cu6Sn5) growth in the solder matrix 

as well as in the solder/Cu interface which results in softening of the solder joints matrix. 

Therefore, the crack growth rate in thermal aged solder joint was slower than that in the as-

received sample.      

 

 



 

 44 

3.3.2 Fatigue Lifetime vs. Plastic Strain Range 

 A series of tests were carried out using various combinations of testing parameters. In 

this research, at least six specimens were tested for each test conditions and the average 

fatigue life was used in the following analysis. Generally, scatter in fatigue life of the solder 

tested using the same parameters (i.e. the same temperature, frequency and total strain range) 

was found to be small. Figure 3.4 illustrated the fatigue lifetime variation with 

displacement/plastic strain range at specific temperature and frequency. Since the elastic strain 

range is small compared to the plastic strain rage in this case, I assume Tp   .   

       AS shown in Figure 3.4(a) and (b), the relationship between the plastic strain range and 

the fatigue lifetime is presented in log-log scale. First it is noticed that the fatigue life decreases 

with increasing plastic strain range. Second, the fatigue life has a good linear relationship with 

the plastic strain range tested regardless of the solder alloy composition and testing 

temperature. It indicates that the crack growth is controlled by plastic strain and Coffin-Manson 

strain model is applicable for the solder joint fatigue life characterization. According to equation 

3.2, in the linear 
2

lg
p
  )2lg( fN  plot, the slope of the line equals to C and intercept equals to

'lg f . Therefore, the ductility coefficient and ductility exponent can be extrapolated from these 

plots. For example, at 25
o
C, ductility coefficient is 0.25, 0.56 and 0.22 for SnPb, SAC105 and 

SAC305 respectively; the ductility exponent is 0.226, 0.31 and 0.2 for SnPb, SAC105 and 

SAC305 respectively.   

 In the following sections, Coffin-Manson model and fatigue life vs strain range graphs 

are used to analyze the effect of solder alloy composition, thermal aging, testing tempearture, 

and frequency on the fatigue behavior of the solder joints in the BGA packaging assembly. 
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Figure 3.4. Fatigue lifetime variations with strain range for SnPb, SAC105 and SAC305 (a) 1Hz 
25

o
C, (b) 150

o
C 500 hour thermal aged samples at 1Hz, 25

o
C.  

3.3.3 Fatigue Lifetime vs. Solder Alloy Composition  

 Another finding from Figure 3.4 is that SAC305 shows superior fatigue resistance than 

SAC105 and SnPb within the testing strain range. This is consistent with the results from many 

other research groups. [99-103] According to Equation 3.1, the fatigue lifetime under given 
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strain range and temperature is determined by the fatigue ductility coefficient (
'

f ) and ductility 

exponent (C). The higher the fracture strain (
'

f ), the lower the absolute value of ductility 

exponent ( C ) or the higher the strain hardening exponent (α), the longer the fatigue lifetime. 

Moreover, it can be predicted that the in the high strain range, the fatigue lifetime is more 

dependent on the fracture strain or ductility, while at the low strain range, it is more dependent 

on the strain hardening exponent or ductility exponent. From the slope of the plot SAC305 has 

the highest strain hardening exponent but the lowest ductility coefficient, while SAC105 has the 

highest ductility coefficient but lowest strain hardening exponent. As a result, SAC305 shows 

superior fatigue resistance due to its high strain hardening or ductility exponent in the low strain 

range; while SAC105 shows better fatigue resistance due to its high fracture ductility at the high 

strain range. The high strain hardening exponent of SAC305 is a result of IMC strengthening in 

the solder matrix. It is known that due to the higher concentration of Silver content in SAC305, 

more Ag3Sn particles exist in the solder matrix which results in higher strength and brittleness. 

[111-118] 

 Moreover, as shown in Figure 3.4(b), after thermal aging at 150 
°
C for 500 hours, the 

fatigue life of the SAC105 and SnPb became comparable to each other, while SAC305 still 

showed the best fatigue resistance.  Thermal aging induced IMC growth in SAC solder and 

phase coarsening in SnPb. Thus, the fatigue resistance reduces for all solders, but the 

reduction ratio is hard to determine. However, it is believed that after thermal aging for long 

enough time, the SAC105 and SAC305 fatigue resistance may be similar. More detailed 

discussion on thermal aging effect on the fatigue resistance will be given further in the following 

paragraph.  

3.3.4 Fatigue Lifetime vs. Thermal Aging  

The fatigue life of solder joints after thermal aged for 500 hours and 1000 hours were 

measured under a series of plastic strain ranges. The fatigue life-plastic strain plots were shown 
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in Figure 3.5. It was found that the fatigue life decreases with increasing thermal aging time for 

both SAC solder and SnPb solder. Moreover, the biggest difference in fatigue life before thermal 

age and after thermal age for SAC305. The three plots in Figure 3.5(b) are furthest apart 

compared to the plots in Figure 3.5(a). This reveals that thermal aging effect is the biggest for 

SAC305. After thermal aging, IMC including Ag3Sn and Cu6Sn5 grew bigger and lost the 

strengthening effect. Since the Ag content is higher in SAC305 than in SAC105, the reduction in 

solder matrix strength is larger in SAC305. The microstructure of the solder joint matrix before 

and after thermal aging at 150
o
C is shown in Figure 3.6. These images clearly show IMC growth 

in SAC solder and phase coarsening in SnPb solder.  

Table 3.2 fatigue ductility coefficient, ductility exponent and strain hardening exponent for as 
received and thermal aged solder at 25

o
C extrapolated from Figure 3.5 
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Figure 3.5 Fatigue lifetime versus strain range at 1Hz, 25
o
C for different thermal aging 

conditions (a) SAC105, (b) SAC305.. 
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Figure 3.6 Microstructures of solder matrix before and after thermal aging at 150
o
C.  

As received SnPb 150oC 500h SnPb 150oC 1000h SnPb

As received SAC305 150oC 500h SAC305 150oC 1000h SAC305

As received SAC105 150oC 500h SAC105 150oC 1000h SAC105

30um 30um 30um

30um 30um 30um

30um 30um 30um
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Figure 3.7 fatigue parameters variation with thermal aging and solder alloy composition (a) 
fracture strain, (b) ductility exponent and strain hardening exponent. 
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 However, the effect of thermal aging is more complicate than expected. The fatigue 

ductility coefficient and ductility exponent for as-received and thermal aged samples at 25 
°
C 

extrapolated from Figure 3.5 using the Coffin-Manson is listed in table 3.2. The variation of 

fatigue constants with the thermal aging and solder joints alloy composition are shown in Figure 

3.7. As seen in Table 3.2 and Figure 3.7, the fracture strain and ductility exponent decreases 

with thermal aging, and the strain hardening exponent increases with thermal aging.  As 

mentioned in chapter two, due to the fixation of the crack site at the solder matrix in chip side, 

the fatigue parameters extrapolated from Coffin-Equation is characteristic for solder joint fatigue 

property itself not the interface property. Therefore, after thermal aging, due to the IMC growth 

and phase coarsening, the fracture strain and ductility exponent should increase, and the strain 

hardening exponent should decrease. Yet the trend is opposite as shown in table 3.2 and 

Figure 3.7. This does not mean the test is wrong but because the mixture of failure site. It is 

found that the crack is also observed in the solder/IMC interface at chip and PCB side for 

samples after thermal aging. Therefore, the fatigue parameter is related to the solder joint, 

interface, IMC property, or their combination depending on the failure site. Because of the 

growth of IMC in the solder interface and decrease of solder matrix strength, the crack is more 

possible to propagate in the IMC/solder interface. Thus, the fatigue parameters from the testing 

are actually more related to the interface and IMC property.  
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Figure 3.8 Fatigue life versus temperature tested at 1Hz, 2.2% plastic strain for SnPb, SAC105 
and SAC305        

 

      
       

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 Fatigue lifetime versus strain range at 1Hz for different temperatures (a) SnPb, (b) 
SAC105, (c) SAC305, (d) 150

o
C 500h aged SAC305. 
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3.3.5 Fatigue Lifetime vs. Temperature 

A series of repeated tests at the same frequency, various strains and at different 

environmental temperatures (25, 50, 75 and 100 
°
C) were conducted. The fatigue life was found 

to decrease with increasing temperature for a test frequency of 1 Hz, as shown in Figure 3.8. 

The relationship between the mean fatigue life and plastic strain obtained from tests at four 

different temperatures is presented in Figure 3.9.  The fatigue lives for all the as received solder 

alloys decrease with increasing temperature and fit into Coffin-Manson equation. Discrepancies 

exist for thermal aged solder alloys as shown in Figure 3.9(d). This may be due to the mixture of 

failure sites as mentioned in the previous section.  

At a first glance, it is not a surprising result because fatigue resistance of many metallic 

alloys is known to decrease with increasing temperature for various reasons, for example, 

decreased strain-hardening rate at higher temperature leading to more plasticity and thus faster 

failure rate [119], or increased creep due to grain boundary sliding at elevated temperature 

leading to the decrease of fatigue lifetime [120]. However, closer inspection of the data indicates 

that the mechanism may not be related to the material property and grain boundary sliding but 

more related to the mechanical constraints unique to the PBGA shear fatigue. First, the lead-

free solder joints in this tests consist of only several grains if not single grain, so that creep due 

to grain boundary sliding may not be the reason. Moreover, notice the fact that the slope of data 

does not change much with temperature. Since the slope is related to strain-hardening 

exponent, it is our anticipation that the slope increases with temperature, that is the alloy strain-

hardens less at higher temperature.  However, in both cases, the result is not consistent with 

our expectation.  Rather, it is found that m does not change much with temperature. This 

indicates that these alloys do not exhibit significant change in strain-hardening behavior with 

temperature, at least within the temperature ranges used in our investigation. Rather, the data 

suggest that the decrease in the fatigue life with increasing temperature stems more from the 
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decrease in ductility coefficient. This is somewhat opposite to what is expected from the known 

metallurgical properties of the solder. [121] 

From Figure 3.9, the values of constants C and 
'

f  for the Coffin–Manson model can 

be determined for different temperatures by taking the slope and the intercept on the plastic 

strain axis. The constants 
'

f  and C of different solders at different temperatures are 

summarized in Table 3.3. According to equation 3.3, the cyclic strain hardening exponent 

inversely proportional to the ductility exponent and can be calculated. The relationship of 

fracture strain, ductility exponent and strain hardening exponent are presented in Figure 3.10.      

Table 3.3 calculated fatigue constants 
'

f  and C of different solders at various 

temperatures 
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Figure 3.10. Fatigue ductility coefficient, ductility exponent and cyclic strain hardening exponent 
variations with the environment temperature for SnPb, SAC105 and SAC305. 

3.3.4.1 Effect of Temperature on the Fatigue Ductility Coefficient, Ductility Exponent 

and Cyclic Strain Hardening Exponent  

 As shown in Figure 10(a), the fatigue ductility coefficient (fracture strain) decreases with 

increasing environment temperature for SnPb, SAC105 and SAC305. As seen in Figure 10(b) (c) 

and (d), the fatigue ductility exponent decreases with temperature, and strain hardening 

exponent increases with increasing temperature.  These results are opposite from what is 

expected. At higher temperature the solder matrix got softer because besides dislocation glide, 

more plastic deformation modes were activated, such as grain boundary slide and creep. 

Therefore, the fracture strain should increase and strain hardening exponent should decrease. 

The source of the odd results needs to be understood.  
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3.3.4.2 Thermal strain effect on the fatigue life under cyclic shear load at elevated 

temperature 

 One thing that neglected from the test at high temperature is that thermal strain may 

exist in the solder. Therefore besides applied shear strain, the total plastic strain should include 

the thermal shear strain. Accordingly, the Coffin-Manson equation should be modified as shown 

in Equation 3.10. T is the thermal shear strain. As a result, the fatigue constants will be 

changed as well.  
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Figure 3.11 Shear strain distribution in BGA packaged solder joints under 100
o
C. 

The thermal shear strain at different environment temperature was simulated using 

ANSYS. Due to the symmetry of the solder, the quarter model was used for the thermal strain 



 

 57 

simulation. It is assumed that at 25 
°
C, the solder joints are thermal stress free. The thermal 

shear strain distribution is presented in Figure 3.11. It is shown that the shear strain is not the 

same in each solder joints but reduces from the corner to the center. For simplicity, the shear 

strain at the corner solder joint was used for thermal strain correction and fatigue constants 

calculation. This is also reasonable because the solder joint at the corner usually fails first. The 

maximum shear displacement is 5.4um, 3.7um, and 2um at 50 
°
C, 75 

°
C and 100 

°
C, 

respectively. Using thermal strain modified Coffin-Manson equation shown in Equation 3.10, the 

relationship between the fatigue constants and temperature is reconsidered and the data for 

SnPb, SAC105 and SAC305 are shown in Figure 3.12. It is found that after correction, the 

ductility coefficient increases with temperature, while the strain hardening exponent decreases 

with increasing temperature. This result is consistent with what is expected. Therefore, it is 

important to consider thermal strain effect on the fatigue behavior at elevated temperature. For 

other isothermal fatigue tests, such as vibration, bending, and shock tests, it is necessary to 

incorporate thermal strain/stress into the total stress/strain.  
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Figure 3.12 The temperature dependency of (a) strain hardening exponent and (b) ductility 

coefficient for SnPb, SAC105 and SAC305 after thermal strain correction.  
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Figure 3.13 The relationship between fatigue life and frequency at temperature at 2.44% plastic 

strain, at the temperature (a) 25
o
C and (b) 75

o
C. 

3.3.6 Fatigue Lifetime vs. Frequency 

 The fatigue behavior of the BGA packaged solder joints at different frequencies (1Hz to 

3Hz) was analyzed. It is found that if the frequency is too high, the backslash of the 
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displacement occurs which induces early failure of the sample. Therefore, the data tested at 

higher frequency is not used, but the data tested from 0.5Hz to 2Hz are used for the later 

frequency-modified Coffin-Manson equation deduction.  Figure 3.12 shows the fatigue life 

tested at different frequencies (1Hz, 1.2Hz and 1.5Hz) at the same 2.44% plastic strain and 

different temperatures. The fatigue life increases linearly with frequency regardless of the solder 

alloy composition and testing temperature. Moreover, the fatigue life frequency dependency is 

higher lower temperature and in SAC305. It is clear that the slope in Figure 3.12(a) and 

SAC305 is higher.  

 The frequency dependency can be understood by considering the deformation behavior 

of the solder. X.Q. Shi drew the stress-strain hysteresis loop for solder at different temperature 

and frequencies. [102] It is found that area of the hysteresis loop which represents the energy 

dissipation decreases with increasing temperature and increases with increasing frequency. 

Therefore, the fatigue life decreases with temperature, while increases with frequency. 

3.3.7 Frequency modified Coffin-Manson Model 

The conventional Coffin-Manson equation does not include frequency effect to the 

deformation behavior. In order to incorporate frequency into the Coffin-Manson model and 

consider creep and fatigue interaction frequency-modified Coffin-Manson equation is developed, 

as shown in equation 3.11, where k is frequency exponent. 
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 According to the plastic flow law, the applied stress range, plastic strain range, and the 

plastic strain rate can be defined as follows: 

       
    

 ̇
      (3.12) 

Where A, α and β are numerical constants. For fatigue carried out at constant cycling frequency 

v, Equation 3.12 becomes  

        
         (3.13) 
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Where A’ is a numerical constant. When frequency is constant, equation 3.13 can be written as 

   
      

       
      (3.14) 

α is the strain hardening exponent. When    constant, equation 3.14 becomes  

   
      

     
          (3.15) 

  is related to the frequency and represents the viscous property of solder deformation; a 

higher    means more stress relaxation and creep. The constant strain range but different 

frequencies, it can be assumed that the fatigue life is dominated by the applied stress range. 

                               (3.16) 

Substituting Equation 3.11 and Equation 3.13 in to Equation 3.16, we can get that 

)17.3()1(  k
 

Therefore, k is also related to the viscosity of the material and it is independent of the strain 

range. A smaller k means more stress relaxation and creep, and thus better fatigue resistance.  

In Equation 3.11, the term )12( kv
f
N  can be defined as the frequency modified 

fatigue life. When the plastic strain range is plotted against frequency modified fatigue life, the 

fatigue life at different frequencies should merge into one single curve.   

Similar to the ductility exponent, the frequency exponent under certain temperature can 

be extrapolated from the fatigue life-frequency plot at different temperature when the plastic 

strain range is fixed. As presented in equation 3.18, the slope of the plot in Figure 3.12 is equal 

to (1-k). Figure 3.13 presents the frequency exponent and temperature relationship, and k 

decreasing with temperature. This is consistent with the expectation that at higher temperature, 

the stress relaxation is easier and creep is more active. Furthermore, the β value, which is 

proportional to (1-k), is the highest for SAC305, and it also shows the highest temperature 

dependence. This means that creep behavior of SAC305 is highly related to the temperature 

more than other solder alloy tested here.   
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Figure 3.14 The frequency exponent dependence on the temperature for SnPb, SAC105 and 
SAC305 solder alloy. 

Table 3.4 Fatigue constants at different temperatures for different solder alloys 

 

 With all the results and discussions made above, the frequency-thermal strain-modified 

Coffin-Manson Equation can be developed for BGA packaged SAC and SnPb solder fatigue life 

modeling. The Equation is shown below.  
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Where 
'
f
 , k   and C are ductility coefficient, frequency exponent and ductility exponent. They 

are temperature dependent and the values can be achieved by conducting shear fatigue tests at 

various temperatures and strain ranges. Table 3.4 lists the constants at different temperatures 

for different solder alloys. The mathematic relationship between the constants and the 

temperature can be derived from the data in table 3.4 by fitting them into linear or powered line. 

The more temperatures tested, the more accurate the fit will be.    Therefore, knowing 

the fatigue constants, environment temperature, and plastic strain range and thermal strain 

range, the fatigue life of the solder joint in BGA packaging can be predicted using the 

frequency-thermal strain modified Coffin-Manson model shown in Equation 3.19.   

3.4 Conclusion and Implication 

Shear fatigue tester was used to evaluate the fatigue behavior of lead-free solder joints 

in BGA package assembly. The fatigue lives of SAC305, SAC105 and SnPb at different aging 

condition, plastic strain range, frequency, temperature were tested. It is found that the fatigue 

life decreases with increasing plastic strain range, temperature, but increases with increasing 

frequency. The Coffin-Manson model is applicable to predict the fatigue life of the solder joint.  

However, to describe the fatigue behavior precisely, creep and thermal strain effect should be 

included into the basic Coffin-Manson model. Therefore, frequency-thermal strain modified 

Coffin-Manson equation is developed by incorporating the frequency and thermal strain into the 

Coffin-Manson equation. The fatigue constants, namely the fatigue ductility coefficient, ductility 

exponent, cyclic strain hardening, and frequency exponent are extrapolated from the Coffin-

Manson Equation. These constants are determined to dominate the fatigue property of the 

solder materials. The fracture ductility coefficient represents the ductility of the material, strain 

hardening exponent is related to the strength, and the frequency exponent is related to the 

viscoplasticity of the material. Thus, ductility, strength and viscoplasticity determine the material 
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fatigue behavior. At high strain fatigue, the fatigue resistance is dominated by the ductility, while 

at low strain region, it is dictated by the strength.  Therefore, it is predicted that SAC105 may 

perform better under shock (high strain test) because of the high fracture ductility; at the same 

time, SAC305 may perform better under vibration (low strain test). Furthermore, the fatigue 

constants are temperature dependent. The fracture ductility coefficient increases with increasing 

temperature, the strain hardening exponent decreases with increasing temperature, and the 

frequency exponent decreases/the viscoplasticity increases with increasing temperature. At 

higher temperature, the material softens but the plasticity increases due to more activated and 

easier dislocation glide and creep process.  

One surprising but important finding during the shear fatigue is the thermal strain effect 

on the fatigue behavior. During elevated isothermal fatigue test, the thermal strain is always 

ignored, but the shear fatigue indicates that the thermal strain should be included to the total 

strain at elevated temperature. At high temperature, it is not necessary the material property 

which causes the worse fatigue resistance, but the thermal strain effect. At higher temperatures, 

the fracture ductility increases, viscoplasticity increases, but the strain hardening decreases. 

Therefore, at elevated temperature, the fatigue behavior is more complex than expected and it 

is a total effect of material property change and thermal strain effect. It is important to consider 

thermal strain effect when evaluate the fatigue behavior of solder under isothermal fatigue 

condition such as shock, vibration, bending, and so on.       
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CHAPTER FOUR 

GRAIN STRUCTURE EVOLUTION OF SN-AG-CU LEAD-FREE SOLDER IN BGA 

PACKAGING ASSEMBLY AND ITS MECHANISM 

4.1 Background 

 As mentioned in the other chapters, the reliability of solder joints is of great interest that it 

is the major factor which determines the performance of electronic devices. And with the trend 

of miniaturization of electronic devices and thus the decreasing in solder joints’ size, the 

reliability of solder joint is becoming more problematic. Lots of studies have been carried out by 

accelerated thermal cycling, vibration, bending, impact, and other mechanical tests aiming to 

understand the failure mechanism and contribution factors. With numerous investigations on 

microstructure and its evolution with thermal exposure, processing and fatigue conditions, it has 

revealed that the microstructure of the solder has a great impact on the reliability.[122-134] As 

the most popular lead-free solder candidate, Sn-Ag-Cu solder, its microstructure especially the 

Sn grain structure and orientation are found to dominant the properties of the solder. [122-127] 

The thermomechanical properties of Sn exhibit large anisotropy that the thermomechanical 

response depends greatly on the size and crystal orientations of the Sn grains. T.Bieler et al. 

has found that the variation in microstructure and large anisotropic thermomechanical response 

of Sn can results in cracking and joint failure in SAC solder balls far from the point of maximum 

shear stress under thermal cycling. [122, 128-130] Therefore, it is important to examine and 

understand the grain structure evolution and the consequent properties in order to anticipate 

and predict the reliability of Pb-free solders. 

4.1.1 Elastic Anisotropy of Sn 

 The elastic modulus and the coefficient of thermal expansion (CTE) are plotted in Fig.4.1 

as a function of crystal direction. [129] The solid line shows the variation on the (100) plane, and 

the dashed line shows the variation on a (110) plane. Red line is for elastic modulus and the 

black line is for CTE. The length of the line from the origin to the plotted line represents the 
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magnitude in that direction. The insert image shows the unit cell structure of β-Tin. It is body 

centered tetrahedral structure with additional atoms located at (0.5, 0, and 0.25) and (0, 0.5, 

0.75). It can be seen that the CTE and E increase by a factor of 2-3 from a to c direction, and 

the elastic modulus varies by a factor of 3 on the (001) plane (between the [100] and [110] 

directions).  

 

Figure 4.1 Ambient temperature measurements of Young’s modulus and the coefficient of 
thermal expansion for Sn with respect to crystal direction. 

4.1.2 Microstructure of SAC Solder 

  The solidification of SAC solder is similar to Sn, and it shows pronounced undercooling 

(>100 
°
C) especially in small samples.[135-139] Depending on the diameter, the undercooling in 

SAC solder at cooling rate near 1 
°
C/s is between 20

 °
C to 80 

°
C.[140-143] The high 

undercooling results in high growth rate of the Sn. Thus large grains are seen in Sn and Sn-

based solders. Typically SAC solder joints consist of large Sn grains with one or at most a few 

Sn grains with only one orientation. The large Sn grains exhibit β-Sn dendrites surrounded by 
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an enriched interdendritic eutectic microstituents, which are shown in Figure 4.2(a) and (b). Also, 

the microstructure analysis using optical microscope, OIM and X-ray texture methods have 

shown that the grain misorientations present in SAC solder are mostly solidification twins with 

nominally 60 
°
C rotations about [100] axis. As seen in Figure 4.2(c), the microstructure of the 

solder joint shows “Kara’s beach ball” structure with six sections, which is a result of cyclic 

twinning during solidification. Cyclic twinning happens very often within SAC solder which 

induces typically two morphologies: Kara’s beach ball structure or highly interpenetrating 

structure with a fine grained polycrystalline appearance. Although they look different, both of 

them consist of cyclic twin structure developed from either 57.2
°
 twin boundaries on (101) 

planes or 62.8
°
 twin boundaries on (301) planes. [136] 

Moreover, the Sn-Ag-Cu solder joint consists of three phases: β-Sn phase, Ag3Sn and 

Cu6Sn5. The space between β-Sn dendrites and the size of the Tin dendrite are found to be 

greatly dependent on the cooling rate. [142-143] The space and size decrease with increasing 

cooling rate. Moreover, the IMC phases get finer and distribution more uniformly within the 

solder matrix with increasing cooling rate. Figure 4.3 shows the microstructure of Sn-3.5wt%Ag 

after cooling with different cooling rates. [143] According to the phase diagram of Sn-Ag system, 

at the eutectic composition under equilibrium solidification condition, the microstructure 

composes of Tin and Ag3Sn. With high cooling rate, it is under non-equilibrium solidification 

condition which results in fine Tin-rich dendrites with fine eutectic mixture of spherical Ag3Sn in 

the Tin-rich matrix, as seen Figure 4.3(a). As the cooling rate decreases, shown in Figure 4.3 (b) 

and (c), the microstructure consists of relatively coarse Tin-rich dendrites surrounded by coarse 

eutectic mixture of Ag3Sn.       
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Figure 4.2 (a) SEM Back Scatter composition mode image showing small and large Ag3Sn 
intermetallic within Sn-3.0Ag-1.1Cu. (b), (c) Optical polarized light image of (b) Sn–3.0Ag-0.8Cu 
commercial BGA joint, and (c) a near eutectic SAC solder ball illustrates “Kara’s Beach ball” 

texture, which has six-fold, cyclic twin relationship with 60
o
 rotations about a common [100] axis. 

 

Figure 4.3 SEM images of Sn-3.5wt%Ag solder microstructure for cooling rates of (a) 24 
°
C/s 

(water cooling), (b) 0.5 
°
C/s (air cooling), and (c) 0.08 

°
C/s (furnace cooling). 

4.1.3 Microstructure Dependence on the Joint Position in the Package   

 It is a common assumption that the solder joints in the same packaging assembly 

consist of the same microstructure as shown in Figure 4.2 and thus the mechanical properties 

of one solder joint represents the properties of the others at different locations within the same 

package. Consequently, it is believed that the solder joints in the same assembly should have 

the same reliability behavior. However, it is a common observation that during accelerated 

reliability evaluation, there exists a position in the assembly that is most prone to the failure. The 

shear fatigue results shown in chapter two and chapter three reveal that solder joints in the first 

row always fail earlier than the second row of solder joints, although all the solder joints are 

subjected to equal amount of shear stress and strain under cyclic shear that they should have 

equal possibility of failure. This result indicates that variation in grain structure or constrain with 

solder joint position may exist within the package. In the other hand, Telang et al. showed that 



 

 69 

the dominant orientations of about 20 separate solder joints were all different, suggesting that it 

is possible that every solder joint in a package may has different crystal orientation and thus 

mechanical properties may be different. [122] Therefore, more investigation is needed in order 

to verify and understand the position dependent solder microstructure and reliability behavior in 

the same package.  

In this chapter, the microstructure evolution of each individual solder with response to 

the thermal strain within the same package was investigated by series of cooling experiments. 

Some of the important findings are listed below. First, by controlling the cooling rate, cooling 

temperature range, and the thermal history, grain structure can be altered within the same 

assembly. In some positions, more often, the corner joints go through recrystallization and 

compose of fine polygrain structure; while in the inner side of the assembly, joints consist of 

single/multiple big grains. First indication of this result is that the grain structure of the solder 

joint can vary with position and the common assumption on the structure similarity in the 

assembly is not necessary correct. Second, although recrystallization is usually seen at 

localized cracking area where stress concentration and plastic deformation accumulation are 

high enough under mechanical fatigue or thermal cycling [90, 129, 132, 133, 144], this study 

indicates that the plastic deformation induced by thermal stress by one thermal exposure 

(cooling once) is enough to trigger recrystallization. Furthermore, the position dependency of 

recrystallization means that the plastic deformation is joint position related. As a result, the built-

in residual thermal stress in any process involving cooling/heating is different in each solder 

joints within the same assembly. This variation in residual thermal stress and grain structure 

may be sources for the position dependent reliability seen in many reliability assessments. In 

the other hand, twins found in the solder joints are believed to form by deformation twinning 

although it is hard to believe. Deformation twinning rarely occurs unless the strain rate is 

extremely high or temperature is below cryogenic temperature in tin or tin-based alloys due to 

the high stacking fault energy and relative low melting temperature [145-158]. However, my 
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result suggests that deformation twining can occur in tin simply by cooling and the mechanism 

will be discussed in the coming paper. Nevertheless, all the results reveal that various 

microstructure evolution paths can occur just by simple cooling in solder joints and result in 

different grain structures within the same assembly. This provides a good way to create different 

grain structures and evaluate how they can influence the reliability of the solder joints. 

 All in all, with the hope of understanding the grain structure and reliability of individual 

solder joint in the same assembly, careful investigations along with scientific discussions about 

the microstructure evolution and its contribution factors are given in this chapter. It is the first 

time an insightful understanding is given on how position dependent plastic deformations 

develop and affect the microstructure evolution in the packaging assembly by cooling. It also 

suggests that such position dependency should be included in the reliability evaluation of a 

solder packaging assembly.  

4.2 Experiment Procedure 

  The samples under investigation are based on Ball Grid Array configuration and can be 

described schematically in Figure 4.4. In this layout, 160 solder joints with 600μm diameter are 

arranged with a pitch spacing of 800μm in 14x14 arrays at the outermost area with the absence 

of inner 6x6 arrays. In Figure 4.3, the solder joints are indexed as column 1 to 14 and row A to 

P. These solder balls are placed underneath 1 cm by 1 cm Si chip covered with molding 

compound. With an industry standard reflow process, the assembly was heated up to ~260 
°
C 

with a steady heating rate, and then slowly cooled to room temperature after a short hold period 

at the reflow temperature. The solder alloy investigated here is Sn-based lead-free solder 

primary SAC105 (98.5%Sn-1%Ag-0.5%Cu) and SAC305 (96.5%Sn-3%Ag-0.5%Cu). Samples 

are thermal aged at 100 
°
C and 150 

°
C for 500 hours and 1000 hours. Subsequently, they were 

cooled to room temperature in water (50 
°
C/s), air (0.3 

°
C/s) or in the furnace (0.01 

°
C /S) with 

various cooling rates. The schematic temperature profile is shown in figure 4.5. For 

microstructure observation, cross-sections of the samples was made by modeling in epoxy, 
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following with sandpaper polishing, micro-polishing with Alumina powder and 5% HCl etching. 

Microstructure of the solder joint is investigated by Optical Microscope and Scanning Electron 

Microscope (SEM). 

 

Figure 4.4 Schematic drawing of the sample layout (SAC105 and SAC305) 

 

Figure 4.5 Schematic temperature profiles for solder thermal treatment. 

4.3 Results and Discussion 

4.3.1 Thermal Aging vs. Microstructure  

Figure 4.6 shows the microstructure of the SAC105 solder joints in row P after reflow 

taken by optical microscope. All the solder joints, regardless of the location, show more or less 

the same microstructures which consist of several large Tin grains with finely distributed Ag3Sn 
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particles and some Cu6Sn5 particles in the Sn matrix. Figure 4.7 reveals the microstructure of 

the solder joints which were slowly cooled in the furnace from 150 
°
C to room temperature after 

aging for 500 hours. Similar to Figure 4.6, the solder joints at different locations still show similar 

microstructure without position dependent. The optical microstructure of the solder joint after 

reflowing and slow cooling are similar and consistent with the assumption that in the same 

assembly the grain structure of the solder joint is the same. Figure 4.8 shows microstructure of 

solder joints before and after thermal aging taken by Scanning Electron Microscope (SEM). Two 

obvious changes induced by thermal aging can be seen. First, IMCs, both Ag3Sn and Cu6Sn5, in 

the Sn matrix were coarsened. Second, (NixCu1-x)6Sn5 layer in the packaging side and Cu6Sn5 

layer in the board side grow thicker after thermal aging. For SAC105, the IMCs in the package 

side interface grow from 1.5um to 3um after thermal aging at 150 
°
C for 1000 hours, while in the 

board side it grows from 2.5um to 6um. In case of SAC305, the IMC in package side increases 

from 1um to about 4um, in board side, from 3um to 13um. 

 

Figure 4.6 Optical Microscope of the solder joints in outmost row P from position 1 to 14 
after reflow.  

P1 P2 P3 

P5 P6 P7 P4 

P10 P9 P8 P11 

P14 P13 P12 
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Figure 4.7. Optical Microscope of the solder joints in outmost row P from position 1 to 14 150 
°
C 

for 500 hours. 

Coarsening of the IMC in the solder matrix and growth of IMC at the solder/Cu 

interfaces are common observations and are well documented in other papers. It is reported 

that interfacial reactions among solder material, surface finish layer and copper conductor and 

their reaction products are very important to the mechanical strength of the package. To prevent 

the reaction between the copper conductor and solder, various surface finishes are developed, 

such as ENiG, OSP, DIG, Immersion Silver or Pd, and so on. In this research, electroless nickel 

immersion gold surface finish (ENiG) was used in the package side, while in the board side, it 

was bare copper in direct contact with the solder. Therefore, interface IMC growth in the 

package side was much slower than in the board side. Also, the IMC in the board side is much 

thicker than the package side. Growth of the intermetallic compound made the solder/Cu 

interface to be weaker due to the brittleness of the IMC layer. The evidence can be seen from 

Figure 2.10 that the instead of initiating crack in the package side neck area the crack is found 

in the board side interface. Moreover, the solder matrix strength decreases because of IMC 
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coarsening. The finely distributed Ag3Sn has precipitates strengthening effect, while after 

thermal aging, the cohesion between the large Ag3Sn/Cu6Sn5 particle and Sn solder matrix is 

bad that decreases the strength of the solder matrix.  Thermal aging effect on the fatigue 

resistance of the solder joint in BGA package is described in chapter 3. It is found that the 

fatigue life decreases with increasing thermal aging time for all the solders under test (SAC105, 

SAC305 and SnPb). However, compared to the growth rate of interface IMC, the coarsen rate in 

the solder matrix is relatively slow because the Ag3Sn and Cu6Sn5 particles are covalently 

bonded. It requires high activation energy to break the covalent bond in the particles and diffuse 

toward the growing particles. Therefore, the degradation of mechanical strength in the solder 

matrix is not as much as in the interface that instead of crack in the solder matrix the crack is 

found to be at the solder/IMC interface at the board side.       

 

Figure 4.8. SEM images of the solder joint SAC105 in package side (top) and board side (down) 
before (left) and after 150 

°
C 500 thermal aging. 
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4.3.2 Grain Structure Evolution vs. Cooling Rate 

The microstructure of the solder joint after cooling with various cooling rate was 

observed by optical microscope as well as SEM, as shown in Figure 4.9. The color contrast 

seen from the optical microscope is due to the different grain orientation thus different color 

represents different grain. All the joints seen in Figure 4.9 are located at the corner of the BGA 

assembly. It is found that cooling rate has a significant effect on the microstructure.  A cooling 

rate of 50 
°
C/s results in poly-grain structure with grain size about 10um and smaller. Grain 

boundaries can also be seen clearly from figure 4.9(d). A cooling rate of 0.3 
°
C/s results in a 

similar microstructure as the reflowed. However, a closer inspection of the joint reveals that 

these grains contains a number of parallel grains as evidenced in  figure 4.9(b) and (e). The 

EBSD analysis as well as other analysis reveals that they are twins. In case of slow cool in the 

furnace, the grain structure is essentially the same as as-reflowed.  

 

Figure 4.9. Optical and SEM images of 150 °C 500 hours thermal aged BGA SAC105 after 
cooling at (a)(d) fast water quench, (b)(e) medium air cool, and (c)(f)slow  furnace cool. 

4.3.3 Grain Structure Evolution vs. Joint Position 

 Figure 4.9 shows the grain structure of the solder joint at the corner of the assembly 

because it is the place where cooling rate sensitivity is the most pronounced. Figure 4.10 shows 
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the grain structure of the joint at various positions after fast and medium cooling. Due to the 

symmetry of the assembly, quarter model is used. The first column in figure 4.10 is the 

schematic drawing of the solder joint position in the assembly, and it is grouped into three 

divisions according to the joint grain structure: corner, edge and inner. The second and third 

columns are the joints structure after medium cool; the fourth and fifth are the joints after fast 

water quench. Besides cooling rate, figure 4.10 also reveals that grain structure after cooling is 

highly sensitive to the joint position. It can be seen that medium rate cooling from 150 
°
C to 

room temperature results in the grain structure that is not fundamentally different from the as-

reflowed except for the fact that the grains at the corner and edge show mechanical twins. Inner 

joints do not show any mechanical twins. On the other hand, fast cooled assembly shows 

mixture of all possible grain structures, namely polygranular, grains with mechanical twin and 

the beach ball.  The corner joints clearly show polygranular structure, the joints in the edge 

contain the beach ball grains filled with mechanical twins, and the inner joints show no change 

in grain structure from the reflowed. In case when the same assembly is slowly cooled, there is 

no position dependence on the grain structure. All joints show the same grain structure and they 

are all beach ball type after slow cool.  Table 4.1 describes the grain structure sensitivity to 

cooling rate and joint position. 

Table 4.1 Corner, edge and inner joint microstructure after water quenching and slow cooling 

position 

cooling 
corner edge inner 

fast poly-grain twin classical 

medium twin twin classical 

slow classical classical classical 
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Figure 4.10. Corner, edge and inner joint microstructure of 150 
°
C 500 hours thermal aged BGA 

SAC105 after air cooling and water quenching. 

The dependence of joint grain structure on the position in the assembly and cooling rate 

is somewhat surprising and contradicts a conventional wisdom known in this field. First, it is 

common assumption that cooling rate after thermal exposure should not affect the grain 

structure. Second assumption is that the grain structure in the same assembly should be more 

or less the same. However, our results indicate that (1) the plastic deformation after one time 

thermal exposure is enough to induce grain structure change by dislocation glide and 

deformation twinning, and (2) the grain structure within one assembly is not necessary the same 

but position dependent.  

The polygrain structure is conventionally formed by recrystallization.[133] It is seen 

during thermal cycling with hundreds of cycles and is highly localized at the places where crack 

propagates.[90, 129, 132, 144] However, in this case, macroscopic recrystallization is resulted 

by one time thermal exposure. This means that dislocation glide and its multiplication is far 
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easier in Sn grains than previous thought. Alternatively, nucleation energy for grain formation is 

much lower than expected.  

The formation of mechanical twinning is another surprising but interesting observation 

in this research and will be discussed in the later chapter.   

4.3.4 Grain Structure Evolution vs. Thermal History and Alloy Composition 

  

 

Figure 4.11 Grain structure map with cooling rate, joint position and thermal history. 

Figure 4.11 shows the grain structure map showing the grain structure with respect to 

the cooling rate, joint position and thermal history (aging temperature and time). In case of 

SAC105 thermal aged at 150 
°
C for 1000 hours, after water quench, not only the joint in the 

corner but also in the edge position show polygrain structure. In case of aging at 100 
°
C, after 

cooling from 150 
°
C to room temperature, recrystallization does not occur in any position, but 
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only deformation twinning is observed.  These results indicate that recrystallization and thus 

polygrain formation is also sensitive to the thermal history of the solder joint.  

Furthermore, when the SAC305 (with or without thermal aging) was cooled from 150
o
C 

to room temperature, the grain structure does not change but keeps the classical beach ball 

structure. Even SAC305 was thermal aged at 150 
°
C for 1500 hours, recrystallization does not 

occur after water quench.  

The sensitivity of grain structure evolution to thermal aging and solder alloy composition 

share some similarity that is the dependency of grain structure on the solder joint strength and 

ductility. Compare SAC105 to SAC305, the former one is softer than the latter one. While 

compared thermal aged SAC105 at higher temperature and longer time, the solder is getting 

softer. Therefore, it is concluded that recrystallization is easier to occur in softer solder.  

4.3.5 Recrystallization Mechanism 

4.3.5.1 Driving Force for Grain Structure Change 

Considering the driving force for grain structure change which is the accumulation of the 

stored strain energy due to plastic deformation, the sensitivity of grain structure to the joint 

location and cooling rate suggests that there exists a close kinetic interplay between the 

accumulation rate of stored energy and its dynamic release during cooling.  In one hand, if the 

relaxation of stored energy is completely suppressed and stored strain energy in the solder joint 

is high, such as fast cooling, recrystallization is expected to occur.  In the other hand, if the 

stored energy (as a result of dislocation glide and its multiplication) is fully released, such as 

slow cooling, the stored energy will be not enough for recrystallization. This is the reason why 

recrystallization occurs when cooling rate is fast while it is suppressed when cooling rate is 

excessively slow.  Furthermore, in order to explain why this kinetic interplay only works only for 

the corner (or edge in some cases) joints, the finite element analysis (FEM) of stress state of 

solder joint for the given assembly is carried out using ANASYS.  
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  Table 4.2 lists the materials constants (young’s modulus, CTE and Poisson’s ratio) 

used for the computation. Figure 4.12 shows the quarter model drawing of the assembly for the 

FEM analysis. The dimension of each component is also listed. The focus of the computation is 

to determine how much deformation should occur by thermal expansion mismatch between the 

chip and PCB.  Since the inclusion of yield is not relevant in terms of understanding the driving 

force for the grain structure change, it is assumed that the deformation is completely elastic. 

Also it is assumed that the solder joint is strain free at 150 
°
C, which is reasonable because of 

aging for long time that the residual stress should be completely released by the time of cooling. 

The total deformation induced by cooling from 150 
°
C to room temperature is computed and the 

result is shown in Figure 4.13.  It can be seen that corner joint is subjected to the maximum total 

deformation field.  The edge joint is subjected to the next level followed by the inner joint.  This 

is an expected result because the symmetry center of the deformation is located at the center of 

the chip. The longer the distance from the center, the higher the total deformation field.  

Therefore, the corner joints are likely to experience the most deformation while the inner joints 

the least. 

Table 4.2 materials constants for FEM analysis 

Materials E(σPa) CTE(ppm/
o
C) ע 

Silicon 131 2.8 0.28 

Copper 129 17 0.34 

Substrate 16.8 16 0.3 

PCB 26.2 18 0.3 

EMC 20 9 0.3 

solder 96.9 15.8 0.42 

 
 

 



 

 81 

 

Figure 4.12. Schematic quarter model for FEM analysis. Chip Size: 1cm x 1cm; Packaging Size: 
1.3cm x 1.3cm; BT Substrate Thickness: 400um; Solder joint diameter: 600um; Solder Joint 

Height: 400um; Pitch Size: 800um. 

 

Figure 4.13. FEM analysis of Total deformation of solder joints in BGA assembly cooled from 
150

o
C to 22.5

o
C, unit: mm. 

Because all samples were aged at and cooled to the same temperature, they were 

subjected to the identical deformation field as shown in Figure 4.13 irrespective of cooling rate.  

Cooling rate plays a role in the grain structure evolution because it determines the strain rate 

(deformation rate) and the stress relaxation rate.  Recrystallization is a process of reducing the 
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stored strain energy by removing the dislocation with new dislocation free grains. It is a 

thermally activated process and occurs when the stored strain energy reaches a critical value 

for the material to recrystallize. However, besides recrystallization, dynamic recovery by either 

creep process or polygonization process can occur to reduce the stored strain energy as well. 

Dynamic recovery competes with recrystallization because both are driven by the stored energy. 

The difference between recrystallization and recovery is that the latter one does not involve 

migration and formation of high angle grain boundary. Increasing in the plastic deformation rate 

increases the net amount of stored strain energy needed for recrystallization because dynamic 

recovery does not have enough time to release the stored strain energy. This will trigger 

recrystallization process as seen in the fast cooled corner joint.  The edge joint in the same 

assembly may not develop enough stored energy with less amount of plastic deformation 

although clearly they deform by another competing process, mechanical twinning. In case when 

deformation amount is small, as in the case of inner joint of fast or medium cooling rate, or 

dynamic recovery successfully outcompetes the strain energy storage rate, as in the case of all 

joint in slow cooled, recrystallization does not occur. Figure 4.14, where a schematic 

representation of variation in deformation and stored energy with position and cooling rate is 

shown, may present a simply summary of the mechanism that explains position and cooling rate 

sensitivity of recrystallization. The stored strain energy for recrystallization increases with 

increasing cooling rate from the inner position to the corner position.  
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Figure 4.14.Stored strain energy variations with solder position and cooling rate. 

 Moreover, in addition to joint position, the plastic deformation also varies with the solder 

joint mechanical property, such as yield strength. The amount of plastic deformation decreases 

with increasing yield strength because high yield strength means that the solder is more 

resistant to plastic formation. This can explain why recrystallization only occurs in SAC105 

thermal aged at high enough temperature and time.  

According to the mechanism explained here, it is predictable that controlling the amount 

of the plastic deformation may be able to control the grain structure, for example, the cooling 

temperature or assembly parameter (joint geometry, diameter, pitch size and so on).  

4.3.5.2 Grain Structure Change vs. BGA Assembly Geometry 

Figure 4.15 shows the other geometry of the BGA assembly under observation. 

Compared to the previous one shown in figure 4.4, the number of joint, diameter, and pitch size 

are different. In this assembly, after fast cooling from 150 
°
C to room temperature, no 

recrystallized poly-grain structure is seen but only deformation twinning is observed in the 

solder joints at the corner and edge position. In the case of medium cooling, the result is the 

same. The grain structure of the joint after fast and medium cooling is shown in Figure 4.16. To 
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understand why recrystallization does not activate in the case of fast cooling, the estimated 

plastic deformation was computed by ANASYS, and the result is shown in Figure 4.17. 

Compared with the total deformation result shown in Figure 4.13 for assembly in Figure 4.4, the 

total deformation in each solder joint is less. Although the reduction in the total plastic 

deformation is not that much, the maximum deformation value decreasing from 13um to 12um, 

the stored strain energy difference can be large because energy (E) =Aɛ
2
. As a result, in this 

assembly configuration, the stored strain energy is not enough to trigger recrystallization 

process. 

 

Figure 4.15. schematic drawing of  BGA assembly showing the solder joint layout.  
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Figure 4.16. The optical microstructure of the 150 
°
C 500 hours thermal aged joint after (a) fast 

cool, (b) medium cool showing twins. 

 

Figure 4.17. FEM analysis of Total deformation of solder joints in BGA assembly cooled from 
150 

°
C to 22.5 

°
C, unit:um. 

4.3.5.2 Grain Structure Change vs. Cooling Temperature 

 According to the mechanism, if other factors are fixed, increase the cooling temperature 

will increase the amount of plastic deformation and thus increases the possibility of 

a b

100um 100um

a b

100um 100um
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recrystallization in the BGA assembly. The assembly as described in Figure 4.15 was cooled 

from 180 
°
C and 165 

°
C with various cooling rate. All the samples are thermal aged at 150 

°
C for 

500 hours before cooling. The grain structures were analyzed using the optical microstructure 

and shown in Figure 4.18. In case of medium cooling from 180 
°
C, all the solder joints in the 

assembly recrystallized and showed polygrain structure due to the high plastic formation. In the 

case of slow cool from 180
o
C, twins were formed in all the solder joints. With medium cooling 

from 165
o
C, all the solder joints recrystallized as well. Moreover, the FEM analysis of the 

deformation for assembly shown in Figure 4.17 indicates that the maximum deformation 

increases to 16um when cooled from 180 
°
C compared to 13um when cooled from 150 

°
C. All 

these results confirm that the mechanism suggested for recrystallization and grain structure 

evolution is reasonable. Moreover, it suggests that the grain structure of the solder can be tuned 

by one time thermal exposure and recrystallization and Sn-based solder can be triggered by the 

stored strain energy resulted from simply cooling.   
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Figure 4.18. The optical microstructure of the 150 
°
C 500 hours thermal aged joint after (a) and 

(b) medium cool from 180 
°
C (c) slow cool from 180 

°
C, and (d) medium cool from 165 

°
C. 

4.4 Implications 

 The grain structure evolution by recrystallization and mechanical twinning by one time 

thermal exposure indicate that tin-based solder alloys are much more susceptible to 

microstructure change. The stress/strain required for microstructure change is probably much 

lower than what is known. It suggests that the existing knowledge on tin and tin-alloys is so 

limited that more investigations are needed to fully understand the tin behavior under 

deformation, the mechanism of recrystallization and mechanical twinning. At the same time, the 

distinguish grain structure evolution from the results reveals a simple but effective way of 

altering the grain structure of tin-based lead-free solder which is very helpful to understand the 
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linkage between the microstructure and reliability. By conducting reliability tests for samples 

with different cooling rate, the reliability of solder joints with poly-grain, twin-grain and single 

grain can be evaluated.       

 Furthermore, the sensitivity of grain structure to cooling rate suggests that the processes 

involving cooling/heating, such as thermal cycling and reflow process, can cause huge 

microstructure evolution if cooling/heating rate is not well controlled. Moreover, the influence of 

the heating/cooling rate will be more pronounced as thermal cycling continues due to 

coarsening of IMCs which reduces the yield strength and thus the amount of plastic deformation. 

Therefore, it is more than necessary to track the microstructure evolution during heating/cooling 

when the assembly is subjected to thermal cycling, which may be ignored before.  

 Moreover, the dependency of grain structure on joint’s position is very important in 

many aspects. First, it breaks the common assumption that the solder joints in the same 

assembly are the same. It shows that the solder joints can consist of different grain structures 

depending on the position after thermal exposure due to the variation on plastic deformation at 

different locations. Therefore, the solder joints at different locations preserve unique mechanical 

properties and thus the reliability behavior will be different. Second, since the plastic 

deformation varies with the joint’s position and is highest at the corner where the residual 

thermal stress is the highest as well. Consequently, although the grain structure of the solder 

joint after reflow is more or less the same, as shown in Figure 4, due to the highest built-in 

residual stress, the corner joints will show inferior shear fatigue reliability as depicted in Figure 

2. As a result, in addition to the external stress/strain added to the solder joints when conducting 

the reliability tests, such as shock, vibration, shear, et al. built-in residual thermal stress should 

be taken into account in order to evaluate the real reliability behavior of the solder joint in the 

assembly. Moreover, the impact of residual stress on the reliability will be more pronounced in 

solder alloys with high yield strength, such as SAC305. With higher yield strength, plastic 

deformation is more difficult to occur resulting in higher residual stress. In this sense, it is better 
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to use solder joints with low yield strength but there is a trade off with respect to fatigue 

resistance. In order to enhance the reliability of the assembly, methods to release the residual 

stress will be helpful. Also since the corner position is inherently weak, change the packaging 

design or simply store the packaging assembly at relative relatively high temperature for built-in 

stress relaxation will be useful. Overall, it will be very meaningful to find an effective way to 

reduce the residual stress influence on the reliability behavior of the solder joints in the 

electronic packaging assembly. 

4.5 Summary 

A series of cooling experiments are carried out to understand the grain structure 

evolution of Sn-based lead-free solder joint, mainly SAC105. The results show that 

recrystallization and deformation twinning of can occur by simply one-time thermal exposure.  

Polygrain structure induced by recrystallization is observed in SAC105. Moreover, the grain 

structure of the solder joint is found to be very sensitive to the joint location, cooling rate, cooling 

temperature, thermal history, joint composition and geometry of the assembly. The mechanism 

of the recrystallization is investigated. The driving force for recrystallization is to release the 

stored strain energy resulted from the plastic deformation during cooling after one-time thermal 

exposure. It indicates that the strain energy for recrystallization in Sn-based solder is far less 

than initial thought. The FEM analysis of the deformation during cooling indicates that the plastic 

deformation increased from the inner joint to the corner joint. Therefore, recrystallization is more 

susceptible at the corner joint, while the grain structure of inner joints is the most stable. While 

the cooling rate sensitivity suggests that there exists a competition between the recrystallization 

and dynamic recovery process. The recrystallization increases with cooling rate due to the 

suppressed dynamic recovery process. Furthermore, it is found that any change in plastic 

deformation, which can be induced by changing of yield strength, assembly structure and 

temperature of cooling, can induce different grain structure in the solder joint in BGA assembly.   
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CHAPTER FIVE 

OABSERVATION OF DEFORMATION TWINNING AND ITS MECHANISM IN TIN-BASED 

LEAD-FREE SOLDER  

5.1 Background 

5.1.1 Deformation Twinning 

Dislocation slip and deformation twinning are two fundamental plastic deformation 

modes in metals and alloys which allow materials to change shape under applied stresses.  It is 

believed that in crystals with high symmetry having more than five independent slip systems 

dislocation slip is the major plastic deformation mode, while for those crystals with lower 

symmetry deformation Twinning is especially important. [145] For example, it was observed 

long time ago in B.C.C. and H.C.P. materials with low symmetry and a few slip systems. 

However, deformation twinning was also identified recently in some f.c.c metals and alloys 

when appreciable dislocation slip was recorded. Twinning is found to be very sensitive to 

temperature of deformation and to strain rate, the relative contribution of twinning to the overall 

plastic deformation increases as the temperature is lowered or the strain rate is increased. Very 

high strain rates, e.g. in shock-loaded or explosively deformed materials, often lead to twinning, 

and under such conditions, twins have been observed even in f.c.c. aluminum-magnesium 

alloys, which, according to conventional theory, should not twin because the stacking fault 

energy of aluminum is too high. Therefore, it is a common observation that deformation twinning 

operates preferable in materials with low symmetry, a few (less than five) independent slip 

systems, low temperature, and low stacking faults under high strain rates.  

Deformation twins are formed, in principle, by a homogeneous simple shear of the 

parent lattice, and this implies highly coordinated individual atom displacements, in contrast to 

the apparently chaotic processes of generation and growth of slip bands during dislocation slip 
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deformation. It usually forms as individual thin plates embedded in the matrix or in contact with 

the free surface or a grain boundary. In the classical theory of deformation twinning, the original 

(parent) lattice is re-orientated by atom displacements which are equivalent to a simple shear of 

the lattice points, or of some integral fraction of these points. To describe the twin, four 

elements K1, K2, η1, and η2 are used, as shown in figure 5.1. K1 is the  first invariant plane under 

twin shear, η1 is the shear direction, K2 is the second undistorted (or conjugate) plane, P is the 

plane of shear which contains η1 and the normals to K1 and K2, and η2 is conjugate shear 

direction which is the intersection of K2 and P. In some cases, the amount of shear, s is also 

used to describe the twin. 

 

Figure 5.1.The four twinning elements. The twinning and the conjugate (or reciprocal) twinning 
planes are K1 and K2, and the twinning and conjugate (or reciprocal) twinning directions are η1, 
and η2, respectively. The directions η1, η2 and the normals to K1, and K2, are all contained in the 

plane of shear P. [145] 

5.1.2 Deformation Twinning in Tin 

Most of the lead-free solder is tin-based that tin consists more than 90% of the solder 

matrix. Different from lead-tin solder in which lead phase withstand the primary load, in lead-fee 

sold, the soft tin phase has to withstand the major load. Therefore, the microstructure of Tin and 

its plastic deformation behavior under thermo-mechanical load are very important for the 

integrity of the packaging assembly.   

Tin has three allotropic forms, α or grey Tin, β or white Tin and γ Tin. The 

transformation of white Tin to grey Tin upon cooling occurs at 13.2 
°
C which is called Tin -cry or 

Tin-pest; while the transition from white Tin to γ tin happens upon heating at 202.8 
°
C. For the 
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applications with lead-free solder, β Tin is the most important one. Figure 2 shows the unit cell 

of body-centered-tetragonal (BCT) Tin and some common slip systems [128]. The crystal lattice 

parameters are a=0.58194 nm and c=0.31753 nm, thus c/a=0.54564.  In this unit cell, there are 

eight atoms in the corners, one atom at the center, and four more atoms at locations such as [0, 

1/2, 3/4] and [1/2, 0, 1/4]. The possible slip systems are: (110) [-111], (100) [001], (100) [010], 

(101) [-101], (121) [-101], et al. It has more than five independent slip systems so that plastic 

deformation by dislocation slip should be easier than twinning. However, deformation twinning is 

also identified in Tin crystal. It is found that the most common twinning plane is (301) with 

twinning direction [10-3], and twinning plane (10-1) with direction in [101] [11-12]. Table 5.1 

describes the possible twins in Tin crystal using the four elements (K1, K2, η1, and η2) and twin 

shear (s). [146]  

 

 

Figure 5.2 Crystallography of β-Sn structure and its possible slip systems. [128] 
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Table 5.1 Reciprocal twinning modes in β-Sn [146] 

Structure 
Twinning 

plane,  K1 

Twinning 
direction 

η1 

Second 
undistorted 
plane, K2 

direction 
η1 

Plane of 
shear, p 

Amount of 
shear, s 

B.C.T 

a=5.8315, 

c=3.1814 

{301} <10-3> {10-1} <101> (010) 0.0978 

{10-1} <101> {301} <10-3> (010) 0.0978 

 

Although there are many observation and research on deformation twinning in Tin 

crystals dated back to 1950s, deformation twinning is believed to be very difficult in normal 

circumstance due to the high stacking fault energy, low melting temperature and easiness of 

dislocation slip during plastic deformation. There is no exact value of stacking fault energy found 

in the references, but it is believed to be higher than that of copper (80 ergs/cm
2
). [147] the 

melting temperature of Tin is 230 
°
C, which is low compared to most of the metals. The 

homologous temperature of Tin at room temperature is 0.6 such that dislocation should be easy 

to move. Consequently, due to the high stacking fault energy and low melting temperature, as 

mentioned before, plastic deformation by dislocation slip is much easier compared to 

deformation twinning in Tin and Tin alloys.  

However, in the other hand, it is found that Tin is particularly susceptible to twinning by 

shock or impact loading with super high strain rate at temperature that is close to or lower than 

cryogenic temperature [149, 151-155]. It is found that mechanical twinning of Tin takes place in 

three stages: nucleation of small twin under local stress, propagation of twin and thickening of 

the twin by twin boundary migration in the direction normal to the twin plane. Two criteria are 

used to explain the requirements for twin nucleation in deformation twinning: critical resolved 

shear stress criteria and energy criteria. In the first case, it believes that deformation twinning 
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only occurs when the applied shear stress exceeds a critical resolved shear stress value or 

plastic deformation by dislocation slip will be preferred.  There are many observations on critical 

resolved shear stress for deformation twinning in Tin, but with some discrepancy. Ishii et al used 

the Impact loading on Tin single crystal and found the critical stress for initiation twinning 

scattered between 7 MPa and 25 MPa. [151-152] Maruyama et al. carried out the compression 

at temperature between -80
o
C to 20

o
C and found that the shear stress needed for twinning 

initiation is about 5-10 MPa with strain rate ranging from 0.025 /s to 2.5 /s.[153] Overcash et al, 

found the shear stress needed for Sn single crystal whiskers is around 74 MPa.[150] All these 

investigations indicate that the critical resolved shear stress criteria is not well defined that many 

factors contribute to the value of critical resolved shear stress for Tin twinning such as defects in 

the crystal, temperature, geometry of the sample, accompaniment of dislocation slip with 

twinning, and discontinuity of twinning. In the other hand the energy criteria is more reasonable 

when strain rate effect is considered during twinning. It is common observation that twinning is 

favored during impact, shock, and ultrasonic loading with high strain rate. Dislocation slip 

causes small amount of shear but in a large number of adjacent lattice sites which require 

diffusion of dislocations in the lattice and thus it necessitates a critical period of time; while 

during twinning, it occurs over a stack of planes but in less number of sites which need less time. 

These considerations lead to the postulation that the energy change is the driving force for 

twinning deformation.[156] Although this criterion appears to be more reasonable, few 

experimental works were conducted to confirm the validity. The former critical resolved shear 

stress criterion has received the most attention although the critical value for the twinning in Tin 

single crystal is not consistent and determined. Overall, the mechanism of deformation twinning 

in Tin or Tin-base alloys is an extremely complex process and further investigation is needed.  

Based on all the observations, one consistent conclusion with regarding to the 

deformation twinning in Tin is that it occurs only when the strain rate is super high or the 

temperature is low. However, surprisingly, it is found that deformation twinning of SAC105 
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solder joints in the assembly can occur simply by cooling after one time thermal exposure in this 

study on Lead-free SAC solder joints in BGA assembly. In this chapter, the possible mechanism 

of deformation twinning in BGA assembled SAC105 solder joints is proposed along with further 

experimental studies on the deformation twinning supporting the proposed mechanism. It is 

believed that the hydrostatic pressure stress plays an important role in activating the 

deformation twinning which promotes the plastic deformation by twinning while prevents 

dislocation sliding. In addition, the potential impact of such mechanism and twin formation to the 

reliability of solder joint in the packaging assembly is discussed.   

5.2 Samples and Experiments 

The samples under investigation are the same as in the previous chapter for grain 

structure investigation, which are shown in figure 4.4 and figure 4.15. The BGA assembly is 

processed using an industry standard reflow process, which involves steady heating up to 

~260 
°
C and slow cooling to room temperature after a short holding period at the reflow 

temperature. Samples were thermal aged at 100 
°
C or 150 

°
C for 24 hours, 500 hours and 1000 

hours, and subsequently cooled to room temperature in water, air or in the oven with various 

cooling rate. The cooling rate was determined to be 50 
°
C/s, 0.3

 °
C/s, and 0.01

 °
C/s, 

respectively. For microstructure observation, cross-sections of the samples were made by 

modeling in epoxy, following with sandpaper polishing, micro-polishing with Alumina powder 

and 5% HCl etching. Microstructure of the solder joint is investigated by Optical Microscope, 

Scanning Electron Microscope (SEM) and Electron Back Scatter Diffraction Microscope 

(EBSD).  

The stress and strain analysis after cooling is carried out by ANASYS using quarter or 

1/8 model. The material constants related to the simulation and the structure parameters for the 

model are listed in table 4.1 and table 4.2.  
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5.3 Results and Discussion 

5.3.1 Observation of Twins in Tin-based Lead-free SAC Solder  

As seen in figure 4.9 and figure 4.10, twins exist in solder joints after thermal aging at 

150 
°
C for 500 hours and cooling to room temperature by water quench or air. There are three 

types of twins depending on the formation process: nucleation and growth twin (solidification 

from vapor or liquid, annealing, or recrystallization), transformation twin (similar to twin forms 

during martensitic transformation), and deformation twinning. First, it is not the first case 

because twins do not exist in as-reflowed sample nor slow cooled sample which means they are 

formed during reflow process or thermal annealing process. Besides, twins formed in the first 

case are quite large and relatively perfect, but the twins here are narrow and thin.  Second, 

transformation twins are highly organized and the alternate twin lamellae of fixed thickness 

ratios form regular arrays. In contrast, deformation twins are usually thin and in ellipsoid shape. 

Based on the thin and imperfect shape of the twins seen in Figure 4.9 and figure 4.10, it is 

believed that they are more likely deformation twins. In addition, because the temperature is 

above the cryogenic temperature, phase transformation from white tin to grey tin, also known as 

tin-cry, is not possible.  Furthermore, if it is growth twin, then even at slow cooling rate, twins 

should also be presented in the matrix. Therefore, based on the shape and the possible 

formation process, these twins are believed to be deformation twins.  

In the other hand, in order to further confirm the twin formation mechanism, a simple 

experiment was carried out. The sample with SAC105 solder joints was polished and the 

microstructure without any thermal exposure was taken, showing classical grain structure with 

no twins in the matrix. Subsequently, the sample was put into the oven and heated up to 150 
°
C. 

After 24 hour, the sample was taken out and cooled to room temperature by water. Immediately 

the optical microstructure was taken after cooling shown in Figure 5.3.  Macroscopic twins are 

seen in solder joints right after cooling which means that they are formed during cooling 

(deformation twinning) not after cooling (growth twin).  
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Figure 5.3 Optical images of solder joint after aging at 150 
°
C for 24 hours and water quenched. 

 

Figure 5.4. EBSD analysis of the twin (a) optical image of water quenched solder joints after 
150 

°
C 500 hour thermal aging; (b) (001) inversed pole figure of the red rectangular area in (a); 

(c) misorientation angle plot. 

             Further analysis using EBSD was carried out to analyze the twin structure. Figure 5.4 (a) 

is the optical image of the 150
o
C 500 hours aged and water quenched sample. The red 

rectangular is the area where the EBSD image was taken.  Figure 5.4 (b) is the (001) inversed 
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pole figure showing four major different orientations indicated by the cubes represent the unit 

cell in the twin area. There are some other colors refer to different orientations in Figure 5.4 (b), 

but they can be fake-signals because the quality of the EBSD image is highly depending on the 

sample surface condition and the resolution of the EBSD. Figure 5.4 (c) shows the 

misorientation angles between the boundaries shown in Figure 5.4 (b). The major misorientation 

angles are 63
°
 and 58

°
, and they correspond to the boundaries in solid black lines and red lines 

in Figure 5.4 (b), which are close to the misorientation angle of (301)[-103] and (101)[-101] twin 

boundaries, respectively. It is found that (301)[-103] twin with [100] twin axis is the most 

possible twin found in Tin and the misorientation angle between the parent and the twin is 62.8
°
, 

while (101)[-101] twin with misorientation angle 57.3
°
 can also occur. According to Figure 5.4 (b) 

and (c), it can be determined that the twins formed during cooling are mostly (301) [-103] twins 

which assigned as yellow and light blue in inversed pole figure and some are (101) [-101] twins 

assigned as blue and white.    

As mentioned, deformation twinning as a plastic deformation mode in Tin is very difficult 

unless the strain rate is super high or temperature is very low. While the observation of 

deformation twins simply induced by cooling from 150 
°
C to room temperature at intermediate 

strain rate indicates that deformation twinning in Tin or Tin alloy is easier. The possible 

mechanism of deformation twinning and affecting factors need to be understood. 

 5.3.2 Factors Affect the Deformation Twinning Behavior During Cooling 

 Chapter 4 has described the grain structure evolution of the solder joint by one-time 

thermal exposure in detail. The grain structure map is shown in Figure 4.11 which describes 

how grain structure distributes in the BGA assembly with respecting to the joint position, cooling 

rate and thermal history. Same as recrystallization, deformation twinning also depends on the 

on the cooling rate, joint position and thermal history. It is found that deformation twinning 

occurs more readily with the cooling rate increasing. It makes sense because deformation 

twinning is known to occur at high strain rate where dislocation does not have enough time to 
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move. Moreover, deformation twinning happens more often in the corner and edge position than 

in the inner solder joints. As discussed in chapter four, the plastic deformation in the assembly 

increases from the inner to the corner position, so that the deformation twinning as the major 

plastic deformation mode increases from the inner position to the corner position. Meanwhile, as 

seen in the map, the twinning dependency on the thermal history is not as much as 

recrystallization. Deformation twinning can occur by simply increase the solder to elevated 

temperature and then cool to the room temperature without thermal aging, while certain thermal 

aging is required to reduce the strength of the solder before recrystallization could occur for 

recrystallization due to the difference in driving force. In the case of deformation twinning, the 

resolved shear stress should exceed the critical resolved shear stress for twinning; in the other 

hand, the driving force for recrystallization is the stored strain energy resulted from the plastic 

deformation.  

 One thing needs to be mentioned here is that in Figure 4.11, for water quenched 150
o
C 

thermal aged samples, no twins are found in the solder matrix which seems contradictory to the 

overall theory. Deformation twinning should be more ready to occur as cooling rate increases so 

that if it shows in solder joints with medium cooling rate it should also present in the joint with 

fast cooling rate. It is believed that the absence of twins in fast cooled corner joint matrix is due 

to the recrystallization. In order to reduce the stored strain energy after plastic deformation, 

recrystallization happens by removing the dislocations including the twin boundaries and 

creating new grains. Therefore, unless taking the microstructure image right after cooling before 

recrystallization occurs, no twins can be found in these samples. Therefore, it is believed that 

deformation twinning does occur in recrystallized solder joints but the twin boundaries disappear 

after recrystallization.        

5.3.3 Proposed Deformation Twinning Mechanism 

 The twins seen in the SAC105 solder joints in the BGA packaging assembly was 

identified and confirmed to be deformation twins, though it is hard to believe. This poses new 
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challenges in terms of understanding the mechanism. Deformation twinning in tin and tin-alloy is 

so difficult to occur due to the high stacking fault energy and low melting temperature, unless it 

is under high strain rate impact, ultrasonic vibration and low temperature. Deformation twinning 

and dislocation slip are two major and competing plastic deformation modes in metals and 

alloys. At normal circumstance, dislocations in Tin and Tin-alloys should be free to move while 

dislocation slip should be the major plastic deformation mode. Therefore, to understand the 

mechanism, it is critical to answer what causes the dislocation difficult to slip while promotes the 

deformation by twinning. One of the possible explanations is hydrostatic pressure stress. It is 

known that shear stress induces dislocation glide and twinning, but how hydrostatic pressure 

stress can affect the dislocation glide and twinning is not fully understood. According to the 

conventional critical resolved shear stress for twinning theory, deformation twinning activates 

when the resolved shear stress exceeds the critical resolved shear stress for twinning. Similar 

theory applies to dislocation slip as well. When the resolved shear stress exceeds the critical 

resolved shear stress for slip in the slip plane, dislocation slip activates. Subsequent question is: 

how hydrostatic pressure stress influences the resolved shear stress for twinning and slip.  

In one hand, it is found in some metal and alloy systems, such as BCC Mo and Cu 

alloys, the tension/compression stress can either prevent or promote mechanical twinning. [158-

160] It is said that the critical resolved shear stress for twinning in Mo decreases with increasing 

tension stress, while under compression a dislocation loop of (011)[-1-11] nucleates instead of 

(112)[-1-11] twinning in Mo [158-159]. In the other hand, in Cu-4.9% Sn (atomic percentage) 

alloy with mixture grain orientations of [111] and [100], twinning volume fraction is higher under 

compression than under tension because the Schmid Factor for twinning is larger under 

compression (0.48) than under tension (0.32) [160]. At the same time, since dislocation glide is 

a diffusion process, hydrostatic pressure stress will affect the dislocation glide more than 

deformation twinning. Under hydrostatic pressure stress, the space between dislocations is 

tighter thus diffusion is slower.  However, no report showing the impact of hydrostatic pressure 
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tress on the deformation twinning behavior in Tin is found, it is believed that the hydrostatic 

pressure stress  plays an important role in the deformation twin formation seen in Tin-based 

solder alloy here.  

In the other hand, in Figure 4.11, deformation twinning occurs at the corners and edges 

while not at the inner positions indicating that dislocation slip is prevented at the corners and 

edges while not at the inner positions. This may due to the difference in hydrostatic pressure 

stress with respect to the position of the solder joint. Figure 5.5 is the simplified configuration of 

the solder joints in BGA assembly where the UBM (under bump metallization) is ignored. The 

solder joints were sandwiched between the Silicon die (top) and FR4 PCB board (bottom). 

During cooling/heating, due to the CTE mismatch, solder joints were under non-uniform thermal 

stress consists of shear stress and hydrostatic pressure stress. Both the hydrostatic pressure 

stress and shear depend on the solder position.  If same as Mo and Cu-4.9%Sn alloy, the 

hydrostatic pressure stress causes a reduction in critical resolved shear stress for twinning and 

an increasing in critical resolved shear stress for dislocation slip in tin-based solder alloys, then 

as shown in Figure 5.6, there exists a critical hydrostatic pressure stress (σc) that if pressure 

stress exceeds the value, twinning is preferred, while smaller than the value, dislocation glide is 

dominant. The hydrostatic pressure stress in the corner and edge is larger than in the inner 

joints that it exceeds the critical hydrostatic pressure stress (σc), so that when the corner and 

edge solder joints are able to undergo twinning when plastic deformation occurs, while the inner 

solder joints either does not deform plastically or deform by dislocation glide mode.  

 

Based on observation and existing theory in other metal-alloy system, it is believed that 

hydrostatic pressure stress is critical for the deformation twinning seen in tin-based lead free 

Figure 5.5 Simplified configuration of the solder joints in BGA assembly. 
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solder during cooling that it prevents the dislocation glide while promotes deformation by 

twinning in tin by lowering the critical resolved shear stress for twinning while increasing the 

critical resolved shear stress for dislocation glide. 

 

Figure 5.6. Change of Critical resolved shear stress for dislocation slip and twinning with 
hydrostatic pressure stress. 

 

 

Figure 5.7 The schematic drawing of the solder joints layout in BGA packaging assembly. 
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5.3.3.1 FEM Analysis of the Hydrostatic Pressure Stress in Solder Joints under Cooling  

To understand and confirm the mechanism, the hydrostatic pressure stress in the solder 

joints under cooling was calculated using ANASYS. Two BGA assemblies were investigated in 

this research, and the schematic drawings are shown in Figure 5.7. The 3-D configuration was 

constructed by Pro-Engineer as shown in Figure 5.8. Since the assembly is symmetric, quarter 

model (sometimes 1/8 model) is used to reduce the computation time. The stress free state is 

assumed at the maximum temperature before cooling. Details of the BGA features used in the 

thermal stress computation are summarized below: 

- Chip size:1cm x 1 cm x 0.275 mm 

- Packaging size: 1.3 cm x 1.3 cm x 0.1 cm 

- BT substrate thickness: 0.25 mm 

- Solder joints diameter:600 um/350 um  

- Solder joints height:400 um/250 um 

- Pitch size: 800 um/450 um 

The material property parameters needed for analysis are listed in table 5.2. ANSYS and the 

Von-Mise criterion are used for analyzing the stress state.  

Table 5.2. Material constants for FEM analysis 

Materials E(σPa) CTE(ppm/
o
C) ע 

Silicon 131 2.8 0.28 

Copper 129 17 0.34 

Substrate 16.8 16 0.3 

PCB 26.2 18 0.3 

EMC 20 9 0.3 

solder 96.9 15.8 0.42 

With the stress analysis, the hydrostatic pressure stress, which equals to (σxx+σyy+σzz)/3, 

can be calculated for each solder joint in the BGA assembly in case of cooling from various 



 

 104 

temperatures. The change of hydrostatic tension with position and cooling temperature can be 

calculated.  

 

 Figure 5.8. 3-D Quarter model of the BGA assembly 

Figure 5.9 is the 1/8 model showing the hydrostatic pressure stress distribution in the 

BGA assembly when it was cooled from 150 
°
C to room temperature for configuration 5.7(a). 

The result indicates that the solder joint is under asymmetric hydrostatic pressure stress. The 

middle of the solder joint is under tension while the outer is under compression, and this is 

displayed in figure 5.10 as well.  Two important findings can be seen from Figure 5.10. First, the 

hydrostatic pressure decreases from the corner to the center and the maximum hydrostatic 

pressure stress exists in the corner joint. Second, volume fraction of compression to tension 

stress decreases from the corner position to the center. In other words, it is noticeable that 

almost the whole corner solder joint is under hydrostatic compressive stress, while for the 

center joint, the whole solder joint is under hydrostatic tension stress. Combining the simulation 

results with the microstructure observation, the deformation twinning is sensitive to the joint 

position that corner joint is most prone to twinning, and it is believed that the hydrostatic 

pressure stress is very critical for the deformation twinning behavior in tin-base solder alloy. 

Since the hydrostatic pressure stress decreases from the corner to the center, according to 

Figure 5.6, the critical resolved shear stress for twinning should increase from the corner to the 

center; while at the same time the shear stress in the solder joint also decreases from corner to 
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the center. As a result, the corner joint is easier to twin than the joint in the corner. In conclusion, 

the hydrostatic compression stress decreases the critical resolved shear stress for twinning and 

favors deformation twinning. At the same time, hydrostatic compression stress increases the 

critical resolved shear stress for dislocation glide and dislocation movement is confined.  

 

Figure 5.9. 1/8 model showing the hydrostatic pressure distribution in the solder joint in BGA 
assembly after cooling from 150 

°
C to room temperature. 

 

Figure 5.10 Hydrostatic pressure stress distribution in the solder joint after cooling.  
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 Moreover, from this simulation, the critical hydrostatic compression stress for 

deformation twinning to occur is estimated to be 200MPa.  Also, it is obvious that the 

deformation twinning is preferred when hydrostatic compression stress exists within the solder 

joint. Moreover, according to the deformation twinning theory, deformation twin forms by two 

stages, nucleation and growth. It says that the shear stress required for twin growth is lower 

than the force needed for twin nucleation. It is highly possible that the hydrostatic compression 

stress promotes not only the nucleation but also the growth of the twin.           

5.3.3.2 Deformation Twinning vs. Cooling Temperature 

  

  

Figure 5.11 The hydrostatic pressure distribution in solder joints in BGA assembly when cooling 
from 180 

°
C.  

 In order to find out how hydrostatic pressure stress influences the deformation twinning 

behavior of the tin-based solder alloy, different cooling temperatures is introduced. It is 

expected to see that as cooling temperature increases the hydrostatic compression stress as 

well as shear stress in the twin plane would increase, thus deformation by twinning would be 
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more aggressive. Simulation was carried out to find out the hydrostatic pressure stress changes 

with temperature and the results are shown in Figure 5.11. As revealed by the simulation, both 

hydrostatic tension and compression in the solder joints increase with cooling temperature. As 

the cooling temperature increases from 150 
°
C to 180 

°
C, the maximum hydrostatic 

compression stress increases from 315 MPa to 391 MPa. 

 At the same time, microstructures for assembly shown in Figure 5.7(b) cooled from 

various temperatures are investigated and shown in Figure 5.12. One important point to be 

mentioned here is that the joint with polygranular structure goes through deformation twinning 

yet twins are not shown in the microstructure just because they are removed by the subsequent 

recrystallization process. As a result, revealed in Figure 5.12(b), when cooling the solder from 

180 
°
C to room temperature with fast cooling rate, all the solder joints in the assembly deforms 

by twinning and then recrystallizes due to the increased plastic deformation and hydrostatic 

pressure stress. Meanwhile, in case of sample fast cooled from 165 
°
C, shown in Figure 5.12(c) 

and (d), all solder joints twins but only some of them show recrystallized Polygrained structure.  

In case of fast cooling from 150
o
C, indicated in Figure 5.12 (a), deformation twinning is found to 

be also prevalent in all the solder joints but recrystallization does not occur.  

 To summarize the microstructure dependency on cooling temperature and solder joint 

position: all the solder joints plastically deformed by mechanical twining regardless of joint 

position and cooling temperature. Then the question is why the dependence contradicts with the 

previous result shown in Figure 4.11. This is due to the difference in assembly layout. Figure 

4.11 corresponds to the configuration shown in Figure 5.7(a), and Figure 5.12 corresponds to 

configuration (b). Because there are only three rows of solder joints in the latter layout that the 

solder joints distances to the center are further and also the solder joints are smaller in size, the 

hydrostatic compression stress and shear stress at the inner solder joints are larger compared 

to the ones in configuration (a). It is found that the maximum compression stress in (a) is 

550MPa at the corner joint and 150MPa at the inner joint, while in the second one it is 315MPa 
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in the corner joint and 200MPa in the inner solder joint. In configuration (b), even the innermost 

row solder joints, compression stress is high enough to trigger deformation twinning, but in 

configuration (a), the inner rows are much closer to the center that the compression stress is not 

high enough for deformation twinning to occur. Alternatively, when configuration (a) is cooled 

from 100
o
C to room temperature, only corner joint exhibit deformation twins due to the reduced 

hydrostatic compression stress and plastic deformation. At the same time, it is noticed that 

recrystallization in solder joints in configuration (a) is easier than in the configuration (b) that no 

polygrains are observed in solder joints in configuration (b) when they are fast cooled from 

150
o
C to room temperature. This is due to the reduction in plastic deformation and thus the 

stored strain energy for recrystallization in configuration (b) compared to (a).      

 

Figure 5.12 optical image showing the grain structure of SAC105 solder joint after cooling from 
(a)150 

°
C, (b)180 

°
C, and (c)and (d)165 

°
C.  

 The above results show the change of deformation twinning behavior with cooling 

temperature and it suggests that the hydrostatic pressure stress is very critical for twinning to 

occur. As long as hydrostatic compression stress is high enough (about 200MPa) and plastic 

deformation occurs, deformation twinning activates in the tin-based lead-free solder.       

5.3.3.3 Deformation Twinning vs. Cooling Rate 
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 Besides cooling temperature and joint position, mechanical twinning in tin-based solder 

alloy also exhibits cooling rate dependency that it increases with increasing cooling rate. It is 

found that twinning occurs when cooling the samples by fast water quench or medium air cool. 

If slowly cooling the samples in the furnace, then regardless of the cooling temperature and 

geometry of the assembly, no twinning will occur.  The cooling rate sensitivity, in other words 

strain rate sensitivity, is very common phenomenon seen in other materials as well. To explain 

the strain rate sensitivity, energy model instead of critical resolved shear stress theory is applied 

which states that the stored energy has to exceed critical energy for twinning. The challenge 

here is the strain rate even with fast cooling rate is low compared to the conventional strain rate 

needed for twinning to occur in tin-based alloy. It is found that mechanical twinning in tin is very 

sensitive to impact load when the strain rate is as high as 2.8 /s, and the critical resolved shear 

stress for twinning is found to vary between 12.4 MPa to 44.13 MPa. In this study, the strain 

rate ranges from 0.008 /s to 5X10
-7 

/s, which is very low compared to the strain rate in impact 

load. Therefore, it is believed that hydrostatic compression stress which confines dislocation 

movement by gliding is the key for deformation twinning to occur at such low strain rate.   

5.4 Conclusions and Implications 

The deformation twinning seen in tin-based solder alloy, specifically SAC105 solder, 

poses a big challenge in understanding the deformation twinning mechanism. However, our 

observation and analysis suggests that hydrostatic compression stress coming from the 

surrounding confine components is very critical for this phenomenon. It is believed that the 

hydrostatic compression stress reduces the critical resolved shear stress for twinning while 

increases the critical resolved shear stress for dislocation slip.  According to the stress analysis, 

the hydrostatic compression stress increases from the center to the corner which makes the 

twining in the corner solder joint easier than the solder in the other positions. Therefore, 

deformation twinning in the packaging assembly shows position sensitivity. Also, due to the 
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increase of hydrostatic compression stress and plastic deformation with increasing temperature, 

as cooling temperature increases, deformation twinning occurs more readily.    

The impact of the hydrostatic compression stress on the deformation twinning behavior 

in tin is very surprising and possesses scientific as well as industrial importance. First, it 

suggests new twinning mechanism that mechanical twinning is not necessary to occur at super 

high strain rate or low temperature, and the hydrostatic compression stress could promote 

twinning. Second, it suggests a way to introduce twins if it is needed, because some researches 

indicate that twins could enhance the strength of the material.  Third, it implies that twinning in 

tin-based solder is much easier than expected that it has to be really careful when handling the 

sample to avoid applying hydrostatic compression stress in the solder which may cause plastic 

deformation by twinning. 

 As a summary, this chapter introduces a new mechanism associates to the deformation 

twinning in tin and tin-based alloy together with experimental, simulated and theoretical 

explanations. 
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CHAPTER 6 

SENSITIVITY OF FATIGUE RELIABILITY ON GRAIN STRUCTURE  

6.1 Background 

Up to now, the grain structure evolution of tin-based lead-free solder in electronic 

packaging during one time thermal exposure and the mechanism related to the grain structure 

change was discussed. It is found that by one-time thermal exposure and cooling, poly-grain, 

twin and classical beach-ball structure can be developed in the Sn-Ag-Cu solder joint in BGA 

assembly. This suggests an ideal way of studying the grain structure impact on the reliability of 

the solder joints, specifically how fine grain structure and twin affect the fatigue failure.  At the 

same time, a shear fatigue test was introduced and proved to be a good way of evaluating the 

fatigue reliability of the solder joint in packaging. It is a good way to extract the fatigue 

properties, specifically fatigue ductility coefficient, ductility exponent and frequency exponent for 

the solder. With these information ready, the following step is to study how the fatigue behavior 

changes with grain structure. The scope of this chapter is to evaluate the grain structure 

influence on the fatigue reliability of the tin-based solder joint in electronic packaging.   

6.2 Experiment  

 The as received SAC105 and SAC305 samples were stored in the furnace at 150 
°
C for 

500 hours and then cooled to room temperature with different cooling rates to produce various 

grain structures: poly-grain, twins, or classic beach-ball structure. Subsequently, shear fatigue 

tests were carried out for these samples at room temperature, 1Hz, 100mA and various shear 

displacements (strains). The resistance was tracked to record the failure lifetime and location. 

The microstructures were investigated by optical microscope and SEM.   
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6.3 Results and Discussion  

6.3.1 Fatigue Reliability vs. Cooling Rate 
 
 Fatigue test of SAC105 and SAC305 were carried out by the cyclic shear fatigue tester 

described in the previous chapters. The shear strain was set to 2%, frequency was 1HZ, and 

testing temperature was 25 
°
C. SAC105 sample were aged at 150 

°
C for 500 hours. Figure 6.1 

shows the fatigue lifetime of the solder joints at fast, medium and slow cooling rates. It indicates 

that the fatigue lifetime of the solder joint decreases with increasing cooling rate: slow 

cool>medium cool>fast cool.  Specifically, the fast cooling makes the fatigue life decrease by 

47%. As discussed in chapter four and chapter five, fast cooled sample composed of 

Polygrained structure, medium cooled sample has twins, and slow cooled sample preserved 

classical beach ball structure. Therefore, the shear fatigue results may appear to suggest that 

the polygranular joint structure is most susceptible to the fatigue while beach ball structure is the 

best in terms of resisting fatigue induced fracture. However, the observation is the opposite.  

Tracking of the failure location reveals that the failure in fast cooled sample does not occur at 

the most fatigue prone position of the assembly. This behavior is shown in Figure 6.2 where 

resistance tracking data for 1
st
 row and 2

nd
 row of assembly is shown. Note that fast cooled 

samples fail first at the 2
nd

 row not at the 1
st
 row. The same is found from the samples with 

medium cooling rate. In the case of slow cooling, the failure location is found to be fixed at the 

corner joint.  It was mentioned in chapter two and three that the most fatigue prone joint in the 

assembly is the corner (or near to the corner) joint.  It is most fatigue prone because the joint 

has the highest residual stress unless released by some other mechanisms. However, in the 

case of fast cooling and medium cooling, the failure location is not fixed at the 1
st
 row but at the 

2
nd

 row of the assembly.  This result contradicts the results tested from all other samples cannot 

be explained without accepting the existence of strengthening mechanism of the joints in the 1
st
 

and 2
nd

 rows.  These 1
st
 /2

nd
 row joints are either recrystallized (corner) or heavily twinned.  It is 
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therefore reasonable to conclude that the joint with polygranular structure or heavily twinned 

structure is much more resistant to fatigue than the joint with beach ball structure.   

 

Figure 6.1 Fatigue lifetime of 150 
°
C 500 hour aged SAC105 cooling with fast, medium and slow 

rate, at strain 2%, 1Hz, room temperature. 
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(a)                                                                      (b) 

            
(c)                                                                     (d) 

Figure 6.2. Resistance change with number of cycle for (a) fast cool, (b) medium cool and (c) 
slow cool for SAC105 150 

°
C, 500 hour aged samples, and (d) SAC305 fast cool sample, at 
strain 2%, 1Hz, room temperature. 
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assembly after the same aging and cooling treatment reveals that the failure location is always 

fixed at the 1
st
 row irrespective of cooling rate (Figure 6.2 (d)).  Moreover, as shown in Figure 

6.3, the fatigue lifetime of SAC305 tested at 8% strain, room temperature and 1Hz decreases 

with increasing cooling rate. Also the fact that fatigue life is reduced by ~50% using a fast 

cooling treatment.  As mentioned in the grain structure section, the grain structure of SAC305 

does not change with joint location or cooling rate.  Therefore, the fatigue life reduction by fast 

cooling can be a measure of residual stress impacting fatigue life.  The fact that the fast cooled 

SAC105 fails at the 2
nd

 row while life is reduced by roughly 50% presents clear evidence that 

the joint with polygranular structure (or mechanical twins) is far more resistant to the fatigue 

failure than the beach ball joint. 

 

Figure 6.3 Fatigue lifetime of 150 
°
C 500 hour aged SAC305 cooling with fast, medium and slow 

cooling rate, at strain 8%, 1Hz, room temperature, first row solder joints lifetime. 
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cooled from 100 
°
C to room temperature in the furnace at slow cooling rate. In this way, the 

residual thermal stress due to cooling from 150 
°
C can be partially relaxed, and the residual 

thermal stress remained in the solder joints are in the same level for all the samples after 

cooling from 100 
°
C to room temperature.  After removing residual thermal stress, shear tests 

were executed and the fatigue lifetimes of the first row solder joints are shown in Figure 6.4. It 

indicates that after minimizing the residual thermal effect on the fatigue reliability, the fatigue 

lifetime increases with increasing cooling rate: Nf fast cool > Nf medium cool > Nf slow cool. This 

result suggests that the Polygrained and twinned structure are more resistant to fatigue failure.  

 

Figure 6.4. Fatigue lifetime of 150 
°
C 500 hour aged SAC105 cooling with fast, medium and 

slow cooling rate after stored in 100 °C for 24 hour. Shear test at strain 8%, 1Hz, room 
temperature, first row solder joints fatigue life. 

6.3.2 Crack Path vs. Cooling Rate 
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displayed in Figure 6.5 (a) showing the crack path for slow cooled solder joint with two grains in 

the solder matrix. It can be seen that part of crack follows the grain boundaries and part of it is 

trans-granular. In the case of medium cooling, twins are observed in the joint and the crack is 

trans- -granular since only one grain is viewed in this image. In the case of fast cooling, it 

composes of many fine grains and most of the crack follows grain boundaries unless it 

encounters big grains. It is known that the smaller grain size increases the ductility and the 

strength of the solder joint. In fact, grain refinement is the only mechanism that increases both 

parameters.  With an increase in both ductility and strength, the joint becomes more resistant to 

fatigue inducing deformation and fracture inducing crack growth. At the same time, some 

researches revealed that twins can also enhance the strength of the material. Therefore, it is 

believed that the fatigue resistance increases with increasing cooling rate because the strength 

and ductility of the solder joint are improved by recrystallization and deformation twinning.         

 

Figure 6.5 crack path of the solder joint after shear fatigue test at room temperature, 8% strain, 
1Hz for (a) slow cool, (b) medium cool, (c) (d) fast cool. 
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6.4 Conclusions and Implications 

 In this chapter, it is found that the fatigue lifetime of the solder joints is very sensitivity to 

the cooling rate and the grain structure. The fast cooled solder joints with polygrain structure or 

medium cooled sample with twinned structure show better fatigue performance than the solder 

joint with classical beach ball structure. This finding has a very practical application in the 

industry. It indicates that the fatigue resistance can be improved by producing finer grain 

structure or introducing twins in the solder matrix. The other important finding in this chapter is 

that residual thermal stress can affect the fatigue reliability. Careful consideration on the 

residual thermal stress has to be taken when evaluating the fatigue behavior of a given solder 

joints in the packaging assembly.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK  

7.1 Conclusions 

The fatigue reliability of lead-free solder in BGA packaging assembly and its controlling 

factors especially the microstructure impact are investigated by the shear fatigue test. In this 

study, the evolution of grain structure in tin-based solder joint by thermal stress and its possible 

mechanism are studied.  

7.1.1 Shear Fatigue Mechanism and Mechanics  

 With the trend of miniaturization and mobilization of electronic devices, the reliability 

concerns are not limited to the conventional thermal cycling or power cycling due to CTE 

mismatch but also isothermal fatigue coming from vibration, shock and bending. To understand 

the isothermal fatigue behavior of the tin-based lead-free solder joints in BGA packaging 

assembly, isothermal shear fatigue tester was designed and was found to be an effective and 

efficient way to evaluate the fatigue reliability of the BGA assembly.   

 It is found that solder joints fail by crack opening mode under cyclic shear load and the 

crack always initiates at the solder neck area in the package side regardless of the testing 

conditions. This is due to the asymmetric stress/strain distribution in solder joint resulted from 

the geometry of the solder ball. The four corners especially the solder neck areas in the 

packaging side are under the highest compression/tension stress. The fixation of failure site in 

the solder matrix indicates that the fatigue behavior of the solder joint is controlled by the solder 

fatigue property itself which means the shear fatigue can be a good way of evaluating the 

fatigue property of the solder joint in the assembly. Also the fast crack opening mode makes the 

shear fatigue test an efficient method for fatigue reliability characterization.  
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7.1.2 Fatigue Property Parameters and Fatigue Lifetime Prediction 

 Shear Fatigue tests were carried out to investigate the factors that affect the fatigue 

behavior of the solder joints: solder alloy composition, thermal aging, frequency, strain range 

and testing temperatures. It is found that the fatigue failure of the solder joint under shear 

follows the Coffin-Manson model and frequency-modified Coffin-Manson Model is developed for 

fatigue lifetime prediction. The importance of this model is that the most critical fatigue property 

parameters that dictate the fatigue behavior of the solder joints are extracted. These parameters 

are determined to be fatigue ductility coefficient, cyclic strain hardening exponent/cyclic ductility 

exponent, and frequency exponent. They are all temperature dependent. Fatigue ductility 

coefficient represents the ductility of the material and it increases with increasing temperature. 

Strain hardening exponent which is inversely proportional to the cyclic ductility exponent 

represents the strength and strain hardening behavior of the material, and it decreases with 

increasing temperature. The third parameter frequency exponent is related to the creep and 

viscous property of the solder material, which affects the fatigue more as temperature increases.  

 SAC305 has the highest strain hardening exponent leading to a better fatigue 

performance at low strain range. SAC105 has the highest fatigue ductility coefficient means that 

at high strain range the fatigue resistance is better than SAC305 and SnPb. Because strength 

and ductility dominant the fatigue behavior of the solder material, it is predicted that SAC305 will 

have a better performance in terms of resist vibration load, while SAC105 may be better in the 

case of shock resistance.  

 Moreover, the fatigue lifetime seems to decrease with thermal aging time and aging 

temperature. Also the failure site after thermal aging is more complex while cracks are found not 

only at the solder matrix of the chip side but also in the solder/IMC interface of the board side. 

The failure site shifting and lifetime decreasing are due to the IMC growth in the interface 

especially in the board side interface and IMC coarsening in the solder matrix. Thermal aging 

makes the solder matrix weaker because the IMC strengthening effect is weaker.  
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 Meanwhile, the fatigue resistance also shows strain rate/frequency sensitivity that it 

decreases with increasing strain rate/frequency. This is due to increasing of the strain energy 

with increasing strain rate.  

The temperature has a negative effect on the fatigue reliability probably due to 

decrease of strain hardening exponent with temperature increasing. However, shear fatigue at 

elevated temperature has to consider thermal strain effect that in addition to the shear 

displacement the thermal shear strain need to be included. As a result, the thermal strain and 

frequency modified Coffin-Manson equation is developed for fatigue lifetime prediction at 

elevated temperature.  

 By known the fatigue property parameters namely fatigue ductility coefficient, ductility 

exponent and frequency exponent, and their dependency on the temperature, the fatigue 

lifetime of the solder joint under mechanic load can be predicted using the frequency-modified 

coffin-Manson equation at any given condition.   

7.1.3 Grain Structure Evolution and Its Impact on the Fatigue Reliability 

 Recrystallization and deformation twinning are observed in SAC105 solder joint by one-

time thermal exposure. This suggests that the recrystallization and deformation twinning are 

much easier than expected. It indicates that stored strain energy required for recrystallization to 

occur in tin is much less than normal that thermal strain resulted from one-time thermal 

exposure only is enough to trigger recrystallization. In addition, the deformation twinning is even 

more surprising due to the high stacking fault energy and low melting temperature of tin which 

makes the deformation twinning to be very difficult at normal circumstance. However, our 

investigation finds that deformation twinning can be promoted if hydrostatic compression stress 

exists. The hydrostatic compression is able to reduce the critical resolved shear stress required 

for twinning and makes twinning to be easier than expected.   

In addition, grain structure evolution of the tin-based lead-free solder joint in BGA 

assembly is found to be highly sensitive to the cooling temperature and joint location in the 
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assembly.  The plastic deformation in solder joint is found to increase from the center to the 

corner solder joint resulting in the increased stored strain energy from the center to the corner. 

The cooling rate sensitivity is due to the competition between the dynamic recovery process and 

recrystallization process. At high cooling rate, dynamic recovery which reduces the stored strain 

energy is less happening in the solder resulting in high stored strain energy for recrystallization 

to occur， while at low cooling rate, stored strain energy is relaxed by the dynamic recovery 

process and recrystallization does not happen.  

The grain structure evolution with cooling provides an ideal way of investigating the 

microstructure effect on the fatigue reliability. The recrystallized polygrain structure and twin 

structure are found to enhance the fatigue resistance more than 50%.  

7.1.4 Deformation Twinning in Tin-based Solder Alloy 

Deformation twinning instead of dislocation glide was observed in SAC105 solder joint 

in BGA packaging assembly during simply cooling, though mechanical twinning in tin is only 

seen when the strain rate is super high such as impact and ultrasonic load or the temperature is 

below cryogenic temperature. The twins are identified to be (301) [-103] and (101) [-101] twins. 

The mechanism of this deformation twinning was investigated and found that hydrostatic 

compression which reduces the critical resolved shear stress for twinning is the key for 

deformation twinning to occur. Also the hydrostatic compression stress decreases from the 

corner to the center that makes the deformation twinning more prevalent in corner and edge 

solder joint. Hydrostatic compression stress makes tin able to twinning at moderate strain rate 

and relative high temperature. This finding is scientifically and technically significant for tin-

based solder alloy.  
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7.2 Future Work 

7.2.1 Fatigue Parameters and Fatigue Reliability of Solder Joints  

7.2.1.1 Shear Fatigue Test of Solder Joints with Polygrain and Twin Structure 

 The fatigue parameters, specifically fatigue ductility coefficient, ductility exponent and 

frequency exponent can be extracted from the shear fatigue test for solder joints with polygrain 

structure and twin structure at various strain ranges, temperatures and frequencies. With these 

parameters known, the fatigue behavior of the solder joint with twins and fine grains can be 

predicted and the fatigue strengthening mechanism can be understood better. I expected that 

solder joint with fine grain structure would have a higher strength and strain hardening exponent 

while the ductility my decrease. The same for solder joint with twins the strength would increase 

as well.   

 However, one difficulty of carrying out this test is that the effect of residual thermal 

stress on the fatigue behavior. Due to residual thermal stress failure in the shear test tends to 

occur at the corner side which makes the direct assessment of grain structure impact on fatigue 

difficult.  There are several ways of solving this problem. First, measure the residual thermal 

stress in the solder joints after reflow and thermal treatment. This can be carried out by Finite 

Element Analysis using ANSYS. Alternatively, to get rid of the effect of residual thermal stress 

on the fatigue, a longer storing time in a proper environment without deteriorating the solder 

microstructure may be needed. In this way, the fatigue reliability solely related to the grain 

structure can be evaluated.     

7.2.1.2 Isothermal Shear Fatigue Test with Thermal Cycle 

 As mentioned. Thermal cycling is the conventional reliability concern in solder joint 

while usual thermal cycling test is time consuming and instrument requirement is high. In order 

to understand the linkage between the isothermal fatigue and thermal cycling, besides all the 

tests have been carried out, the shear test with thermal cycling can be conducted. Instead of the 

complicated thermal cycling, a heater that can be switched on and off can be placed on top of 
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the sample. In this way, shear test with temperature cycling can be conducted. Comparison 

between these results and isothermal shear fatigue can be made so that the temperature 

cycling effect on the fatigue reliability can be concluded.     

7.2.2 Deformation Twinning in Tin and Its Mechanism   

 To further study the deformation twinning mechanism in tin, a single solder joint in 

packaging can be specially designed to find out the level of hydrostatic compression stress 

needed to trigger the plastic deformation by twinning.  

Moreover, the strain rate sensitivity needs to be studied in more detail and 

systematically. Drop shock tests can be an ideal way of this study.   
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