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Abstract 
 

As the trends in green manufacturing, miniaturization, and enhanced functionality of 

electronics devices continue without any sign of slowing down, the reliability of lead free 

solder joints with diminishing size has become more and more a challenge to the design 

engineers and the electronics manufacturing industry. In order to predict the reliability of 

solder joints accurately, it is necessary to develop test techniques to test solder joints 

efficiently under conditions that are comparable to those in application environment. In this 

day and age when computer simulation has become an indispensable tool in many areas, it is 

also very important that suitable material models are available for solder materials so that 

virtual design tools can be used to predict device reliability performance accurately.  

In this work, the aim was to develop vibration and cyclic shear test methods and equipment, 

and to use computer modelling techniques in the analysis of lead free solder joints in 

microelectronics devices, and to develop an inverse Finite Element technique and 

experimental data to obtain constitutive laws for lead-free solder alloys. In the development 

of the vibration test machine, a prototype test machine that uses piezoelectric cell as actuators 

for the loading was modelled using the Finite Element Analysis method, and the behaviours 

of the test specimen which is similar to a BGA solder joint in dimensions was analysed. The 

static and dynamic response of the equipment was modelled and compared with experimental 

results.  A novel multi-joint  test specimen in which the solder deformation is similar to that 

in solder joints of  BGAs that are under thermal loading was analysed so that test results can 

be interpreted and the specimens and loading conditions can be improved. The response of 

the joints reinforced the understanding that the interface of the solder and the copper or 

printed circuit board is the mostly likely region for crack growth and hence failure of the 

package.  In the inverse Finite Element Analysis of solder joints, cyclic shear test data and 

Finite Element Analysis methods were used to improve the Anand's visco-plastic constitutive 

law for the SAC solder specimens under the test conditions. To reduce the possibility of 

spurious experimental data skewing the entire analysis, a technique was employed that uses 
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limited experimental datasets in determining the material parameters. Simulation results 

using the new constitutive law showed significant improvement in accuracy.    

The main contribution of this research work to the manufacturing, testing and virtual design 

of solder joints can be summarised as follows: (1) A unique dedicated high cycle fatigue test 

equipment that is especially suited for testing very small solder joints and other surface 

mounted technologies under vibration conditions has been successfully designed, and 

manufactured. This is expected to enhance the capability of the industry in solder joint tests. 

(2) The behaviours of individual solder joints in a BGA-like multi-joint test specimen under 

isothermal cyclic loading condition have been characterised making the prediction of solder 

properties more accurate and efficient. (3) A novel procedure that is based on inverse Finite 

Element Analysis to obtain nonlinear creep parameters of, for example, Anand’s model, has 

been proposed and demonstrated. This method reduces the effect of spurious dataset, the high 

reliance of the skill of the individuals who perform the analysis and makes it possible for 

small institutions with limited resources to obtain the necessary model parameters for virtual 

product design and reliability analysis. 
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Chapter 1 Introduction 
 

Electronics devices reside in almost all modern equipment and machinery and their reliability 

has always been a major issue for design and manufacturing engineers. The use of new 

materials, new manufacturing processes, and new trends in consumer products, new 

performance requirements, and new applications are all great challenges for the engineers and 

researchers in their pursuit for the best and most reliable design in electronics devices. One of 

the greatest challenges is to achieve high reliability for the manufacturing of interconnects, 

which are often the most vulnerable parts of electronics devices. In most applications, and in 

particular in applications that are used in harsh environments interconnects are often highly 

stressed because of the extreme temperature, pressure, acceleration, vibration etc. and may 

fail earlier than expected. Traditionally, one of the interconnect technologies of choice is 

soldering. The behaviour and response of solder to loading conditions has a direct impact on 

the reliability of interconnects and therefore electronics devices. 

Electronic packages need interconnect materials to provide electrical connection and 

mechanical support for the components. Soldering technology has been used extensively in 

the electronics packaging industry for decades and the lead based alloys have been used for 

this purpose most of the time. The most popular solder alloy was the eutectic tin-lead (SnPb) 

due partly to its outstanding thermal, electrical and mechanical properties and partly due to 

the large body of accumulated work dealing with different loading and process conditions. 

Due to this large body of work, researchers can predict relatively accurately the behaviour of 

SnPb solders in most application environments. Unfortunately a major constituent in SnPb 

solder, lead, is a heavy metal that carries significant health risk for humans especially to 

children and pregnant women and has devastating long term effect on the environment. Lead 

poses its greatest risk not during the production of the appliance but in its disposal where the 

lead will leach from landfills and contaminate groundwater supply.  The amount of solder 

contained in electronics components is not as large as in some other manufactured 

components, say in batteries and it is therefore neither easy nor cost effective to recycle. The 

introduction of RoHS [1] and WEEE [2] directives by the European Union has effectively 



 

2 

 

banned lead and other hazardous substances from use and made the producers of electronics 

and electrical components responsible for their safe disposal and has driven the research into 

finding worthy lead-free replacement compounds.  The interconnect materials that do not 

contain the hazardous lead are generally referred to as lead-free materials. 

The definition of lead-free material though, doesn’t mean a material that is totally devoid of 

lead. The amount of lead defined as lead-free is dependent on the standard or directive used 

in the definition. The RoHS directive defines lead-free as a material containing less than 0.1 

wt. % of lead. The ASTM B32-96 has two definition for lead-free; less than 0.1% generally 

and 0.2% for special cases. Whilst ISO 9453 defines lead-free as 0.05 – 0.1% lead [3]. 

The main lead-free alternative used in the industry is the ternary combination of tin, silver 

and copper (SAC). The switch from lead to lead free solder necessitates a change in 

materials, engineering processes, process techniques and soldering techniques.  The new 

material combinations have different material properties and long term reliability is of serious 

concern. Unfortunately, the replacement combinations that are being touted do not have the 

same body of work that researchers and analysts can access when compared to SnPb. The 

limited availability of data for lead free solder is not the only problem. The available data are 

often not fit for purpose.  For example, most of the material data available for lead-free solder 

alloys are the bulk material data whose response is different from solder joints that are used 

in microelectronics manufacturing.  This lack of material and reliability data for lead-free 

solder is a major concern for many manufacturers of electronic equipment.  It is this need to 

gather test data and determine material properties for lead-free solder in order to accurately 

predict the behaviour of the lead-free replacement that has motivated the research work in 

this project.  

1.1 Electronics Packaging Overview 
 

Electronic packaging is a manufacturing process which enables electronics products to 

perform their intended functions in a reliable manner. It is a combination of engineering and 

manufacturing technologies that are required to convert electronic circuits into a 

manufactured assembly. The engineering technologies may involve electrical, mechanical, 

thermal, and chemical processes, as well as materials, component and other. Electronics 
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packaging also forms the portion of an electronics structure that protects and shields the 

electronics/electrical element and its environment from each other [4-6]. As summarised in 

Figure. 1-1, there are four main functions of electronics packages: signal distribution, 

protection, heat dissipation and power distribution. For the chip to perform the task for which 

it was designed it needs to be powered by an external source and supplied with time varying 

signal. Packaging is therefore considered as the bridge that interconnects the ICs and other 

components into a system-level board to form electronic products. As electronics devices 

have become ever more complicated with an increasing number of transistors on 

semiconductor chips, the packaging of these chips to provide suitable and effective 

environment for the electronics package is becoming more and more challenging.  

 

 

 

 

 

 

 

1.2 Electronics Packaging and Interconnects 
 

Depending on the functionality and manufacturing process, electronic packaging technologies 

can be classified into different levels and at each level there are specific connection devices 

associated with that level (Figure 1-2). The levels are divided as follows: 

• Level 0: Gate-to-gate interconnections on a monolithic silicon chip  

• Level 1: Single-chip package, MCM, chips. Packaging of silicon chips into dual-in-line 

packages (DIPs), small outline (SO) ICs, chip carriers, multichip packages, ball grid 

array (BGA) and the chip level interconnects that join the chip to the lead frames. Instead 

Signal  
Distribution 

Circuit Support  
And Protection 

Power  
Distribution 

Power  
Distribution 

Heat  
Dissipation 

Function of Electronic  Package 

Figure 1-1 Basic Electronic Packaging function 
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of lead frames, tape-automated bonding (TAB) or chip on-board (COB) technologies can 

be utilized.  

• Level 2: Printed wiring board (PWB) or Printed Circuit Board (PCB).   Printed conductor 

paths connect the leads of components to PCBs and to the electrical edge connectors for 

off-the-board interconnection  

• Level 3: Backplane (Equipment Drawer) connections between PCBs. PCB-to-PCB 

interconnections or card-to-motherboard interconnections  

• Level 4: Equipment rack connections between two subassemblies. A rack or frame hold 

several shelves of subassemblies that must be connected together to make up a complete 

system.  

o Level 5: Connections between physically separate systems such as host computer to 

terminals, computer to printer, and so on. [7] 

 

 

Figure 1-2 Packing Hierarchy [7] 

 

This work focuses on modelling and analysing solder interconnect using solder balls that are 

used in the second level packaging but the results may also be useful for other second level 

solder interconnect and flip-chip which is a first level interconnect technology because the 
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solder’s response to vibration loading will be true for both levels. In the following more 

details about these two levels of interconnect are described [8, 9]. 

1.2.1 First Level Interconnection 

 

In the first level packaging, the chip communicates electrically with the substrate using I/O 

connections using either wire bonding or flip chip bonding technologies. 

Wire bonding is a primary method of making interconnections between IC and printed circuit 

board during semiconductor fabrication. It is generally considered a cost effective and 

flexible interconnection technology, and is used to assemble the vast majority of 

semiconductor packages. Generally fine metal wire of copper, aluminium or gold with 

diameter of 20-25 µm is used to bond each chip to the substrate pad. The wire is welded to 

the pads at each end by thermosonic or ultrasonic bonding. Figure1-3 shows schematics of 

wire bonding interconnections. The use of wire bonding interconnection technology has a 

number of drawbacks and of particular concern is that the bonding process is time-

consuming, since individual connection between chip and board are made sequentially. For 

chips containing many I/Os, the process time for each chip can become unacceptably long. 

Another concern is the degradation of performance at high frequencies due to parasitic 

effects. The main parasitic effect is the bond wire inductance, which increases in proportion 

to the interconnect length [10]. Flip-chip is an interconnect technology [11]. It solves some of 

the issues in wire bonding [12]. In this interconnect method, tiny solder balls are used to 

connect chips to the substrate. This method can achieve low profile, high IO counts, and low 

parasitic effect.   
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Figure 1-3 I/O connection structure [10] 

 

1.2.2 Second-level (package-to-board) interconnections  
 

In second-level packaging, IC packages and other components are mounted on a circuit 

board. The terminals of each first-level package, i.e. pins, leads or solder balls, are 

electrically connected with the metal tracks on the circuit board. These connections are 

generally performed by one of three basic technologies, all based on soldering: pin-through-

hole connection, surface mounting or ball-grid-array (BGA) attachment [11]. All of the single 

IC packages and MCMs are classified into one of these categories. 

  

1.2.2.1 Pin-through-hole (PTH) connection  
 

This is the oldest connection approach, for components with pin terminals e.g. IC packages 

using DIP (dual in-line package) or PGA (pin-grid-array) forms. The mounting technology 

uses precision holes, drilled through the circuit board, with pads top and bottom to which the 

pins may be soldered. To make connection to internal wiring layers within the board, the 

walls of the through-holes may be plated by copper.  
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1.2.2.2 Surface mounting  

 

This technology was developed in the mid-1980s for mounting packages with peripheral 

leads, such as QFP (quad flat package). In this technology, a chip carrier is soldered to the 

pads on the surface of a board without requiring any through holes. This assembly technology 

paved the way for BGA (ball grid array) area-array connections in the late 1990s.  

 

Figure 1-4   Examples of Through Hole Packages 

                               

Figure 1-5   Examples of Surface mounted package 
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1.2.2.3 Ball grid array (BGA)  

 

BGA is a low cost, leadless package that can be soldered directly to the substrate. This is the 

fastest growing method in recent years. It accounts for the main connection method for 

current high performance IC components, from PBGAs to state-of-the-art CSPs (chip scale 

packages). This type of package ensures high number of I/Os and offers maximum space 

efficiency in the board with excellent thermal and electrical performance. The main 

disadvantage is that it is difficult to inspect the solder joints as they are kept hidden [12]. 

Depending on the substrate type, BGA packages can be classified as Plastic BGA (PBGA), 

Ceramic BGA (CGBA), Tape-automated bonding Ball Grid Array (TBGA), Metal Ball Grid 

Array (MBGA), Dimple Ball Grid Array (DBGA), etc. [13] 

 

 

 

Figure 1-6   Plastic Ball Grid Array (PBGA) 

1.2.3 Chip-on-board Interconnection  

 

With the ever-growing demands on low cost and small size packaging, the distinctions 

between conventional packaging levels are blurring. Direct chip-on-board (COB), which has 

been mainly used in advanced IC packages such as MCMs, is nowadays finding widespread 

use in system-level packaging. Wire bonding and flip-chip bonding have both been used as 

interconnection methods for chip-on-board assembly. However, the trend is towards flip-
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chip-on-board (FCOB) due to its advantages of small footprint and enhanced electrical 

performance.  

Low-cost FCOB generally uses organic FR-4 circuit boards. A disadvantage of this board 

material is the large coefficient of thermal expansion (CTE) mismatch relative to silicon-

based IC chips. If the assembly is subject to high temperatures at subsequent process steps, or 

undergoes temperature cycling in use as the device is powered on and off, stresses are created 

in the interfaces of the bump joints due to the CTE mismatch. These stresses, if sufficiently 

large, can lead to mechanical failure of one or more of the interconnects. This effect has been 

cited as the most common cause of failure in solder flip chip assemblies.  

To alleviate the problem of CTE mismatch in FCOB, underfill encapsulant that has a CTE 

close to the flip chip joint is generally filled into the gap between chip and organic circuit 

board. The underfill is dispensed along one or more edges of the chip; it flows under the chip 

via capillary action (Figure. 1-7). Upon curing, the hard underfill serves to compensate for 

the thermal expansion difference between the chip and the board and mechanically bonds the 

chip and board together. As such, underfill significantly enhances the fatigue life (reliability) 

of FCOB packages [13]. 

 

Figure 1-7   Dispensing the underfill encapsulant for flip chip assembly [13]. 
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1.3 Trends in Electronics Manufacturing  
 

Traditional electronic packaging presents significant problems. The IC packaging which 

provides I/O connections from the chip to the rest of the system was typically bulky and 

costly, limiting both the performance and the reliability of the IC. In addition, system 

packaging that provides the interconnection of components on a circuit board is similarly 

bulky and costly and limits the electrical and mechanical performance. To address these 

concerns, a number of technologies have been implemented whilst others are still in their 

infancy. Following is a discussion of some of these trends. 

• wafer-level packaging (WLP) that involves creating the package while chips are still 

in wafer form and then separating them by dicing, is gaining popularity. Wafer-level 

packaging of stacked wafers has the stacked chips interconnected by vias formed 

through the material used to physically separate the wafers. Thus, system packaging at 

the wafer level is possible and will permit the mixing of different technologies in a 

single package. 

•  multi-chip packaging (MCP), integrates an electronic system by interconnecting a 

number of ICs in a single packaging structure. MCP technology is done either by 

multi-chip modules (MCMs) in the planar fashion or by 3D stacked-chip packaging 

referred to as system-in-package (SiP) which incorporates ICs stacked vertically. Chip 

stacking can be accomplished by either stacking single-chip packages or by stacking a 

number of chips in a single package, or a combination of these approaches.  

• system-on-package (SoP) addresses the shortcomings of both SoC and SiP in two 

ways. SoP uses CMOS-based transistor integration and RF, optical and digital 

integration by means of IC-package-system co-design. System-on-package (SoP) 

helps to overcome both the computing limitations and integration limitations of SoC, 

SiP, MCM and traditional system packaging. SoP includes both active and passive 

components including embedded digital, RF and optical components and functions in 

a microminiaturized package or board. 

• The ITRS in its report in 2005 were indicating that the way forward for electronics 

packaging is through System on Chip (SoC) and System in Package (SiP) technologies 
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that provide a path for continued improvement in performance, power, cost and size at 

the system level [10]. A SiP is a number of integrated circuits enclosed in a single 

module (package) whilst a system on chip (SoC) is an integrated circuit (IC) that 

integrates all components of a computer or other electronic system into a single chip. 

• The broadest adoption of SiP to date has been for stacked memory/logic devices and 

small modules (used to integrate mixed signal devices and passives) for mobile phone 

applications.  

 

1.4 Challenges and Motivation 
 

The ever growing demands for high density packaging in electronics have been driving the 

industry’s push for more and more miniaturization and concerns for the environment and 

changes in government regulations that regulate electronics equipment production have made 

the use of new lead-free solder alloys impossible to avoid for most products.  These factors 

have forced changes in manufacturing technologies and materials use, and caused serious 

reliability concerns for solder interconnect in electronics packaging. In order to address the 

concerns for product reliability, there are three important issues that must be addressed. 1) 

Efficient test equipment for the collection of reliable material property data,  2) understanding 

test specimen behaviours so that test results can be explained correctly and used in 

applications, and 3) efficiently extracting data for computer simulation. 

To generate reliable experimental data for solder joints, it is important to note that the 

behaviour of bulk solder is different from that of solder balls in situ used in electronics 

packaging, and for different application environment different tests have to be carried out to 

obtain data that can be used for the particular application environment. At the moment, many 

material datasets generated from various mechanical tests, such as tensile test, vibration, 

fatigue, etc. cannot fully account for the behaviour of solder joints in an environment 

dissimilar to that of test conditions. These tests are generally done on bulk solder; the 

material properties so generated are therefore not reliable when dealing with the tiny solder 

joints that are in use in microelectronics.  
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Solder joints in applications may experience many different environmental and operational 

stress conditions such as temperature fluctuation, moisture ingression, corrosion, 

electro/thermal/stress migration, shock, and vibration. The availability of test equipment for 

these loading conditions varies. For example, while for thermal mechanical stress there are 

lots of options in terms of test equipment selection, dedicated vibration test equipment for 

BGA sized solder joints is limited, especially when  it is required that the behaviours of the 

solder joints can be monitored closely. Furthermore, for available test equipment, it is not 

always straight forward to understand the detailed behaviour of the test specimens because 

solder joints are small and sensors cannot monitor all the physical processes that take place 

during testing.       

Another issue that was mentioned earlier is that the existing material properties that are used 

for computer simulation of BGA solder joints have large scatter and therefore are not reliable 

for reliability analysis. Solder alloys’ mechanical properties are highly nonlinear. The visco-

plastic strain rate, for example, is dependent on temperature, stress, intermetallics, changes in 

solder joint manufacturing process, and variation in small changes in alloy composition. This 

inevitably makes it very difficult to obtain accurate material property data.   

In order to address the issues highlighted above, this work is focused on three tasks. Task 1 is 

to help design test equipment that is suitable for testing small solder joints undergoing 

vibrational mechanical loading. The significance of this task is that there was no suitable off 

the shelf equipment that can be used for the experimental testing and a dedicated test machine 

would fill a vacuum in reliability analysis and material data gathering for small solder joints. 

In this part of the work, the dynamic Finite Element method was used to analyse the 

behaviours of the test equipment to ensure its stability and to understand the deformation of 

solder joint to make sure the specimen are suitable for the test.  The outcome of this part of 

the work has been presented at EUROSIME 2010 and a paper was published in the 

proceedings of the conference [14]. 

Task 2 is to understand the behaviours of BGA sized solder joints in micro-mechanical test 

equipment that has already been developed successfully at NPL [15]. This test equipment 

tests BGA sized solder joints under isothermal cyclic loading and the specimens resemble a 
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row of BGAs. A detailed analysis of the behaviours of solder joints have been carried out 

using finite element analysis and they are compared with test data as well as BGA solder 

joints in packages under cyclic thermal loading conditions. The results of this work were 

presented at EMPC 2011 conference [16]. 

Task 3 was to use the Inverse analysis method to address the issue of lack of consistent 

material properties to use in analysing lead free solder using computer simulation methods. 

The issue has been a source of major concern by numerous researchers [17-20]. There is a 

wide scatter of material properties for the same solder combination from different sources. 

This therefore poses a serious challenge for researchers performing simulations of lead free 

solder joints because material properties have a serious impact on simulation results. The 

objective of this work was to develop an efficient way of obtaining nonlinear properties that 

are suitable for modelling specific solder joints under specific loading conditions. This is a 

new approach because traditionally, lengthy experiments were not performed on solder 

specimens in order to obtain the nonlinear properties that are meant to be used for any solder 

joints under any loading conditions. The new approach that is used in this work deviates from 

that tradition and is believed to be more practical for the manufacturing industry. This work 

on the inverse modelling and the determination of creep parameters was presented at ICEPT 

2012 conference [21].  

 

1.5 Outline of the Thesis 
 

The work carried out in this research is on the development of solder joint test equipment, 

acquiring material properties for simulation using inverse Finite Element modelling 

techniques, and the analysis of the behaviour of lead-free solder during test. The particular 

lead free solder of interest in this work is SAC305 undergoing vibrational or isothermal 

cyclic mechanical loading conditions. This lead-free solder combination was chosen as it is 

widely used in the literature and it provides similar result to that of SAC405. It is also widely 

acknowledged that the industrial partners have extensive experience in using this lead-free 

solder combination.  
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In Chapter 2, reviews of the recent activities in the vibration, fatigue and inverse modelling 

techniques are presented.  Different test methods, simulations and reliability predictions will 

also be presented. 

Chapter 3 will discuss the finite element method (FEM) from the viewpoint of the research 

and its applications. Particular emphasis will be placed on dynamic and nonlinear analysis. 

The groundwork will be laid for later application of these theories and techniques to 

modelling both the equipment and for forward and inverse FEM simulation of solder joints. 

Chapter 4 details the solder interconnect and vibration test equipment design and simulations. 

This chapter will review vibration test equipment in the market as well as the various test 

methods. Static, dynamic and vibration response of the equipment will also be analysed. The 

effect of creep on the solder interconnect will also be looked at.  

Chapter 5 will discuss about the modelling of solder joints under cyclic mechanical loading 

using FEA and compare the simulation results with experiments. The effect of various 

different material datasets in the literature will be analysed. The effect of creep and the 

available creep models will be simulated and compared to experiment. Lifetime prediction 

using generalised equations will be completed. 

Chapter 6 will discuss about the use of inverse FEM modelling techniques and experimental 

results to generate material viscoplastic constitutive equations.  

Finally a summary of the achievements from this work and possible further work will be 

discussed in Chapter 7.
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Chapter 2 Solder alloy Properties and Test Methods 
 

There are a number of issues unique to the performance of lead-free solders that were never 

of major concern with SnPb. One of these is that lead-free solder has a tendency to develop 

tin whiskers as a result of internal stresses on the tin. Under extreme cold conditions, 13oC 

and below, lead free solders suffer from tin pest, a transformation of pure white tin to grey tin 

and this affect the material strength of the solder and integrity is lost [22].   Therefore, in 

order to determine their reliability, there is a need to develop better understanding of its 

performance and response to a variety of loading conditions. The widespread acceptance of 

lead-free solders and its numerous applications in the industry therefore makes the 

determination of their reliability of paramount importance.  

The increased complexity of electronic equipment with its dense array of electronics systems 

has resulted in an urgent need to understand the failure mechanisms of lead-free solder under 

dynamic and vibratory loads. Solder joints are being exposed to different and at times 

extreme loading conditions during their lifetime. In order to improve reliability of electronics 

devices, various test methods have been developed and used in the industry. The most 

common reliability test method used is thermal cycling. Using this technique the specimen is 

subjected to cyclic temperature changes; due to the coefficient of thermal expansion (CTE) 

mismatch between the solder interconnect and the substrate, strains and stresses are generated 

in the solder joint. Thermomechanical tests are suitable for rooting out low cycle fatigue and 

manufacturing defects of interconnects.  

To this end there have been considerable research performed over the past dozen years to 

assess the suitability of the lead-free alternatives as replacement of SnPb. Some of these 

works are reviewed below. 
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2.1 SnAgCu Lead Free Solder Composition and Properties  
 

There have been a number of lead-free solder alloy proposed in the last decade, Sn-Ag-Cu 

(SAC) series alloys have emerged as the most widely accepted (Figure 2-1) [23, 24]. Tin was 

the obvious choice for the primary constituent of lead-free solder because of its relatively low 

melting point and its ability to form intermetallic compounds with all of the metals that the 

industry needed to solder [25]. The industry came to the realisation quite early that there were 

no elements in the periodic table that lowers the melting point of tin from 232oC to 183oC 

without undesirable effects. These effects include limited availability, reduced recyclability 

and reduced reliability. A number of element combinations were tested to determine the best 

that will replicate the desirable properties of SnPb. 

When Bismuth is added to tin making 57% of weight of the composition, this lowers the 

melting point to 139°C but the resulting alloy is difficult to use in any meaningful way [26]. 

The addition of 9% of weight of Zinc lowers the melting point to 198°C and while there has 

been some successful commercial application of alloys based on this eutectic, problems arise 

from the relatively high reactivity of Zinc [27]. 

The composition with the least complications that produces an alloy with many properties 

very similar to those of tin-lead was achieved by adding copper and silver to tin. Tin has a 

melting point of 232°C and the addition of copper can reduce this by only a few degrees to 

227°C, which is still 44°C higher than that of eutectic tin-lead solder. The addition of silver 

to the tin-copper alloy reduces the melting point by a further 10°C to 217°C which is still 

34°C higher than that of tin-lead solder. Solder Tec’s survey shows that the most popular 

SAC are the near eutectic SAC alloys [24], which consist of 3.0-4.0% of Ag and 0.5-1.0% of 

Copper (Figure 2-1).  
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Figure 2-1   Survey of the market share of different types of SAC alloys [23]. 

 

In SAC alloys, the formation of intermetallic compounds between the primary elements Sn 

Ag, and Cu affect all the properties of the alloys. There are three possible intermetallic 

compounds that may be formed: Ag3Sn forms due to the reaction between Sn and Ag and 

Cu6Sn5 forms due to the Sn and Cu reaction, but Cu3Sn will not form at the eutectic point 

unless the Cu content is high enough for the formation of Cu3Sn at higher temperatures, so in 

bulk specimens Cu3Sn is not presented. Ag can also react with Cu to form Ag rich α phase 

and Cu rich β phase. However, there is no reaction between Ag and Cu to form any kind of 

intermetallic compounds. The particles of intermetallic compounds possess much higher 

strength than the bulk material [28]. Fine intermetallic particles in the Sn matrix can therefore 

strengthen the alloys. The intermetallic compounds can also improve the fatigue life of the 

solders, as SAC alloys are reported to be 3-4 times better in fatigue resistance than the SnPb 

eutectic solders [29, 30]. The higher fatigue resistance is believed to be contributed by the 

interspersed Ag3Sn and Cu6Sn5 particles, which pin and block the movement of dislocations 

[22]. 
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2.2 A Review of Lead-free Solder Research 
  

Finite element and experimental analysis has been used extensively in analysing the 

behaviour of solder joint undergoing varying static and dynamic conditions.  The power of 

the finite element method has thus been uniquely demonstrated in a wide array of test 

conditions simulated and the visualisation power that this method brings to lead-free solder 

research. The following is a review of published peer reviewed materials from a number of 

researchers making use of these methods demonstrating the methodology applied following 

which a summary discussion will be presented. It is not intended as an exhaustive review of 

solder joints research and the materials are selected to highlight the issues discussed in 

Chapter 1 of this thesis, and to provide background information for the work that has been 

carried out in this work.  

2.2.1 Lead-Free Solder Finite Element Analysis 
 

Finite element analysis have been used extensively in simulating the behaviour of solder joint 

under varying conditions. Vandevelde et al [31] compared joint reliability of SnPb and SAC 

joint using non-linear FEA using three packages: silicon CSP, underfilled flip chip and a 

QFN package. They reported that SAC has lower creep strain rate than SnPb but also that the 

lead free solder performed worse for extreme loading conditions when using the inelastic 

dissipated energy density as the damage parameter. This is because the lower creep strain rate 

results in higher stresses and higher hysteresis loop with more dissipated energy  per cycle.  

Pitarresi, et al. [32] used the finite element method to determine the reliability of flip chip 

package undergoing thermal cycling. To understand the solder’s response and fatigue 

characteristics, the viscoplastic Anand’s creep and Darveaux crack growth models were used. 

Ng et al [33] also used the finite element method along with Anand’s creep model in the 

study of board level solder joint reliability of BGAs undergoing thermal cycling.  Chen et al. 

[34] modelled the reliability of solder joints in flip chip assemblies with both compliant and 

rigid substrates using the finite element method and Anand’s constitutive model. Their result 

demonstrated that the flexible substrates have higher reliability than the rigid ones; this 

improvement was attributed to higher energy dissipation by the flexible substrates. Classe 



 

19 

 

and Sitaraman [35] worked with microBGA assemblies on organic substrates to compare the 

differences between symmetric and asymmetric accelerated thermal cycles (ATCs) using 

numerical simulations. The asymmetric ATCs were found to emulate field-use conditions and 

have the potential to reduce the time for qualification testing. Several finite element models 

with different solder constitutive models including the viscoplastic Anand’s model were 

applied. The numerical simulations showed little difference between symmetric and 

asymmetric cycles in predicting solder joint failures. Pang and Low [36] compared the failure 

life of FCOB solder joints undergoing thermal cycling (TC) and thermal shock (TS) by using 

finite element modelling. Both the elastic-plastic-creep model and the viscoplastic Anand’s 

model, as well as solder joint fatigue models based on inelastic strain range and inelastic 

energy density were employed. It was found that solder joints under TC had shorter failure 

life cycles than in TS testing due to the lower ramp rate. Moreover, compared with the 

elastic-plastic-creep analysis method, the Anand’s viscoplastic method was more effective in 

modelling the ramp rate effects for both TS and TC conditions. 

 
Rodgers et al [37] performed a comparative evaluation of the leading lead-free solder 

candidate (95.5Sn3.8Ag0.7Cu) and 63Sn37Pb solder under thermal cycling conditions. A test 

vehicle consisting of four daisy chained 10x10 array 0.8mm pitch plastic micro ball grid 

arrays (microBGA) mounted on an 8-layer FR4 printed wiring board was designed. The 

board finish was organic solder preservative (OSP) for the lead-free devices and hot air solder 

levelled (HASL) in the case of the eutectic SnPb devices. An event detector was used to 

monitor the continuity of each daisy chain during accelerated temperature cycling, where the 

test vehicles were cycled with a ramp rate of approximately 3ºC per minute from –40ºC to 

125ºC, with 10-minute dwells and a total cycle time of 2 hours 10 minutes. Results plotted 

using a Weibull distribution indicated that the SAC solder is more reliable under these 

conditions. They carried out experiments on large-scale lead-free solder specimens to 

determine the parameters required for the Anand’s viscoplasticity model. The Anand’s model 

was then implemented in finite element analysis using ANSYS®, where the submodelling 

technique was employed to determine the viscoplastic work per thermal cycle for each solder 

joint along the package diagonal. Schubert’s fatigue life model [38] was used to predict the 

number of cycles to failure of each joint, although it should be noted that the necessary model 
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parameters may need to be calibrated. Results indicated that the joint under the die edge is 

likely to fail first and that the SAC solder is more fatigue resistant. The numerical predictions 

underestimate the fatigue life in both cases. Wang et al [39] used the unified viscoplastic 

constitutive law, the Anand’s viscoplastic model, to represent the inelastic deformation 

behaviour for solders used in electronic packaging. The material parameters of the 

constitutive relations for 62Sn36Pb2Ag, 60Sn40Pb, 96.5Sn3.5Ag, and 97.5Pb2.5Sn solders 

were determined from separated constitutive relations and experimental results. The achieved 

unified Anand’s models for solders were tested for constant strain rate testing, steady-state 

plastic flow, and stress/strain responses under cyclic loading. They concluded that the 

Anand’s viscoplastic model can be applied for representing the inelastic deformation 

behaviour of solders at high homologous temperature and can be recommended for finite 

element simulation of the stress/strain responses of solder joints in service. 

2.2.2 Lead free solder Experimental Techniques 
 

A wide array of different experimental techniques has been applied in the analysis of lead 

free solder joints. These techniques range from basic tensile tests to thermal cycling and high 

strain rate tests. Following is a review of some of this work. Wei et al [40] investigated lead-

free solder material 95.5Sn3.9Ag0.6Cu under isothermal fatigue loading. The effects of strain 

rate on hysteresis loops and fatigue life in SAC solder have been investigated at room 

temperature. Using damage mechanic theory they characterized the isothermal fatigue 

behaviour of the material using a fatigue failure criterion that is based on the concept of 

damage accumulation in solder material. The model was validated using experimental data 

and it was found that it was capable of predicting the effects of loading rate on fatigue life 

and cyclic behaviour. The effect of temperature and microstructure was needed to present a 

complete understanding of the underlying behaviour of the damage mechanics. Zhang et al 

[41] presented and discussed the results of the investigation on the fatigue fracture behaviours 

in a series of as-soldered and thermal-aged copper/lead-free solder joints deformed under 

both monotonic and cyclic loadings. Their observation results showed that fatigue cracks 

generally initiate around the IMC/solder interface when the loading axis is orthogonal to the 

interface. The intrinsic deformation behaviours are little different for different solder joints 

resulting from strain localization induced by the strain mismatch. Fracture surface 
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observations revealed that the crack propagation path and fatigue resistance of the solder 

joints can be affected by the yield strength and mechanical property of the solder. When the 

copper/solder interface is parallel to the loading axis, the interfacial IMC layer failed 

approximately perpendicular to the interface when the cumulative strain exceeded the 

fracture strain, then the cracks propagated to the IMC/solder interface, leading to the fracture 

along the interface. The failure mechanisms and factors influencing interfacial fatigue are 

discussed.  

Siviour et al [42] measured the mechanical properties of 63 Sn37Pb and lead-free solders at 

high strain rates (500 – 3000 s−1) using a split Hopkinson pressure bar. The solder specimens 

were produced by quenching in water from the melt, to give the phase structure associated 

with rapid cooling. Measurements were made at −40 °C, room temperature and +60 °C. The 

property of SnPb solder was strongly strain rate and temperature dependent, whereas the 

lead-free solders’ property showed only a weak dependence on these parameters. All of the 

materials behaved elasto-plastically until a plateau stress of circa 200MPa is reached. They 

also presented results on the mechanical strength of solder balls, produced to mimic solder 

joints at high rates of strain. When these balls were aged no change in their properties was 

observed. This may be because the change could not be resolved in the experiments 

performed. They also noted that an important cause of weakening in solder joints is the 

growth of intermetallics between the ball and the substrate. Fei et al [43] investigated the 

dynamic mechanical behaviours of 63Sn37Pb, 96.5Sn3.5Ag and 96.5Sn3.0Ag0.5Cu solder 

alloys at high strain rate by using the split Hopkinson pressure/tension bar testing technique. 

Stress-strain curves of the three materials were obtained at strain rate 600 s-1, 1200 s-1 and 

2200 s-1, respectively. The experimental results show that all the three materials are strongly 

strain rate dependent. Among them 96.5Sn3.5Ag is the most sensitive to strain rate, while 

96.5Sn3.0Ag0.5Cu has the greatest yield stress and tensile strength. Relations of the tensile 

strength, fracture strain and yield stress of the materials with strain rate were proposed by 

fitting the experimental data.  

Zamiri et al [44] showed that the crystal orientation of the tin phase in a Pb-free Sn solder 

joint has a significant effect on the stress state, and hence on the reliability of the solder joint. 

A set of crystal plasticity analyses was used to evaluate the stress and strain resulted from a 
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165°C temperature change in a single-crystal joint using two simplified geometries used in 

practical solder joints. Phenomenological flow models for ten slip systems were estimated 

based upon semi-quantitative information available in the literature, along with known 

anisotropic elastic property information. Their results show that the internal energy of the 

system is a strong function of the tin crystal orientation and geometry of the solder joint. The 

internal energy (and presumably the likelihood of damage) is highest when the crystal c-axis 

lies in the plane of the substrate, leading to significant plastic deformation. When the a-axis is 

in the plane of the interface, deformation due to a 165°C temperature change is 

predominantly elastic. The texture of the copper substrate using isotropic Cu elastic 

properties does not have a significant effect on the stress or strain in the Sn phase of the joint.  

Geng [45] performed a close examination of creep curves for Sn-based solders and showed 

that steady-state creep is an ill-defined stage and that primary and tertiary creep are both 

significant. In order to account for these effects in solder constitutive models, he presented a 

phenomenological model that predicts entire creep curves for Sn-based solders. His proposed 

constitutive model is an extension of the Omega method for tertiary creep of steel alloys to 

primary and tertiary creep of Sn-based solders. The new creep modelling approach is of use 

for stress/strain and reliability analysis of lead-free solder joints.  

2.2.3 Drop and Shock Test 
 

Drop test of component boards has been conducted extensively over the past few years by a 

number of authors [46, 47]. It is used to evaluate the device’s resistance to damage caused by 

impact loading which is most relevant for portable electronics devices and transport 

applications. Compared to the stresses and strains developed in a temperature cycling test, 

drop test creates very high stress in a very short period of time.  The drop tests are referred to 

as horizontal drop, vertical drop, in the horizontal plane or vertical plane. The test are all drop 

tests where the test specimens are dropped from a specified height depending on the test 

condition, the orientation of the samples is reference in the literature as either horizontal or 

vertical. 

Lim et al. [46] carried out product level and board level drop tests on a mobile phone and its 

PCB respectively. In these tests, the test vehicle was gripped in various orientations and 



 

23 

 

allowed to strike the impacting surface under gravity forces from desired heights using a drop 

tower. Results indicated additional levels of deformation of the PCB in case of product level 

drop due to severe rebound impact. Also, drop impact responses of various mobile phones 

and personal digital assistants (PDAs) were carried out at various orientations from a drop 

height of one meter and accelerations, strains and impact forces were measured. Maximum 

PCB strains and accelerations were recorded in product level drop in the horizontal plane.  A 

similar test was also carried out by Arra et al.[47] on free fall board level and product level 

drops of area array LGA packages and measured the accelerations at the board and package 

side. It was found that the accelerations obtained in case of phone drop were much lower than 

those in the corresponding board level drop. However, FEA results showed higher values for 

PCB warpage and maximum plastic strain in the solder joints in case of product level drop.  

Lall et al. [48] conducted displacement controlled board level bend tests on BGA packages 

on an electrodynamics shaker at displacement rates corresponding to dynamic loading using a 

servo-hydraulic mechanical test system. A number of researchers have pursued methods 

involving different equipment other than shakers for dynamic loading. Using a customized 

drop tester equipped with a drop control mechanism, Pitarresi [49] and Wu et al. [50] carried 

out shock testing of test boards on a four–point-bend like shock test fixture at fixed and 

incremental shock levels and in-situ continuity monitoring of the solder joints was carried out 

to detect failure. In order to replicate the shock experienced by the PCB inside an actual PC 

motherboard, experimental modal analysis was carried out on the motherboard and its 

fundamental frequency was obtained. The test setup was then adjusted to match the 

fundamental frequencies of the system with the tested motherboard. Complimentary to this is 

the work from Wang et al. [51], who performed free-fall board drop test analysis in the 

horizontal direction on FCOB assemblies using a shock test machine providing the half sine 

pulse for impact excitation. Three-point bending and four-point bending tests [52] were 

carried out to investigate the fatigue failure of solder interconnects due to excessive cyclic 

PCB bending and flexure which may occur due to drop impact. The tests were carried out on 

a servo-hydraulic machine and the daisy-chained packages are continuously monitored to 

detect failure. To analyse strain rate effect during shock test Tee et al. [53] carried out testing 

of eutectic solder using Split Hopkinson Pressure Bars (SHPB) to show the effect of higher 
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strain rates on the dynamic properties of solder. Bansal et al. [54] performed high speed four 

point bend tests with strain rates greater than 5000 microstrains per second in accordance 

with IPC/JEDEC 9702 [55] to mimic brittle fractures of flip chip BGA packages during PCB 

assembly operations with both lead and lead-free solder alloys and ENIG pad finishes. 

Results indicate that the strains to failure decrease with increase in the strain rates. Shear tests 

at high strain rates similar to those experienced by the solder joint during drop impact were 

carried out on BGA and LGA packages to determine the package to board interconnection 

shear strength. 

Chong et al. [56] conducted board level drop test in accordance with the JEDEC test 

standards [2003] by mounting a TFBGA package in the centre of the PCB. Comprehensive 

dynamic responses of the PCB and the solder joints such as accelerations, strains and 

resistances were measured and analysed using a multi-channel real-time electrical monitoring 

system. The study suggested a correlation between the dynamic strains in the PCB caused by 

the multiple flexing of the PCB and mechanical shock and the resulting solder joint fatigue 

failure. Lall et al. [57, 58] performed controlled drop tests of BGA and CSP packages from 

different heights in a direction perpendicular to the floor. Various experimental parameters 

such as relative displacements, strains, velocities, accelerations etc. were acquired 

simultaneously. Failure analysis of the failed test specimen showed solder joint failures at the 

package and board interfaces and copper-trace cracking.  Also, Mishiro et al. [59] showed 

correlation between the PCB strains and solder bump stresses by performing drop tests of 

BGA packages mounted on a motherboard. The study also showed the dependence of solder 

joint stress on package design and structure and stress reduction by including underfills.  

  

2.2.4 Vibration testing 
 

Another test method that has become more and more important is the vibration test. Current 

industry standards for vibration testing rely mainly on pass or fail functional test criterion, 

with limited knowledge of the factors contributing towards the failure of the components. 

There is also no measurement metric available that could be effectively used to monitor the 
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fatigue of solder joints under vibratory loading. The work in understanding solder joint 

reliability in terms of vibratory loading has been gaining momentum in the research 

community.   Test results reported by Osterman and Dagupta [60] of SnPb and Sn-3.0Ag-

0.5Cu solder joints under vibration loading conditions, found that for lower stresses Sn-

3.0Ag-0.5Cu outperformed SnPb whilst at higher stresses the situation reversed. The 

crossover point for this change was at "medium stress level" where the number of cycles to 

failure was between 104 and 105. Due to the similar power law exponents (represented as 

gradients on an S-N diagram) the absolute values for lifetimes of the soldiers were, however, 

largely similar. This was confirmed also by Di Maio and Hunt [61] who reported that SnPb 

highly outperforms Sn-3.0Ag-0.5C at higher frequencies above 100Hz, whilst the difference 

is smaller at lower frequencies. Stam and Davitt [62] have conducted vibration tests on a 

range of component and substrate coatings, comparing the reliability of SnPb to that of Sn-

3.8Ag-0.7Cu. They found that the difference between the solder types was less significant 

than the component type or substrate coating (e.g. Cu or Ni).  

The lack of adequate testing equipment has led to a number of researchers developing 

prototypes to perform a set of testing regimes. Matilla [63] investigated a vibration tester and 

compared it to the JESD22-B111 standard drop tester to overcome the drawbacks related to 

drop testing. From the testing point of view they concluded that the vibration testing has the 

following advantages over the drop testing: i) more versatile measurements can be carried out 

because the component board does not travel large distances during the test, ii) more careful 

control of the test environment (e.g. temperature) is possible, iii) constant bending and stress 

amplitudes during vibration testing make mechanical analyses and life predictions easier, and 

finally, iv) vibration tests can be carried out in much less time and effort as compared to drop 

testing. They compared stresses produced during the experiments to numerical results using 

the finite element method. The analyses showed that even if the bending amplitudes are equal 

in both tests the stress histories are different. The most important difference between the 

vibration and the drop test is that bending of the component board is constant during the 

vibration test, while in the drop test the amplitude is reduced after each impact. The vibration 

test makes use of the resonance phenomenon to generate large constant bending amplitude 

with a small harmonic force. In the drop tests the higher frequency modes and their 
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interaction with the lower natural frequencies complicate the stress histories in solder 

interconnections. 

Tsai et al [64] developed a loading apparatus and observation technique that allowed ball grid 

array (BGA) packages to be visually inspected during high cycle vibration testing. Their 

system provides controls for varying the cycling frequency and magnitude of the applied 

load. The failures of solder interconnect in BGA specimens were recorded by direct visual 

monitoring method. Stroboscopic video was employed to freeze the motion of the vibrating 

solder interconnects while showing the real-time evolution of failure. In all test cases, BGA 

interconnect failure was observed to be the result of crack initiation and propagation along 

the nickel/solder interface. A primary crack developed at one edge of the interconnect and 

progressed stably until a secondary crack initiated from the opposite edge. The crack growth 

accelerated until these cracks coalesced, resulting in complete separation of the interconnect. 

The percentages of time spent in crack initiation, stable propagation and accelerated 

propagation are, on the order of 15%, 60% and 25%, respectively. Vibration tests at 

frequencies ranging from 50 to 100 Hz were performed and the number of cycles to failure 

was found to be frequency-independent in this range. Several commonly used damage 

mechanics and fracture mechanics fatigue life-prediction models were examined based on 

failure parameters computed from a nonlinear finite element analysis. It was found that while 

the damage models examined show large discrepancies between predicted and actual cycles-

to-failure, the fracture model correlates with the test data within a factor of 1.5. Hin et al [65] 

developed a dynamic test board (DTB) for shock and vibration (S&V) testing. The test board 

was used to characterize the solder joint reliability (SJR) of the component corresponding to 

the specified dynamic test requirement. The dynamic behaviour and properties are 

investigated in the development of a flip chip ball grid array package (FCBGA). One of the 

significant findings is that board strain is correlated with the solder joint failure location. 

Hence, they introduced board strain as a predictor for S&V SJR risk and component strain 

limit definition in S&V condition.  

Perkins et al [66] aimed to develop an experimental and modelling approach that can 

accurately determine the solder joint behaviour of electronic components under vibration 

conditions. In particular, they discussed the out-of-plane sinusoidal vibration experiments at 
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1G. Detailed investigation and characterization involving dye-and-pry analysis, 

microstructural examination, and numerical modelling enabled the development of a high-

cycle stress-based equation for lead-containing CCGA under sinusoidal loading. They 

applied their developed method to a number of cases including a CCGA package with a heat 

sink as well as a CCGA package subjected to frequency sweeps. It is seen that the predictions 

from the developed model agree well with experimental data and that the developed model 

can map the evolution of solder damage across all solder joints and can also provide 

important design recommendations in terms of solder joint location as well as heat sink 

attachment.  

Wu et al [67] emphasizes a rapid assessment methodology using the design of experiments 

(DOE) approach to determine fatigue life of ball grid array (BGA) components in random 

vibration environment. They reported that the most critical dynamic loading occurs when the 

dominant frequency approaches the natural frequency of the printed wiring board (PWB) 

assembly. Their approach involved global (entire PWB) and local (particular component of 

interest) modelling approach. In the global model approach, the vibration response of the 

PWB is determined. Their global model gave the response of the PWB at specific component 

locations of interest. This response is then fed into a local stress analysis for accurate 

assessment of the critical stresses in the solder joints of interest. The stresses are then fed into 

a fatigue damage model to predict the life. The solution is achieved by using a combination 

of finite element analysis (FEA) and physics of failure to BGA damage analysis. 

Grieu et al [68] implemented damage calculation of solder joint under random vibration. The 

essential point of their method relies on the analysis of stresses in the time-domain. Stress 

histories are thus obtained from calculation and post-treated for damage estimation. The 

computation procedure establishes time-stress responses from transfer functions obtained by 

FEM vibration simulation. These time-responses are computed with the rain flow cycle 

counting method. Then, a damage calculation using Palmgren-Miner’s rule and Basquin’s 

law is done. The adjustment with experimental results appears to be difficult with a limited 

number of test data. Selvakumar et al [69] performed random vibration on an electronic 

package using Joint Electronic Device Engineering Council’s (JEDEC) JESD22-B103B 

standard. The electronic package mounted at the centre of the printed circuit board was 
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subjected to vibration, variable frequency condition ‘D’ of JEDEC standard for 30 min. After 

30 min of random vibration test, the component lead-wires, solder joints, and PCB were 

thoroughly inspected for failure. From their observations, it was found that no failure 

occurred during the test period. The fatigue life of the component, estimated using an 

empirical lifetime model, was found to be 96.48 hours. Eckert et al [70] demonstrated that the 

interaction of combined loads has to be considered in lifetime estimates of electronic 

packages. They discuss lifetime prediction for lead-free soldered flip chips under vibration 

load in different temperature environments in terms of solder joint fatigue. Parameters for 

lifetime modelling are obtained from non-linear and temperature-dependent finite element 

analysis and lifetime experiments. They introduced temperature dependent coefficients and 

exponents for the Coffin-Manson-Basquin relationship considering elastic and plastic fatigue 

behaviour. Their results indicate that temperature is an important parameter affecting the 

solder joint vibration fatigue life.  

Tu et al [71] looked at the effect of the Ni3Sn4 and Cu–Sn intermetallic compound (IMC) on 

the fatigue lifetime of lead free solder. During the vibration fatigue test, in order to identify 

the failure of BGA solder joint, electrical interruption was monitored continuously through 

the daisy-chain network. They studied the vibration fatigue failure of µBGA solder-joints 

reflowed with different temperature profiles, and aging at 120 °C for 1, 4, 9, 16, 25, 36 days. 

Their results show that the fatigue lifetime of the solder joint firstly increases and then 

decreases with increasing heating factor, which is defined as the integral of the measured 

temperature over the dwell time above liquidus (183°C) in the reflow profile. The lifetime of 

the solder joint decreases almost linearly with the increasing fourth root of the aging time. 

The SEM/EDX inspection shows that Ni3Sn4 IMC and Cu6Sn5/Cu3Sn IMCs are formed at the 

interface of the solder/nickel-plated PCB pad, and the no-aging solder/component-

metallization, respectively. Also during long term aging, Ni3Sn2 and NiSn were found at the 

Ni/Solder interface with X-ray diffraction, except Ni3Sn4. For non-aged solder joint, the 

fatigue crack generally initiates at the interface between the Ni3Sn4 IMC and the bulk solder. 

Then it propagates mostly near the Ni/solder interface, and occasionally in the IMC layer or 

along the Ni/solder interface. After aging, the fatigue crack mostly initiates and propagates in 

the Cu6Sn5-phase/bulk-solder interface or the Cu3Sn/Cu6Sn5 interface on component-
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metallization. Evidently, the intermetallic compounds contribute mainly to the fatigue failure 

of BGA solder joints. They concluded therefore that the thicker the IMC layer, the shorter the 

fatigue lifetime of the solder joint. The initial formation of the IMCs at the interface during 

soldering ensures a good metallurgical bond between the solder and the substrate. However, a 

thick IMC layer influences the toughness and strength of the solder joint, which results in 

mechanical failure.  

Although vibration test has its advantages, generally they are not reflective of the service 

conditions that the device will be subjected to. Also most of the vibration tests are single axis, 

there are very few reported multi-axis vibration test in the literature, this is due in part to 

complexity in analysing and interpreting the results and also to cost. To address this 

limitation the industry makes use of the highly accelerated lifetime test (HALT) method. 

2.2.5 HALT testing Procedure 
 

Electronics product quality and reliability have been determined through traditional testing 

methods such as vibration tests, thermal cycling, mechanical shock, thermal shock, and a 

varied combination of these. The core philosophy of this testing method is to define a set of 

specifications, usually minimum or maximum temperatures and/or vibration levels, and to 

conduct the tests by changing only one variable at a time. Vibration testing is performed one 

axis at a time. If the device is still functional after being tested according to the test specs, it 

is considered to have passed. This type of testing does not provide an accurate representation 

of how the product might perform in service. As the industry progresses towards more and 

more miniaturization it become clear that these test are not adequate. Changing the variables 

one at a time and performing one dimensional vibration tests are not reflective of the real 

world operating environment. The use of HALT can lead to greater levels of product quality 

and reliability. 

Highly Accelerated Life Test (HALT) is a process in which products are subjected to 

accelerated environments to find weak links in the design and/or manufacturing process. The 

primary accelerated environments include thermal (both temperature limits and rate of 

change) and vibration (pseudo-random 6 DOF). Other accelerated environments using 
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voltage, frequency, etc. are applied as appropriate for the sample being tested. HALT is 

therefore a misnomer, as it is not a true life test but a process to determine the operation and 

endurance limits through the following process steps: cold limit determination, hot limit 

determination, rapid thermal cycling, vibrations limit determination and the combined 

environments response [69]. 

HALT exposes the product to a step-by-step cycling in environmental variables such as 

temperature, shock and vibration See figure 2-2). HALT involves vibration testing in all three 

axes using a random mode of frequencies. Finally, HALT testing can include the 

simultaneous cycling of multiple environmental variables, for example, temperature cycling 

plus vibration testing. This multi-variable testing approach provides a closer approximation 

of real-world operating environments [72]. 

 

Figure 2-2   HALT procedure performed by Dell on computer motherboards [72] 

Unlike conventional testing, the goal of HALT testing is to break the product. When the 

product fails, the weakest link is identified, so engineers know exactly what needs to be done 

to improve product quality. After a product has failed, the weak component(s) are upgraded 

or reinforced. The revised product is then subjected to another round of HALT testing, with 

the range of temperature, vibration, or shock further increased, so the product fails again. 

This identifies the next weakest link. By going through several iterations like this, the product 

can be made quite robust. With this informed approach, only the weak spots are identified for 

improvement. This type of testing provides so much information about the construction and 
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performance of a product that it can be quite helpful for newer engineers assigned to a 

product with which they are not completely familiar. HALT testing must be performed during 

the design phase of a product to make sure the basic design is reliable [72]. 

2.3 The Mechanical Properties of SAC Solder 
 

Solder joint reliability is a major concern for the electronics industry, the solder joints are 

exposed to different loading conditions, temperature, strain rate, etc. and the mechanisms of 

failure are many and varied. One of the major failure mechanisms of electronic assemblies is 

that of fatigue failure. To be better able to predict the behaviour of the solder undergoing 

fatigue loading reliable material properties data are needed coupled with comprehensive 

solder constitutive equations. This has been the Achilles heel of lead free solder research and 

application in that accurate material properties for a particular loading condition are not 

always available.  

There are discrepancies of the material properties datasets available in the literature,  possibly 

due to a number of factors including the materials used, fabrication methods, loading 

conditions, temperature, strain rate, etc. (see Table 2-1). A survey of the literature on Anand’s 

creep model material parameters is detailed in Appendix C and the discrepancies highlighted 

above are demonstrated in the wide variation of parameters. 

Table 2-1   Tensile material properties for SAC solder alloys 

Solder Alloy E(GPa) UTS 
(MPa) 

YS 
(MPa) 

Strain 
Rate 

Reference Source 

Sn-3.9Ag-0.5Cu 50.3 36.2 31.9 4.2x10-5 Vianco [73] 
54    Vianco [73] 
 60  1.78x10-3 Xiao [74]  
 41  1.78x10-3  

Sn-3.8Ag-0.7Cu  
 

 43.1     Pang [75]  
 40 35 6.68x10-4 Hwang [76]  
50 45  1.67x10-3 Fouassier [77]  
44.4 39.6 35.1 5.6x10-4 Pang [78]  
46   1x10-4 Wiese [79]  
44.9    Li [80]  
41 39 32 10-3 Lin [81]  
46  47.1  Harrison [82]  
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Solder Alloy E(GPa) UTS 
(MPa) 

YS 
(MPa) 

Strain 
Rate 

Reference Source 

Sn-4.1Ag-0.7Cu 43 36 33 6.86x10-4 Hwang [83]  
Sn-3.0Ag-0.5Cu 54 41.8 25.3 4x10-3 Kanchanomai [84]  

37.4 43 37 5x10-4 Zhu [85]  
Sn-4.0Ag-0.5Cu 40    Wiese [79]  

48.3    Rhee [86]  

45    Chromik [87]  
 51  1x10-3 Xiao [74]  

Sn-3.1Ag-0.5Cu  45 49 40 6.86x10-4 Hwang [83]  
Sn-3.5Ag-0.7Cu   44.6   Wiese [79] 
 

Two mechanical methods favoured to extract the constitutive properties of solders are by 

directly loading [87] or indenting [88] actual solder joints such as BGA solder balls or flip 

chip solder bumps. While such approaches are attractive because the true solder 

microstructure is involved, the unavoidable non-uniform stress and strain states in the joint 

make the extraction of the correct mechanical properties or stress-strain curves from the 

recorded load-displacement data very challenging. 

It is well understood that the temperature and strain rate affect the material properties of 

different materials. The mechanical properties of solder are temperature as well as strain rate 

dependent as a result of their high homologous temperature. Therefore the data generated 

from any test will have to be identical in all aspects or else the dataset will only be valid for 

the said conditions to which it was performed. The table 2-1 summarises the material 

properties as reported by different research groups of the major lead-free solders. The data 

presented are at room temperature. There is a wide variability in all the material properties 

reported. The Young’s Modulus ranges from 31 – 53 GPa, (Figure 2-4), the yield stress 

ranges from 31 - 60MPa (Figure 2-5). 

The variations in material properties are accounted for by the difference in strain rate, 

specimen size, testing conditions and testing method. 
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Figure 2-3   Variation in the Elastic Modulus of SAC Solders. 

 

Figure 2-4   Variation in the UTS for SAC Solders 

This difficulty with material properties does not affect only lead-free solders.  The collected 

data shows there are also large variations in the mechanical properties published for eutectic 

Sn-Pb solder, with the elastic modulus ranging from 16 to 36 GPa, the UTS values ranging 

from 26 to 47 MPa and the Yield stress ranging from 27 to 41 MPa. MacCabe and Fine [89] 

reviewed the elastic modulus of Sn-eutectic solders and found a wide range, varying from 15 

to 40 GPa. They concluded that the large differences were caused by the contribution of the 
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inelastic deformation (plastic) from the slope of the stress-strain curve due to the high 

homologous temperature of solders. The slope of the stress-strain curve therefore does not 

represent the true elastic modulus. 

As the above data shows, there are large discrepancies in the current database of mechanical 

properties for both lead-free and Sn-Pb solders. These discrepancies may have been caused 

by the lack of accepted standards for testing methods, specimen preparation, solder 

composition and testing conditions.  Using a generic material dataset from the literature 

therefore poses a unique problem when it comes to interpreting the result of the analysis. In 

this regard, it is the aim of the present work to utilise inverse modelling techniques to 

determine the material properties using both experimental and simulation data. The solder 

joint creeps during the experimental procedure, therefore understanding the mechanism of 

creep is vitally important. 

2.4 Creep 
 

Electronic assemblies are often subjected to long periods of constant elevated temperatures. 

Under such environments, the solder joints are susceptible to creep. Even at room 

temperature, because of the low melting point, solder alloy creep is significant. Therefore, 

creep deformation is one of the major failure modes of solder joints for electronic packaging 

modules [90]. 

2.4.1 The Creep Phenomenon 
 

Creep is a slow, time-dependent permanent deformation that occurs when a material supports 

a constant load that is below the yielding point for a very long period of time. The level of 

load/stress and the temperature are dominant factors in creep deformation. 

For most materials, creep develops in three stages, namely, primary, secondary and tertiary 

creep. A typical creep curve for solder is shown in Figure 2-6. The creep response begins 

with an initial instantaneous strain, which consists of the elastic or time-independent plastic 
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deformation as soon as the constant load is applied [91, 92, 93]. The creep deformations then 

occur. They are typically divided into three regions or stages as discussed below: 

Stage I: Primary Creep - In this stage, the creep strain rate (dε/dt) decreases rapidly over time 

due to strain hardening, which restricts the deformation. 

Stage II: Secondary Creep or Steady-State Creep - In this stage, the creep strain rate is 

relatively stable (linear part of the curve) as strain hardening and recovery softening reach a 

dynamic balance. For metals, if the homologous temperature is greater than 0.5, most plastic 

deformation during creep will occur in this stage. At elevated temperature, strain hardening is 

associated with subgrain formation caused by the rearrangement of dislocations. On the 

contrary, recovery and/or recrystallization softening are related to thermally activated cross-

slip and edge dislocation climb [94]. 

Stage III: Tertiary Creep - Tertiary creep is characterized by an accelerated creep strain rate, 

which may be caused by various weakening metallurgical instabilities such as localized 

necking, corrosion, intercrystalline fracture, formation of microvoids, dissolution of 

strengthening second phases, etc. [89]. Eventually, at the end of this stage, rupture occurs. 

 

 

Figure 2-5   Creep Curve under Constant Stress/Load and Temperature[89] 
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2.4.2 Creep Mechanism 
 

Creep deformation becomes critical when the temperature exceeds one-half the melting 

temperature in Kelvin (K) of the material. This is the case for most soldering alloys at room 

temperature. Several creep mechanisms have been proposed such as dislocation glide, 

dislocation creep, grain boundary diffusion, and lattice diffusion. A widely accepted 

deformation mechanism map of the dominant creep mechanisms is shown in figure 2-6. This 

deformation map was first constructed by Ashby and his co-workers [95], based on the idea 

that plastic deformation is a kinetic process occurring on the atomic scale. The kinetic 

processes include mechanical twinning, glide and/or climb of dislocations, the diffusive flow 

of individual atoms, and the relative displacement of grains by grain boundary sliding 

(involving diffusion and defect-motion in the boundaries). These are the underlying atomistic 

processes that cause plastic flow or deformation and contribute to deformation and depend on 

factors as strain, strain-rate, and temperature. 

 

 

Figure 2-6   Creep Deformation Map for Solder Alloys [92, 95, 96] 
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In the deformation map shown in figure 2-6, the abscissa is the homologous temperature and 

the ordinate is normalized tensile or shear stress. Five zones are defined on the map, each of 

which corresponds to a particular deformation mechanism. These zones are: 

Zone 1: Ideal Strength - Plastic flow occurs when the ideal shear strength is exceeded. 

Zone 2: Dislocation Glide. This occurs at high stress levels over the entire homologous 

temperature range. The dislocations move along the slip planes [96]. 

Zone 3: Dislocation Creep. This is characterized by a high-temperature deformation 

mechanism with homologous temperatures greater than 0.5Tm and requiring intermediate 

high stress [96]. The deformation results from diffusion controlled dislocation movement, 

with dislocations climbing away from barriers. 

Zone 4: Grain Boundary Diffusion – Coble Creep. This is a grain boundary based diffusion 

mechanism involves atomic or ionic diffusion along the grain boundaries. The deformation 

occurs at intermediate low stress levels over a low to intermediate temperature range. 

Zone 5: Lattice Diffusion – Nabarro-Herring Creep. This occurs at low stress level and high 

temperature. Interstitial atoms and lattice vacancies along the gradient of a grain boundary 

migrate in reversed directions in the presence of tension or compression pressure. Lattice or 

bulk diffusion becomes the primary deformation mechanism under this circumstance [94]. 

In Nabarro-Herring creep, if there is no pressure, interstitial atoms and lattice vacancies will 

migrate in proportion to the gradient of their concentrations. Under pressure, the lattice 

defects tend to move in directions to relieve the imbalance of pressure. The movement will 

eventually cause creep deformation. 

Grain-boundary sliding is another possible creep deformation mechanism at high 

temperatures and is caused by applied stress. However, this mechanism is not independent, 

and is associated with other deformation mechanisms aforementioned. Due to the high 

homologous temperature (> 0.5Tm) of most solder alloys under normal operating conditions, 

the stress level determines the creep deformation mechanism. At low stress levels, the 

controlling mechanism is lattice diffusion and grain-boundary diffusion. As the stress rises to 

intermediate levels, dislocation creep takes over, and at high stress level, dislocation gliding 
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becomes dominant. Additionally, the contribution of grain boundary gliding to creep 

deformation should be taken into account at all stress levels [97]. 

2.5 Effect of Strain Rate and Temperature 
 

The response of lead free solder to various loading conditions has been demonstrated by a 

number of researchers [98-100], all of these works have indicated that the response of the 

solder specimen is dependent on the strain rate at which the experiments were performed. It is 

very important that the temperature at which the analysis were performed and strain rate be 

included when a comparative analysis of the behaviour of a solder joint is being analysed. 

The response of a solder joint specimen is shown in figure 2-7 and figure 2-8. It shows that as 

the temperature increases the saturation stress decreases for constant strain rate. The stress v 

strain at constant temperature graph shows that increasing the creep strain rate increases the 

saturation stress. This stress-strain relationship has been observed experimentally by many 

but there is a wide scatter in the measured strain rates in the literature.  To demonstrate spread 

in material data figure 2-9 plots similar experiments performed by Xiao[74], Xu[88] and 

Vianco[73]. This plot shows that for a particular stress, the strain rates predicted by the above 

researchers are very different. 

 

Figure 2-7  Response of solder at fixed strain rate but different temperature [18] 
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Figure 2-8   Response of solder at different strain rate [18] 

 

 

Figure 2-9  Variability of material data in the lit erature 
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2.6 Lifetime Models 
 

The ability of models/equations that predict the lifetime of a solder joint and hence its 

reliability is a quest taken seriously by numerous authors. These lifetime models/equations 

inform researchers of the important parameters that are required to carry out the analysis. A 

brief discussion will hereby ensue about the various techniques that have been applied to 

determining the lifetime of solder in microelectronics. The lifetime prediction equations are 

different depending on the response regime being analysed. The main variables in the 

assessment of solder joint lifetime are the stress and strain.  The stress generated by an 

applied strain can either result in elastic or plastic deformation. Most of the plastic 

deformation in solder develops with time, referred to as creep strain and is a function of the 

applied stress. 

A number of methods to predict the life time of solder joints undergoing thermomechanical 

loading are well reported in the literature [101-103]. As discussed in section 2.4, strain rate, 

temperature and creep have a significant effect on the behaviour of the solder, the stress 

levels to which it is expose and hence its lifetime. 

One of the most widely used method in estimating lifetime of solder joint interconnect is 

modelled around that of the Coffin-Manson’s formula which was developed for tensile 

specimens undergoing cyclic loading. 

 2
1( )Cpl

fN C ε= ∆
 (2-1) 

where Nf is the number of cycles to failure, plε∆  is the amplitude of plastic deformation, and 

C1 and C2 are the material parameters. An example of the use of this formula is the work by  

Syed [104] who used the accumulated creep strain per cycle to  determine the lifetime of 

solder joints: 

 ( ) 1

3f accN C ε −=
 

(2-2) 

Nf - number of cycles to failure, 

accε - accumulated creep strain per cycle, 
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C3 -  1 fε  inverse of creep ductility. 

There is a large body of work by Engelmaier [105, 106] in determining a formula that will 

predict the behaviour of solder interconnect in thermomechanical loading, the modified 

formula is 

 

51
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(2-3) 

where plγ∆ is the average plastic shear strain amplitude, Tave is the average temperature in the 

solder joint, and f is the loading frequency. C4 – C8 and fε are parameters that depend on the 

solder material, the geometry of the interconnection, and, probably, on the properties of the 

component and PWB. Another equation developed by the same author using the x% to 

signify failure in terms of force drop is: 

 9

1 1

21 ln(1 0.01 )
( %)

2 ln 0.5

C
f x

N x
D

βε −′  − =    ∆     

(2-4) 

fε ′ - fatigue ductility coefficient; 

D∆ - the solder cyclic creep-fatigue damage; 

C9 - creep-fatigue ductility exponent;  

β - the shape parameter of the Weibull distribution. 

N(x%) – Lifetime for x% of force drop. 

A method similar to that of Engelmaier was proposed by Gromala et al [107], from their 

experimental result on solder lifetime. The experimental results on lifetime expectancy were 

presented in the form of the Weibull characteristic number of cycles to failure (N63), which 

means a failure rate of 63.2%. The correlation to the CSED was based on a simple inverse 

power law.  The pre-factor C10 and the lifetime exponent C11 were fitted in the study.  
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1( ) ( )cr L TC TC LW C SED C SED −∆ = −   

(2-5) 

with TC ( thermal cycling) and TC-I indicating the end and the beginning of the last TC 

simulated, respectively, while L stands for the number of the result extraction layer. 

 A different approach used by Darveaux [108] uses the principle of plastic work density 

calculated during a loading cycle and relates that to the lifetime of the solder joint. He 

proposed that the crack propagation path in an interconnection should be determined on the 

basis of stress analysis, and the average plastic work along this path would correlate with the 

lifetime of the joint. The average plastic work during a cycle, e
plw∆ ,  is given by: 

 

e pl
pl ij ijw dσ ε∆ = ∫  

e e
pl

e
pl e

e

w V
W

V

∆
∆ =

∑

∑
 

(2-6) 

where ijσ and pl
ijε are the components of stress and plastic strain , eV  is the volume of element 

e and plW∆  is the total plastic work.  

The equations for the calculation of thermal cycles to crack initiation Nf0 and crack 

propagation rate per thermal cycle dL/dN. 

 ( ) 13

0 12

C

f plN C W= ∆
 

(2-7) 

where C12 and C13 are the model parameters and the propagation rate is given by 

 ( ) 15

14

C

pl

dL
C W

dN
= ∆

 
(2-8) 

where C14 and C15 are the model parameters. Finally, the time to failure is 

 
0

cr
f f

L
N N

dL dN
= +

 

(2-9) 

where Lcr is the length of the determined crack propagation path. The model parameters C12 – 

C15 depend on the solder material and the interconnection shape. 
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Most of the experimental lifetime equations discussed above can be used for a number of 

loading situations. Mainly for simulated and finite element analysis the method by Syed using 

accumulated plasticity is quite popular with a number of authors [109, 110]. The differences 

between the various authors are the values of the constant that embodies the difference in 

specimen size, type and loading profile used. 

2.7  Inverse Modelling 
 

One of the main emphasis of this work is the determination of elastic and creep material 

properties for SAC305 using inverse modelling techniques. Due to the volatility of material 

data in the literature, there is a need therefore for material datasets that are representative of 

the experimental procedure being simulated. The purpose of using inverse techniques is to be 

able to use discretisation methods, for example finite element analysis, to obtain material 

properties data that can be used to match simulations and experimental results. The accuracy 

of the finite element analysis is dependent on the model used, the loads and boundary 

conditions applied and also most importantly, the material properties.  In general engineering 

application this is generally not a major concern but as discussed in section 1.4, when dealing 

with specimen in the micron scale, the determination of these material properties takes added 

significance. The use of bulk material datasets is inadequate and bulk solder joint sized 

samples do not produce reliable material data that can be used for all solder joints. 

 Inverse techniques are matured mathematical methods that can be used to find the solutions 

of problems in various fields and many techniques and theories have been developed for very 

specific or general applications in a number of engineering processes to determine loading 

conditions, force response, model shapes and material properties to reference a few. Inverse 

problems can generally be divided into two classes: parameter estimation and function 

estimation problems. The distinction between the two depends on the type of engineering 

problem being solved. Theoretical, function estimation has to deal with a large number of 

parameter with special emphasis on the minimization of the function and not just individual 

parameters. One will therefore notice that function estimation involve minimization of 

parameters as well. Gladwell [111] provided issues that will enable one to distinguish 

between parameter and function estimation problems even though these will not be unique 
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solution regime. In contrast to parameter estimation, function estimation usually has the 

following characteristics: the number of parameters to describe a function is usually large — 

maybe in the hundreds or even thousands. 

A number of authors used the inverse analysis technique to determine the parameters for a 

diffusion analysis experiment of multi-ion transport[112-114]. Massoni et al. [115] used this 

technique to analyse thermomechanical upsetting, whilst Li et al. [116] applied this method to 

multi parameter analysis. The application of the FEM has found widespread application in a 

number of fields such as manufacturing, heat transfer, vibrations, mechanics, etc. The finite 

element method has been an invaluable tool in performing inverse analysis because most 

engineering problems have no analytical solutions. Inverse FEA techniques can determine 

material properties using simulation and experimentally obtained data.  

In [117], Moulton et al determined the passive myocardial properties using a p- FEM model 

of the heart with a non-linear optimization technique and strains measured with MRI 

imaging. A 2D nonlinear strain energy function was developed in testing the inverse 

algorithm. P-version FE formulation was used as: (1) the geometry of the heart can be 

captured accurately with relatively few elements using basis functions of higher polynomial 

degree, (2) the p-version FEM provides for rigorous control of the numerical error associated 

with the finite element approximation.  

In [118], Kauer used tissue aspiration experiments in conjunction with the inverse FEM 

techniques that have been used to find the material parameters in materials governed by 

viscoelastic neo-Hookean and reduced Veronda-Westmann laws. This algorithm also 

employs the Levenberg- Marquardt algorithm [119] to find weighting factors corresponding 

to the spectrum of relaxation times of a material as long as the smallest and largest relaxation 

times are known. The large relaxation times are activated by specific deformation only if the 

time scale of material relaxation is at least as large as the largest relaxation time of the model. 

The smallest relaxation times determine the maximum time step for implicit finite element 

code.  There are a number of challenges involved in inverse vibration problems. In most 

inverse vibration problems, we require an intuition regarding the transformation of the system 

variables to construct the inverse problem.  Usually, the experiments for undamped systems 
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can accurately predict data only for the lower portion of the required spectral data. Problem 

associated with the reconstruction of the system parameters from the matrices. This problem 

can be addressed by the construction of element stiffness and mass matrices and the 

identification of the system parameters from the element matrices. Standard inverse FEA fail 

if the domain is highly complex. Thus, a natural alternative is to solve such problems over 

small sub-domains. In [120, 121], the discretized system resulting from the principle of 

virtual work (i.e., the direct problem) is solved via a Newton-Raphson iterative procedure.  

Finite strain inflation tests can be performed on non-axisymmetric membranes by placing 

markers to measure the displacements. Sub-domain based techniques are proved to be not 

only more accurate at probing regional variations but also are computationally less expensive. 

 Inverse techniques can be used in problems where the loading conditions cannot be 

accurately defined. Very few FEA techniques consider the compliance at the joints in their 

analyses inherently assuming that the effect on the overall response is minimal. In [111], 

using full field strain measurements, the loads and compliance of the joints are found. The 

compliance at the joints were modelled as springs of some stiffness k attached to nodes 

connected to the joints. The Gauss Newton algorithm is used to minimize the least squares 

error between the strain and displacements values. It should be noted that the error function 

here only considers the strain value, but not its direction. Hence, it is not advised to perform 

inverse analysis using only strain values. In many cases, a part cannot be forged in a single 

operation [122]. Thus, the problem of design of the shapes of the preforming tools is posed. 

This can also be treated as an inverse problem by using techniques similar to those described 

earlier. 

An inverse finite element method algorithm is developed by Keanini and Desai [123] for 

simultaneous solution of multi-dimensional solid-liquid phase boundaries and associated 

three-dimensional solid phase temperature fields [123]. Beginning with an initial guess, Pi, 

the inverse procedure iteratively alters P until the total error F between spatially discrete 

temperature measurements and corresponding calculated temperatures is minimised.   

The inverse modelling procedure demonstrated by Husain et al [124] was of particular 

interest to this work.  Whilst investigating the behaviour of steel using experimental data 
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generated from small punch tests they computed the uniaxial tensile test (true stress vs. true 

plastic strain curve) using inverse modelling techniques. They divided the load displacement 

curve from experiment into a number of linear segments and they matched a similar curve at 

a similar load using the finite element technique. A schematic of the technique is shown in 

figure 2-10. 

 

Figure 2-10   Piecewise inverse modelling technique [124]. 

2.8 Summary 
  

A large body of published work detailing the behaviour of lead free solder in different 

loading conditions and regimes are available in literature. There are still a number of 

outstanding issues associated with lead free solder research. Although SnAgCu alloy is now 

widely used  as the replacement of tin-lead solder, there is no agreement in the industry with 
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regards to the exact composition of the alloy. All the variants touted in the literature have 

their respective strength and weaknesses and it is absolutely necessary that combination of 

elements have to be agreed on. 

It is widely acknowledged and reported in the literature that there is a wide scatter in the 

material properties from different studies. As discussed above, this has to do in part with the 

large number of different material process parameters, process conditions and the quality of 

the solder joints. The large scatter in material properties is a source of concern, as it makes 

the analysis of the behaviour of solder joint unreliable.   

A major limitation in the material data reported in the literature is that a large proportion of 

experimental and numerical simulation techniques used to determine the response of lead free 

solder joints uses equipment that they were not designed for. Of these, dynamic testing has 

had a primary role. Most of the testing performed makes use of off the shelf equipment that is 

generally unsuitable to conduct meaningful testing on very small solder specimens. The 

response of general purpose test equipment is mainly in the macro scale whilst the solder 

dimensions are in the micron scale. This therefore poses a serious limitation in interpreting 

the results obtained from these experiments for meaningful analysis. 

The behaviour of the solder is also a major concern. Most of the published work in modelling 

the nonlinear response of the solder joint uses the Garofalo’s creep model. This model only 

models the secondary creep of the solder specimen and it neglects any hardening of the solder 

specimen that may occur. Using this model should therefore be seen as an approximation as 

the response of this model does not reflect the true behaviour of the lead free solder joints. To 

address this limitation of the Garofalo’s model, a more representative model initially used for 

modelling viscoplastic behaviour in metals is used to model the non-linear response of the 

solder joint. This model, Anand’s model, increased the complexity in determining the 

material parameters as there are nine parameters to be determined and there is a nonlinear 

relationship between the parameters that makes their determination more involved than that 

of the Garofalo’s model. The Anand’s model also required a large body of experimental work 

at different temperature and strain rates to make determination of the nine parameters 

possible.  
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In this work, in order to address the limitations of the existing research in the literature (of 

using bulk response equipment to perform micro-scale testing, for example), a new piece of 

equipment was designed with the specific aim of providing reliable response of solder in the 

micron scale. The design incorporates vibration fatigue testing, thermal cycling and 

combination of these. The equipment has a small footprint and can be controlled and 

monitored remotely. Simulation results of the equipment will be presented in the analysis to 

follow. 

To determine the material parameters for the Anand’s creep model of lead free solder, use is 

made of inverse modelling techniques to match the force-displacement experimental data 

with that from simulations. The adverse effects that a spurious data can have on the entire 

analysis is minimised by using a small data sample and starting the analysis with a set of 

material parameters that matches closely with the experimental data obtained. This therefore 

reduces the reliance on a large body of experimental data and using inverse and optimisation 

techniques, the material parameters are thus determined. 
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Chapter 3 Computer Simulation of Microelectronics Device and Test 
Equipment Using the Finite Element Method  

 

3.1 Introduction  
 

To perform the numerical analysis of the equipment design, multi-joint modelling and inverse 

analysis method, use is made of the finite element method. In the equipment design, it forms 

the primary analysis tool prior to fabrication of the individual components. In multi-joint 

analysis, it provides the basis for the comparison between the experimental response and its 

comparison to BGA package. During the inverse analysis, it provides a means of calculating 

the objective function from experimental result. As a result of the extensive use of the finite 

element technique in the simulation results, following is a brief discussion of the finite 

element formulation. 

The Finite Element Method (FEM) is a mathematical approximation technique that has been 

used since the 1960’s to solve initially large structural engineering problems. The rapid 

growth in computing power has accelerated the application and use of this method, and is 

now the tool of choice for structural analysis by mechanical, civil, biomechanical, and other 

engineers. It has been used to quantify design defects, fatigue, buckling, and crash simulation, 

and it can be used to identify failures that are caused by design deficiencies, materials 

defects, fabrication errors, and abusive use. It provides quantified results previously could 

only be obtained from metallurgical and mechanical testing. It provides excellent visual aids 

and animations that are easily understood.  

The FEM procedure involves the breaking down of a domain into a number of subdomains 

referred to as elements and these elements are joined together at the nodes to form the FEM 

“mesh”. This process of breaking the entire structure into elements is referred to as 

discretization.  The reason for dividing the domain into elements is twofold: first, to represent 

the geometry of the domain numerically; and, second, to approximate the solution over each 

element of the mesh in order to better represent the solution over the entire domain. The 

behaviour of the physical property of interest is described in terms of algebraic equations 
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within each element.  The solution to the governing equations is closely approximated within 

each element, resulting in a number of equations that need to be solved for every element.  

The local response of the elements is used to provide the global response of the domain. 

Thus, the element equations cannot be solved in isolation to render the solution over each 

element. Instead, all the equations from all the elements over the entire structure need to be 

solved simultaneously.  The rapid improvement in computer technology has made the FEM 

an attractive tool for both engineering practitioners and researchers in varied fields. In many 

applications of FEA, a computational domain contains a large number of elements and the 

number of governing equations is therefore huge. The solution of these large bodies of 

equations can only be solved using computers. It is worth noting that, as the structure is 

broken into a larger number of elements, a greater number of simultaneous equations need to 

be solved.  

 

Figure 3-1   An FEA mesh of a two-dimensional model of a gear tooth [125]. 

3.2 Theory of Elasticity 

 
Elasticity of solids and structure is a major area of structural engineering application and the 

FEM technique was initially applied to solving engineering problems in the elastic domain 

with considerable success. The results obtained in the early days of the usage of this 

technique provided the impetus for its applications in other branches of engineering. 
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Following is the finite element formulation for the solution of elastic problem using 

mathematical models. 

Elastic materials return to their original shape when the external force causing the 

deformation is removed. The material can be classified as either linear or nonlinear. For a 

linear material, the stress and strain is linearly proportional to the applied force. The general 

equation of the constitutive equation for a linear material is σ=E·ε where σ, E and ε are the 

stress, the modulus of elasticity (Young’s modulus), and the strain. 

For linear elastic solids, E is a constant. A solid is nonlinearly elastic if stress is not linearly 

related to strain but the material will return to its original configuration when load is removed 

and there is no energy lost in the system in the load-unload process. 

 

3.3 Equilibrium Equations 
 

To formulate the finite element method, we start off from the general dynamic equation and 
discretisation of the problem domain. The analysis and assumptions are discussed below. 

The general governing equation of motion for solid can be written as: 

 [ ]{ } [ ]{ } [ ]{ } ( ){ }M u C u K u F t+ + =ɺɺ ɺ
 

(3-1) 

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {F(t)} is 

the force vector and {u} is the nodal displacement vector.   

For a static analysis {uɺɺ }={0} and { uɺ }= {0}, the above equation therefore reduces to 

 [ ]{ } { }K u F=  (3-2) 

The main task in the following analysis is to calculate the stiffness [K] of the domain. There 

are a number of techniques in use to calculate [K], and to demonstrate the concepts of the 

FEM the technique will be applied to an elastic example. 

In 3D stress analysis, stress σ and strain ε are represented by vectors of six components: 
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T

xx yy zz xy yz zxσ σ σ σ τ τ τ =    
(3-3) 

      
T

xx yy zz xy yz zxε ε ε ε γ γ γ =    (3-4) 

 

Figure 3-2 Three dimensional stress state 

 

For an isotropic material, the stress strain relationship is given by: 
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(3-5) 

or 
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 { } [ ]{ }Dσ ε=  (3-6) 

where E, ν and [D] are the Young’s modulus, Poisson’s ratio and material matrix 

respectively. This is the standard matrix form of the constitutive relationship for an isotropic 

linear elastic material.  

The displacement profile is represented as: 
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(3-7) 

For small strains and small rotations, the strains are defined as, 
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(3-8) 

or in tensorial notation 
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(3-9) 
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i j
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u
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=

∂
, i and j are dummy variables. 

In matrix form, 
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(3-10) 

or 

 { } [ ]{ }L uε =  (3-11) 

From elasticity theory, the stresses in the structure must satisfy the following equilibrium 

equation, 
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(3-12) 

or 

 
, 0ij j ifσ + =

 
(3-13) 

where iiσ and if  are the components of stress and body forces acting in direction i. Einstein 

notation is used in equation 3-13. For an isotropic material homogeneous material undergoing 

small strain, the stress is related to the elastic strains through the linear elastic constitutive 

equation. 
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Boundary conditions are incorporated into the finite element procedure by introducing the 

surface integrals into the formulation for control volume whose faces lie on the boundary of 

the domain. 

The specified displacement  

 ,        on i i uu u= Γ  
(3-14) 

The specified traction 

 ,        on i i

i ij j

t t

t n
σ

σ
= Γ
=

 

(3-15) 

where it and iu are the element’s traction and displacement on the surface.  

 

Figure 3-3  Boundary conditions on a surface 

 

Solving equations (3-6), (3-8) and (3-13) using the boundary conditions as defined in 

equation (3-15) provides the stress, strain and displacement fields for the 3-D problem. 

Getting a solution analytically is usually not possible. 

  

3.4 Finite Element Method Formulation 
 

The basic procedure in the isoparametric finite element formulation is to express the element 

coordinates and element displacements in the form of interpolations using the natural 
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coordinate system of the element. This has made possible a large number of nonrectangular 

elements to be used, elements with curved sides, ‘infinite’ elements for unbounded media and 

singularity elements for fracture mechanics [125].This coordinate system, is one-, two- or 

three-dimensional, depending on the type of element used. 

In the isoparametric formulation the elements displacements are interpolated as follows: 
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(3-16) 

where Ni are the shape functions. 

In matrix form 
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(3-17) 

 or 

 { } [ ]{ }u N d=  (3-18) 

where u, v, and w are the displacements at any point in an element and iu , iv , and iw where 

i=1………n, are the displacements at the nodes of the element and n is the number of nodes 

in an element. 
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3.4.1 Element Formulation 
 

The choice of elements in a finite element analysis is a very important step in generating 

accurate results. Below are two typical 3-D solid elements. The first is a linear element 

whereas the second is a higher order element. 

Hexahedron (Brick) 

     

           Linear (8 nodes)     Quadratic (20 nodes) 

Figure 3-4   Element types in finite element analysis 

 

In FEM, the natural coordinate system is convenient. In this system , ,ξ η ζ  represent the 

coordinates, and element boundaries are always defined by 1,  1 and 1ξ η ζ= ± = ± = ±    

regardless of the shape or physical size of the elements or its orientation in the global 

coordinates (Figure 3-5). 
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Figure 3-5   Element mapping 

 

To be able to evaluate the stiffness matrix of an element, we need to calculate the strain-

displacement transformation matrix. The element strains are obtained in terms of derivatives 

of element displacement with respect to the local coordinate system using (ξ, η, ζ), we need 

to relate x, y and z derivatives to ξ, η, ζ derivatives. 

From equation 3-19: 

 
1 2 3( , , );       ( , , );        ( , , );x f y f z fξ η ζ ξ η ζ ξ η ζ= = =  

(3-19) 

the inverse relationship can therefore be derived as: 

 
4 5 6( , , );       ( , , );        ( , , );f x y z f x y z f x y zξ η ζ= = =  (3-20) 

The displacement field in the element is given by: 
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(3-21) 

The shape functions are defined as follows; 
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(3-22) 

The fundamental property of the shape functions Ni is that its value is unity at node i and 

zeros at all other nodes. This property can be expressed using the Kronecker delta as:  
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(3-23) 

Considering the above three-dimensional element, the coordinate transformations (mappings) 

for isoparametric elements are: 
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(3-24) 

 

where x, y, z are coordinates at any point within the element, and xi, yi, zi, (i = 1………n) are 

the coordinates of the n element nodes. The shape functions Ni are defined in the natural 

coordinate system of the element. 

Using the chain rule, the partial differentials of variable u with respect to x, y and z are given 

by; 
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(3-25) 

Also using the chain rule to derive the explicit inverse relationship, we have from equation 3-

25 
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(3-26) 

The Jacobian matrix is defined as; 
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The Jacobian operator relates the derivatives of the natural coordinates to the derivatives of 

the local coordinates. This therefore requires that the inverse of the Jacobian exists. 
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The governing equilibrium equations are integrated over each element. The integrals (volume 

for three dimensional and area for two-dimensional analysis) can be approximated using 

numerical integration techniques such as the Gauss quadrature. The discretised equations are 

solved by using the reference elements which represent the mesh elements in a local 

coordinate system. The stiffness matrix is calculated by considering the strain energy stored 

in an element. The strain energy U is given by 
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(3-30) 

where [B] the strain-displacement matrix and {u} the vector of nodal displacements are 

known for each element once the global finite element equation is solved. 

From the above the general formula for the element stiffness matrix is given by, 

 [ ] [ ][ ][ ]T

v

k B D B dV= ∫  (3-31) 

dV  can be calculated in the natural coordinates, 
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The stiffness matrix is dependent on the [B] matrix which in turn is dependent on the shape 

functions. The stiffness matrix is symmetric since [D] is symmetric. This therefore means 

that the quality of finite element representing the behaviour of the structure is determined 

entirely by the choice of shape functions. 

3.4.2 Stress Calculation 
 

The stress in an element is determined by the following relation: 

 [ ] [ ][ ]{ }

x x
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z z

xy xy
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 (3-33) 

 

 

3.5 Dynamic Analysis 
 

When a load is applied to a structure, it may deform, rotate or move in response to the load. If 

the loading is cyclical and the frequency is less than about a third of the structure’s lowest 

natural frequency of vibration, the problem can be classified as static and analysed by the 

method described above. If the load has a higher frequency, varies randomly or is applied 

suddenly, then the variation of displacements with time is so rapid that inertial effects cannot 

be ignored; dynamic analysis needs to be used [126]. As described above, the first task in the 

static analysis was to calculate the stiffness matrix but in this case we also need a mass matrix 

and a damping matrix. This therefore means modelling of a dynamic system will include 

some aspect of static modelling plus governing equation terms for structural acceleration and 

friction, which are derivatives of displacements with respect to time [126].   
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3.5.1 Mass Matrix 
 

In static analysis the inertial effect of the system is assumed to be negligible, this is not the 

case with dynamic analysis where the inertia effects are very important. Therefore, to 

perform a dynamic and vibration finite element analysis, a mass matrix is needed to pair with 

the stiffness matrix. As a general rule, the construction of the global mass matrix [M] largely 

parallels that of the global stiffness matrix [K]. Mass matrices for individual elements are 

formed in local coordinates, transformed to global, and merged into the master mass matrix 

following exactly the same techniques used for [K]. In practical terms, the assemblers for [K] 

and [M] can be made identical. This procedural uniformity is one of the great assets of the 

direct stiffness method. 

A notable difference with the stiffness matrix is the possibility of using a diagonal mass 

matrix based on direct lumping. A master diagonal mass matrix can be stored simply as a 

vector. If all entries are non-negative, it is easily inverted, since the inverse of a diagonal 

matrix is also diagonal [127, 128]. 

There are several methods used in the construction of the mass matrix of the individual 

elements. These can be categorized into three groups: direct mass lumping, variational mass 

lumping, and template mass lumping. The last group is more general in that it includes all 

others. The first two techniques are by far the most popular in the FEM literature, and 

variants of these methods have been implemented in all general purpose codes. Following is a 

discussion of the formulation of direct mass lumping. 

The general equation of motion for the whole is given in equation.3-1. To obtain the 

consistent mass matrix, we start by considering the kinetic energy Ek of the system: 
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where the shape function N is the same as that used in the displacement field. 

A key motivation for the use of the direct lumping method is that, a diagonal mass matrix 

may offer computational and storage advantages in certain simulations where, for example, 

explicit time integration is carried out. Furthermore, direct lumping covers naturally the case 

where concentrated (point) masses are a natural part of model building [129]. Knowing the 

mass matrix [M], the damping matrix [C], the stiffness matrix [K] and the forcing vector 

{ F(t)} the displacement and differentials thereof can be calculated. The use of FEM to carry 

out modal, harmonic and transient analysis of a structure will be described in the following 

section. 

3.5.2 Modal Analysis 
 

Modal analysis is used to determine the natural frequencies and mode shapes of the system. 

The natural frequencies and mode shapes are important parameters in the design for dynamic 

loading conditions and are inherent properties of the system that can be determined 

analytically. They are also required if one wants to perform a spectrum analysis or a mode 

superposition, harmonic or transient analysis. The resonant frequencies and mode shapes are 

important as they determine the stability of the system. If the frequency of the model is close 

to or at the resonant frequency then you are certain that the system will undergo uncontrolled 

non-linear displacement that will ultimately lead to the failure of the structure.  
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There are a number of benefits associated with this analysis: it allows the design to avoid 

resonant vibrations or to vibrate at a specified frequency,  gives engineers an idea of how the 

design will respond to different types of dynamic loads and helps in calculating solution 

controls (time steps, etc.) for other dynamic analyses. 

Starting from the general equation of motion, equation 3-1, ignoring damping and assuming 

free vibration, i.e {F(t)} = 0 and [C] = 0, the equation becomes: 

 [ ]{ } [ ]{ } { }0M u K u+ =ɺɺ
 

(3-36) 

Assuming that the displacement vary harmonically with time everywhere in the structure, 

then 
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(3-37) 

whereu are the vectors of nodal displacement amplitudes. 

The above equations now yield; 

 ( )2[ ] [ ] 0K M uω− =  (3-38) 

The linear equation is homogeneous and solving it is what is generally referred to as the 

eigenvalue problem (EVP).  

For the non-trivial solution: 0u ≠ the determinant of the coefficient matrix must then be zero, 

i.e.: 

 2[ ] [ ] 0K Mω− =  (3-39) 

This is an n-th order polynomial of ω2, from which we can find n solutions (roots) or 

eigenvalues ωi and these are referred to as the natural (or characteristic) frequencies of the 

structure.  

To calculate the eigenvectors, each value of ωi is substituted into equation (3-39)  and this 

gives one solution or eigenvector; 
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 ( )2[ ] [ ] 0K M uω− =  (3-40) 

iu (i=1, 2, 3…….n) are the natural modes or mode shapes. 

Once the modal analysis has been performed, harmonic, transient, or spectrum analysis may 

be carried out if necessary. 

 

3.5.3 Harmonic Analysis 
 

The harmonic response analysis is a technique that can be used to determine the steady-state 

response of a linear structure to loads that vary sinusoidally (harmonically) with time. Any 

sustained cyclic load will produce a sustained cyclic response (a harmonic response) in a 

structural system. The idea is to calculate the structure's response at several frequencies and 

obtain a graph of certain response quantity (usually displacements) versus frequency. "Peak" 

responses are then identified on the graph and stresses reviewed at those peak frequencies.  

Harmonic response analysis allows for prediction of the sustained dynamic behaviour of the 

structures being modelled, thus enabling verification whether or not the designs will 

successfully overcome resonance, fatigue, and other harmful effects of forced vibrations. 

3.5.4 Transient Analysis 
 

Transient dynamic analysis (sometimes called time-history analysis) is a technique used to 

determine the dynamic response of a structure under the action of any general time-dependent 

loads. This type of analysis is used to determine the time-varying displacements, strains, 

stresses, and forces in a structure as it responds to any combination of static, transient, and 

harmonic loads. The time scale of the loading is such that the inertia or damping effects are 

considered to be important. If the inertia and damping effects are not important, you might be 

able to use a static analysis instead. 

There are generally two transient dynamics solution methods in literature: modal 

superposition and direct integration. The modal superposition method uses free vibrations 
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mode shapes to uncouple the equation of motion. The equations are now in terms of a new 

variable called the modal coordinates. The modal coordinate solutions are obtained by 

solving the equations independently. A superposition of the modal coordinates then gives 

solution to the original equation. The direct integration technique is so termed because no 

special transformation techniques are required. 

For transient analysis the general equations of motion are solved directly and equation (3-1) 

can be written as   

 [ ]{ } [ ]{ } [ ]{ } { }n n n nM u c u K u f+ + =ɺɺ ɺ  (3-41) 

where n is the time step number and un is the nodal displacement vector at time step n. The 

time increment is 1   n = 0,1,2,3,n nt t t−∆ = − ⋯⋯ . 

3.6 Solution Methods 
 

There two methods that are often used to solve equation 3-42: the central difference method 

and the Newmark method. 

3.6.1 The Central Difference Method 
 

The basis of the finite difference method is a set of finite difference formula for the 

approximate first and second derivatives centred at instant n. 

By definition:  
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After substituting for{ }nuɺɺ and { }nuɺ , the governing equation becomes 
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which can be written as  
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1nu + is calculated from nu and 1nu − the solution progresses step by step until the end of the  

simulation time is reached. 

The central difference method is conditionally stable, if t∆  is very large, the computed 

displacement will grow beyond bounds and the result will be inaccurate or diverge. To 

guarantee numerical stability the following conditions must hold: 
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where maxω is the largest undamped natural frequency of the system [126, 130] 

3.6.2 Newmark Method 
 

This method is based on the following approximations [128, 132]: 
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where β and γ are constants that can be chosen by the analysts. Substituting in the equation of 

motion 
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This can be written in the form 
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This method is unconditionally stable if 

 1
2     
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(3-51) 

3.7 Nonlinear Elasto-Viscoplasticity 
 

The finite element method has been applied to the solution of plasticity with a high degree of 

success. The numerical procedure for the solution of elastic-viscoplastic material behaviour is 

discussed in the following section. The fundamental assumption of elasto-viscoplasticity is 

that the total deformation can be separated into its elastic and viscoplastic parts [133,134]. 

The total strain can be expressed as 

 total strain rate is given by

e p

e p

ε ε ε

ε ε ε

= +
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where eεɺ is the elastic strain rate andpεɺ is the viscoplastic strain rate. The elastic strain rate is 

related to the stress through Hooke’s law 

 { } [ ]{ }Dσ ε=  (3-53) 

Therefore 

 [ ] [ ]{ }Dσ ε= ɺɺ  (3-54) 

The constitutive equation for the viscoplastic model can be written as; 
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(3-55) 

Q is the plastic potential, the common case of associated plasticity correspond to taking Q=F, 

Cy is the yield stress and γ is the material property fluidity. A widespread choice of ( )FΘ  is  

( )( )
N

yF F CΘ = for some prescribed constant N. 

For elastic solid we have; 

 [ ]{ } { } 0             i = 1T
i iB d f nσ

Ω

Ω + =∫ ……  (3-56) 

where if contains the body forces and the surface integral of the tractions. The relationship 

between the total strain rate and displacement field rate is given by 
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where the total strain rate is known since[ ]iB ,{ }iu and [D] are known from the elastic 

analysis.  

The vector equation for the displacement field cannot be generated by eliminating the stress 

and strain quantities in an elasto-viscoplasticity analysis as the total strain rateεɺ introduces 

nonlinearities into the solution procedure. By proper discretisation, an iterative process can be 

derived where a linear system is solved with respect to the displacement field. In its simplest 
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form, the linear system appearing in this numerical method has a coefficient matrix identical 

to that of the elasticity problem. 

Combining equation 3-52, 3-54 and 3-57 yields 
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Since{ }pεɺ depends nonlinearly on {σ}, it cannot be eliminated but must work with essentially 

two types of spatially discrete equations governing {σ} and {ui} using equation 3-56 and 3-

58. Equation 3-58 can be approximated using the θ-rule [135, 136] and ANSYS® uses the 

Newton-Raphson iterative method to solve the equation. 

3.8 Discussion 
 

The analysis and simulation of the proposed equipment, multi-joint modelling, and inverse 

finite element analysis makes uses of structural and material nonlinearity techniques as 

described and programmed in ANSYS®. Use is made of ANSYS® since it is a general 

purpose finite element modelling package for solving a wide variety of mechanical problems. 

These problems include static, dynamic, structural analysis (linear and nonlinear), heat 

transfer, electromagnetic and fluid-structure interaction.  It is widely applied in electronic 

packaging research to simulate the response of a physical system to a wide variety of loading. 

All of the nonlinear material models used in the following work are already programmed in 

the software thereby providing direct applications of these models and provide detailed 

solutions. ANSYS® employs the Newton-Raphson approach to solve problems that are 

nonlinear in formulation. The loads defined during the analysis are typically applied over 

several load steps. During the analysis, the out of balance load vector is evaluated (which is 

the difference between the restoring forces, the loads corresponding to the element stresses, 

and the applied loads) using the Newton-Raphson method. ANSYS® then performs the 

solution using the out of balance loads and check for convergence. If convergence criteria are 

not satisfied, the out-of-balance load vector is re-evaluated, the stiffness matrix is updated, 

and a new solution is obtained. This iterative procedure continues until the problem 

converges. There are a number of convergence criteria detailed in the ANSYS® program: 
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convergence based on forces, moments, displacements, or rotations, or on any combination of 

these items. A force based convergence analysis is used as the convergence criteria for the 

simulations. 

During the simulation for creep analysis, we specified the creep criterion for automatic time 

step adjustments. The ANSYS® computes the ratio of the creep strain increment (cr), the 

change in creep strain in the last time step) to the elastic strain (el), for all elements. A 

stability limit is placed on the step size, this is because an explicit integration procedure is 

used in which the stresses and strains are referred to at time tn-1. ANSYS® recommends using 

timestep such that the creep ratio, cr/ el, is less than 0.10.  If the ratio cr/ el is above the 

stability limit of 0.25, and if the time increment cannot be decreased, the solution diverges 

and the run will terminate. 
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Chapter 4 Vibration Testing and Modelling 
 

4.1 Introduction 
 

Vibration testing as discussed in Section 2.2.2 plays an important role in the testing and 

validation of electronic components. The reliability of a component is of particular 

importance in the electronics industry because of the wide ranging applications to which it is 

applied. Electronics devices are increasingly used in hash environments such as automotive, 

aerospace and defence applications where they were not originally intended to. Apart from 

the extreme temperature and possibly high humidity, vibration could also be a major cause of 

failure of electronics components and systems.  

To understand the behaviours of electronics components, it is important to acquire the 

properties of the materials in the components. In order to characterise the properties of solder 

alloys, a range of test equipment and techniques have been used by many researchers to 

analyse the response of these materials under various loading conditions. Generally vibration 

testing is performed using electrodynamics shakers in which the specimen (e.g. a PCB) to be 

tested is attached onto the shaker assembly and vibration pulse, generally in the z-direction, is 

applied to the shaker-PCB assembly. One of the main limitations of this testing method is that 

since the PCB is populated with various components, the precise loading conditions 

experienced by the various components are not the same but are dependent on their location 

on the PCB assembly. Therefore, it is not possible to gain detailed knowledge of the 

behavioural response of individual solder joint interconnections using this technique. The 

response of solder joint interconnections are dependent on a number of ever varying factors 

and each individual solder may behave differently. This therefore highlights partly the reason 

why there is so much scatter in the physical properties of solder interconnects derived using 

such methods in the literature. Factors such as the vibratory frequency, clamping conditions, 

size of the test specimen, location on the shaker, etc. are not the same across the different 

experiments performed.  To overcome this limitation Barry [137] designed a fixture that 

holds up to eight specimens that can be attached to a shaker and shaken in the vertical 
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direction. Although this method attempted to remove the uncertainty and effect of location of 

the solder interconnects the solder shape was not optimum for the analysis performed as the 

loading profile will be evenly distributed along the specimen and solder. It is generally 

accepted that to determine the response of the solder joint to any loading condition, the 

loading profile should be concentrated on the solder. Also, the limitations inherent in using 

shakers are still present and it does not simulate the complex loading profiles in service. 

There have been numerous studies in designing equipment to analyse the behaviour of solder 

joint interconnects. Kim and Lee [138] developed a cyclic four point bending tester to 

analyse solder response to bending. The testing machine applied a load to the specimen via an 

electro-magnetic coil guided through a linear bushing. Various sensors were attached. A 

high-resolution load-cell measured the applied loads and these values were used for feedback 

control. The linear variable displacement transformer (LVDT) for measuring the distance 

between the two grips was attached at the grips. The failure detection system consisted of a 

Wheatstone-bridge circuit, which includes a daisy chain of specimens as one resistance arm. 

A strain measurement system using strain gauges were also constructed that could measure 

eight channel strains simultaneously.  Herkommer et al [139] developed and commissioned a 

comprehensive shear testing facility for the testing of metals. It is one of very few test setups 

reported in the literature that are capable of carrying out in situ optical observation of lead-

free solder joints during testing. Bathias[140] developed an ultrasonic fatigue testing machine 

to determine crack growth and S-N curve of metals. His design operates at different 

temperature ranges, pressure and also three point bending. Saito et al[141] designed a fatigue 

testing machine for irradiated specimens with piezoelectric ceramic actuators and a prototype 

was manufactured for high-cycle fatigue tests with small specimens. The machine has a 

simple mechanism and was compact. These features make it easy to set up and maintain the 

machine in a hot cell. The excitation of the actuator can be transmitted to the specimen using 

a lever-type testing jig. More than 100µm of displacement could be prescribed precisely to 

the specimen at a frequency of 50 Hz. The relationship of a displacement applied to the 

specimen and the strain of the necking part of the sample were obtained by experimental 

methods and by finite element method (FEM) calculations. Both results showed good 

agreement. Recently, compact vibration test equipment has been designed at the National 
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Physical Laboratory in order to test small solder joints under vibration loading conditions. As 

in the work by Saito et al [141], the equipment uses piezoelectric cells as the source of 

vibration but the solder joint specimen are solder joints made from lead-free solder and 

copper.  

It is expected that the stress and strain distributions in the small solder joint is sensitive to 

vibration modes of the equipment which may make the design of the equipment more 

challenging. The main thrust of this work was on the development of equipment for high 

cycle fatigue testing that will meet the specifications desired by the industrial partner. Once 

the equipment was developed, there was also a need for a test specimen to be developed that 

will be used to determine whether the equipment as designed meets the initial specifications. 

4.2 Solder Joint Test Methods and Equipment 
 

As stated in section 4.1 most of the tests performed to analyse the vibration properties of 

solder joints are done on shakers. The issues associated with using this procedure in dealing 

with very small solders in the micron scale is well stated in section 1.4. To overcome these 

issues a number of researchers have used different mechanical processes and equipment to 

understand the response of the solder to the loading regime. In some instances, researchers 

saw the need to design different equipment for the said purpose above. Following are some of 

the equipment that have been used or designed for the above analysis. 

A mechanical cyclic bending testing system was developed by Kim et al [138] shown in 

Figure 4-1 & Figure 4-2 that used an electro-magnetic coil to apply the load to the specimen. 

The applied loads are applied through a load cell and this is also used for feedback control. 

To measure the displacement use is made of a linear variable displacement transformer 

attached at the grips. They found that the lead-free solder (95.5Sn4.0Ag0.5Cu) has a stronger 

fatigue resistance than the lead-containing solder (63Sn37Pb) under low loading levels. When 

the applied load increased, however, the lead-contained solder has a longer lifetime. 
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Figure 4-1   A mechanical solder bending testing system [138] 

 

 

Figure 4-2   Fatigue testing system [138] 
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Saito et al [141] developed a mechanical cyclic bending testing system to investigate the 

fatigue behaviour of the solder joints for PBGA packages, and a non-linear finite element 

model considering creep and plastic constitutive models was used to analyse the stress and 

strain distribution induced during the test (Figure 4-3). It was found that the lead-free solder 

(95.5Sn4.0Ag0.5Cu) has a stronger fatigue resistance than the lead-containing solder 

(63Sn37Pb) under low loading levels.  

The equipment used piezoelectric cells as actuators. The machine has two actuators (Tokin 

Co. Ltd.), which are mounted on opposite sides of the testing jig. The piezoelectric material 

converts the mechanical pressure to an electric field. The advantages of the actuator are high 

sensitivity to an applied voltage and high positional accuracy. For these reasons, piezoelectric 

ceramics actuators are suitable for driving a small fatigue testing machine.  

The maximum amplitude of the actuator itself is about 120 µm. The displacement of the 

actuator can be transmitted to the specimen using a lever-type testing jig. The jig presently 

installed has a lever ratio of 1:3. The maximum amplitude of the specimen is about 360 µm at 

26 Hz. The frequency may be varied in the range between 26 and 108 Hz. It is possible to 

perform tests at lower frequencies by changing the controller unit. The upper limit of the test 

frequency is determined by the resonance frequency (3 kHz) of the actuator and the following 

capability of the testing jig. 

 

(a) 
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(b) 

Figure 4-3   Test equipment using piezoelectric cells as actuators [141] 

As stated in section 2.1 most of the experimental analysis performed on lead-free solder is 

done using shakers. There are a number of issues that affect the reliability of the results 

obtained. Barry [137] tried to eliminate some of these by designing a structural component 

that holds the solder specimen before being attached to the shaker (Figure 4-4). 

 

Figure 4-4    High-cycle fatigue testing fixture, mounted to electro-dynamic shaker, 

containing stainless steel holders and Cu rods joined by solder [137] 
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For small size solder joints, Kim et al [138] developed an accurate testing system which 

consists of a testing machine part, a control and sensing part, and visual inspection part using 

a CCD camera (Figure 4-5 and Figure 4-6). The testing machine applied a load to the 

specimen via a step motor attached to a ball screw driven rail table. The displacement of the 

specimen can be controlled with the resolution of 0.5µm. The capacity of load cell is 500N 

and that signal can be acquired with the resolution of 2mV in the range of 10V. The PC 

controlled the system automatically and acquired all measured signals. The loading fixture 

for the specimen was designed to be suitable for pull shear and bending test of SMC/PCB 

assembly. 

 

Figure 4-5   Micro-mechanical fatigue tester with high accuracy load-cell, capacitance 

sensor and CCD camera [138] 

 

Figure 4-6   Micro tension tester [138] 
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The above discussions about existing test equipment have influenced the proposed design in 

this work in a number of ways. The use of electrodynamics shakers was not adopted because 

of the drawbacks discussed and instead piezoelectric cells were used. Most of the equipment 

highlighted have a vertical profile and hence a smaller footprint, minimising and/or 

eliminating the small effect of gravity on the samples. This was adopted for the design of the 

vibration properties testing instrument, resulting in more compact equipment with a smaller 

footprint than the initially proposed design. 

The various design and test equipment highlighted are general engineering testing equipment 

whose testing are in the macro scale to interpret results for solder joints on a micro scale. This 

therefore creates a problem of scale and difficulties in analysing the results. The proposed 

designs will be specifically for small solder joints undergoing thermomechanical and 

vibration testing. 

4.3 Vibration Test Equipment Design 
 

Two vibration test equipment designs will be analysed in this sections: the first design and 

results here presented was published in a paper at the EUROSIME 2010 conference and the 

second design, though similar to the first in terms of loading methods and specimen design, 

overall is different from the first and therefore the mechanical response is also different from 

its predecessor. As noted earlier, this work is a collaboration with NPL and the specification 

given below are for a production machine that will be used to analyse lead free solder joint 

interconnects. 

4.3.1 Specifications 
 

The machine’s designs need to have the following specifications and satisfy the following 

requirements: 

• To perform vibration fatigue test for lead-free solder alloy.  

• To operate below 1 kHz frequency with displacement amplitude of about .05 mm for 

the specimen. 

• To be simple, compact, and easily assembled.  
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• To have provision for the testing under a range of temperatures and the inputs and 

outputs can be remotely controlled. 

• Use commercial piezoelectric cells as the vibration source and possibly have a load 

cell to measure displacement of the specimen.    

 

4.3.2 Testing Equipment  
 

The design idea of the equipment is based on a previous collaboration between the University 

of Greenwich and NPL, this work is presented elsewhere [143]. The original concept was to 

have metal turrets to which a vibratory source is attached mounted on a base that will allow 

the vibration of the specimen to be performed efficiently. As noted earlier most of the 

equipment used in lead-free solder testing are general testing equipment that were not 

designed to test small solder joints specifically. Though acceptable results can be obtained 

from bulk solder testing, they are inadequate for the understanding of miniature solder joints. 

This equipment, however, is designed for the testing of miniature solder joints of similar size 

to BGAs used in microelectronics devices. The specifications in Section 4.3.1 were 

predetermined to ensure that the equipment was fit for purpose. 

To meet the requirements as stated in section 4.3.1 above the following design decisions were 

made: 

• The turrets were designed of stainless steel and of size 50x50x50mm3 

• The distance between the two turrets is 150mm. 

• Commercial piezoelectric cell will be used as actuators with dimensions of  

13mm in diameter and 50mm in length 

• All of these will be on a granite base of size 400x250x50mm3 to ensure that 

the equipment is as stable as possible with minimal effect on its environment. 

 

The conceptual design of the equipment without any monitoring equipment is shown in 

Figure 4-7. 
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The equipment is constructed to be strain controlled. The piezoelectric transducers produce 

the vibration at one end whilst monitoring equipment is at the other end. As shown in figure 

4-7 and the exploded view in figure 4-8, the specimen is connected to two steel tube holders 

that house the piezoelectric actuators. The specimen is attached to the holders using two pins 

that go through holes in the holders and at the two ends of the specimen. One of the 

piezoelectric cells is used to generate the displacement for the equipment and the other one 

may be used for monitoring purposes. The minimum amplitude of these actuators will be in 

the range of 0.1 mm. If elevated temperatures are required in the experiments, heating 

elements can be introduced to produce a constant temperature around the specimen. 

 

 

 

Figure 4-7   Conceptual design of proposed equipment 
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Figure 4-8   Exploded view of proposed equipment 

 

The displacement is to be measured using two linear differential variable transformers 

(LVDT). The equipment is designed to minimise the off axis forces on the sample. The 

control of the machine is achieved using a PC, which collects displacement, temperature and 

force readings from an 18-bit A/D data acquisition device, and controls a power source 

(resistive heating element) via standard communication ports (RS-232C, GPIB, USB).  The 

dataset collected is analysed using Labview commercial software. Although in the design 

shown here the sample is tested at room temperature, a heater inserted around the sample 

provides an elevated temperature facility. The instrument is therefore capable of performing 

an isothermal test under controlled strain conditions, where the displacement follows a 

defined profile. 
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4.3.3 Test Specimen 
 

The test specimen is constructed from a copper bar of 50mm in length, 5mm in width and 

1mm in thickness. In preparing the specimen, a slit of 0.3mm is cut through a 1mm thick 

copper plate first using an electric diamond saw at slow speeds (Figure 4-9). The solder width 

is determined by the thickness of the diamond blade. The gap is filled with a solder paste, 

which may be either lead-free or lead-containing, and reflowed using a gas torch capable of 

fully reflowing a solder paste. To avoid exhausting the flux and therefore causing voiding, 

extreme care should be exercised. 50mm sections are now marked onto the copper plates then 

a circle of 2 mm radius is now punched between the 50 mm copper sections. The reflowed 

lead free solder is poured into the slit to completely fill the slit cut initially. The copper plate 

is now cut into 50mm length and the excess solder is sanded down using progressive finer 

grit paper until all the excess solder have been removed. The copper-solder specimen is now 

put into an ultrasonic bath to clean the joint and remove the excess oxide that has formed. 

The specimens are then batch labelled and prepared for testing. Using the cutting blade 

thickness to control the solder joint thickness is effective, but the quality of the joints produce 

is a concern and the development of voids in joints is difficult to quantify. 

The size of the solder specimen is designed to be reflective of and similar to the sizes of 

solder balls used in BGA soldering operations and other surface mounted packages. Since 

there is a piece of copper on either side of the solder, there is a need to ensure that the stress 

and strains are concentrated on the solder specimen instead of the copper. To achieve this, a 

large transition radius is designed onto the specimen to allow the stresses and strain to be 

concentrated on the rectangular sectioned solder specimen. 

One disadvantage of this sample design is the compliance in the copper. The sample 

displacement measured is a combination of the deformation in the solder and the extension of 

the copper. This elastic extension in the copper can be added to the measured deformation for 

solder (displacement) presented below. 
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Figure 4-9   Test specimen. The units are in mm. 

4.4 Modelling of Piezoelectric Actuators 
 

To model the piezoelectric vibration source, use is made of the datasheet provided by the 

manufacturer of the piezoelectric actuator to model its vibration response under electric 

loading.  To be able to use the data provided by the manufacturers in ANSYS® [144], a 

number of adjustments have to be made to have the data in the format required by ANSYS® 

(See section 4.4.1). 

ANSYS® Solid5 element has been used to model the piezoelectric cells (Figure 4-10). The 

exact laminate structures of the cells are not known but the maximum displacement range is 

given in the product specifications. Therefore, the cell is modelled as a single ceramic 

cylinder which can expand freely along the axis when electric voltage loading is applied. The 

applied voltage is adjusted so that the total displacement is the same as in the product 

specifications. A schematic of the PZT cell model and an example of stress distribution are 

shown in figure 4-11.    
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Figure 4-10   Conceptual modelling of piezoelectric stack. The piezo ceramic is 

connected to the casing on the left and free to move on the right. 

 

 

Figure 4-11   An example of Von Mises stress distribution in the test specimen (Pa). Two 

piezo cells are represented in this model. 

4.4.1 Piezoelectric vibration source 
 

In modelling the piezoelectric stack in the piezoelectric cell using ANSYS [144], changes and 

adjustments have to be carried out to the data in manufacturer’s datasheet. The constitutive 

relationship given by manufacturers or published data/reports are in the form: 

 { } { } [ ]{ }Es T S d E  = −   
(4-1) 
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 { } [ ] { } { }t TD d T Eε = +    
(4-2) 

where 

{ T}= stress vector (six components x, y, z, yz, xz, xy) 

{ S}= strain vector (six components x, y, z, yz, xz, xy) 

Es   = compliance matrix evaluated at constant electric field, i.e. short circuit 

[d]= piezoelectric matrix relating strain/electric field 

{ E}= electric field vector (three components x, y, z) 

{ D}= electric displacement vector (three components x, y, z) 

[ ]t
d = piezoelectric matrix relating strain/electric field (transposed) 

Tε  = dielectric matrix evaluated at constant stress, i.e. mechanically free 

On the other hand, ANSYS® requires data in the following form; 

 { } { } [ ]{ }ET c S e E = −   
(4-3) 

 

 { } [ ] { } { }t sD e S Eε = +    
(4-4) 

 

Ec   = stiffness matrix evaluated at constant electric field, i.e. short circuit 

[e]= piezoelectric matrix relating stress/electric field 

[ ]t
e = piezoelectric matrix relating stress/electric field (transposed) 

sε   = dielectric matrix evaluated at constant strain, i.e. mechanically clamped 
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The manufacturer’s data as indicated in Equations. 4-1 and 4-2 is based on strain whilst that 

used in the ANSYS® formulation is based on stress. To convert the manufacturing data in 

equations.(4-1 and 4-2) to ANSYS® notation in equations (4-3, 4-4) we have 

 { } { } [ ]{ }ES s T d E = +   
(4-5) 

 

 { } { } [ ]{ }Es T S d E  = −   
(4-6) 

 

 { } { } { }1 1E ET s S s d E
− −

   = −        
(4-7) 

 

Since equation 4-2 relates electric displacement to strain rather than stress, equation 4-5 can 

then be substituted into equation 4-2 

 { } [ ] { } { }{ } { }1 1t E E TD d s S s d E Eε
− −

     = − +         
(4-8) 

 

 { } [ ] { } { }{ } { }1 1t E E TD d s S s d E Eε
− −

     = − +         
(4-9) 

 

Comparing equations (4-5) and (4-7) with equations (4-3) and (4-4) the following relations 

between the manufacturers’ data and ANSYS® values are obtained as: 

 1E Ec s
−

   =     
(4-10) 

 

 [ ] [ ]1ts T Ed s dε ε
−

     = −       
(4-11) 

 

 [ ] [ ] [ ]1 1tE Ee s d d s
− −

   = =     
(4-12) 
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These equations formed the basis of the conversion routines used in the simulation.  

Assuming polarization in the 3rd-axis (z-axis), the manufacturer’s data are mapped to 

ANSYS® data to generate a compliance matrix: 

 

 

11 12 13

12 11 13

1 13 13 33

66

44

44

0 0 0

0 0 0

0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

E E E

E E E

E E E
E E

E

E

E

s s s

s s s

s s s
s c

s

s

s

−

 
 
 
 

   = =     
 
 
 
    

(4-13) 

 

4.4.2 Permittivity Matrix 

The permittivity matrix evaluated at constant strain is input into ANSYS®. Oftentimes, 

manufacturers’ data has permittivity evaluated at constant stress, so conversion is necessary. 

As noted in equation 4-12, one can calculate the dielectric constants based on constant strain 

from the following relationship: 

 [ ] [ ]1ts T Ed s dε ε
−

     = −       
(4-14) 

After evaluating equation 4-12 above, we can input the permittivity. The permittivity matrix 

has only diagonal terms: 

 
11 11

11 0 11

33 33

0 0 0 0

0 0 0 0

0 0 0 0

S S

S S S

S S

K

K

K

ε
ε ε ε

ε

   
   

  = =    
   
     

(4-15) 

where  11
11

0

S
SK

ε
ε

= is the relative permittivity. In ANSYS®, the user has the choice of inputting 

permittivity as absolute or relative values. 
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4.4.3 Piezoelectric Constant Matrix 

 

Usually, manufacturers’ data has [d], which relates mechanical strain to electric field. 

However, ANSYS® requires [e], relating mechanical stress to electric field, therefore this 

means a conversion is also necessary. 

From equation 4-12 above, a relationship between [e] and [d] is established as follows: 

 [ ] [ ] [ ]1 1tE Ee s d d s
− −

   = =     
(4-16) 

where, assuming polarization in the 3rd-axis (z-direction) and symmetry in the unpolarized 

directions ( 32 31 24 15 d d and d d= = ): 

 [ ]
15

15

31 31 33

0 0 0 0 0

0 0 0 0 0

0 0 0

t

d

d d

d d d

 
 =  
    

(4-17) 

In the manufacturer’s data, strain/stress vectors are in the form of {x, y, z, yz, xz, xy} 

whereas ANSYS®’s mechanical vector is in the form {x, y, z, xy, yz, xz}. This means the 

rows in [d] will have to be shifted: row 4 needs to be shifted to row 5, and, similarly, row 5 to 

row 6 and row 6 to row 4. Hence 24d  and 15d are shifted one across. 

To evaluate the matrix [e] with the rows 4, 5 and 6 modified as explain above, the user can 

use
1E Ec s

−
   =    .  This then becomes 

 [ ]

31

31

33

15

15

0 0

0 0

0 0

0 0 0

0 0

0 0

e

e

e
e

e

e

 
 
 
 

=  
 
 
 
    

(4-18) 
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4.5 Finite Element Analysis of  the Equipment 
 

In this analysis, static, modal, and transient Finite Element analysis has been undertaken. 

Modal analysis is used to determine the natural frequencies and mode shapes of the 

equipment. The natural frequencies and mode shapes are important parameters in the design 

for dynamic loading conditions. The resonant frequencies and mode shapes determine the 

stability of the machine. If the frequency predicted by the model is close to or at the resonant 

frequency then the machine may undergo uncontrolled non-linear deformation that may 

ultimately lead to the failure of the structure or misleading test results.  

Transient dynamic analysis (sometimes called time-history analysis) is a technique used to 

determine the dynamic response of a structure under the action of any general time-dependent 

loads. This type of analysis is used to determine the time-varying displacements, strains, 

stresses, and forces in a structure as it responds to any combination of static, transient, and 

harmonic loads. If the time scale of the loading is such that the inertia or damping effects are 

considered to be important, this method should be used. 

4.5.1 Material properties 
 

Several materials were used in modelling the specimen and equipment. The elastic material 

properties used are shown in Table 4-1.  In most situations involving vibration, the elastic-

plastic properties can be used for all materials. But in the case of very slow vibration, creep 

may also become important. For creep modelling the Garofalo creep equation has been used: 

 ( ) ( )3

1 2 4sinh exp /
c

cr ec c c Tε σ=   ɺ
 

(4-19) 

The values of the constant for SAC used are given below in Table 4-2. 
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Table 4-1  Material properties for the model [20]. 

Material E(GPa) Poisson’s 

ratio 

Density 

(kg/m3) 

Steel 210 0.30 7850 

Copper 120 0.35 8900 

Granite 70 0.25 2750 

Macor 66.9 0.29 2520 

Sn3Ag0.5Cu 35 0.4 7440 

 

Table 4-2   Garofalo's constants for SAC [20]  

C1 44100/s 

C2 5e-9 1/Pa 

C3 4.2 

C4 5412K 

 

 

The yield stresses of copper and solder are 70 MPa and 32MPa respectively. The 

piezoelectric properties of PZT401 [145] have been used in the modelling of piezoelectric 

cells. The piezoelectric constants in compliances form are used as the inputs of material 

models in ANSYS®.  

4.5.2 Meshing of equipment and loading profile 
 

The FEA mesh of the equipment and solder joint specimen model (Figure 4-7) are shown in 

figures 4-12 and 4-13. The structural elements are modelled using rectangular 3D Solid185 

elements and the piezoelectric actuators are modelled using Solid5 elements. To 

accommodate the difference in the smaller solder joint as compared to that of the copper 
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parts, a gradual transition from small to medium sized elements were used during the element 

generation. 

 

Figure 4-12 FEA model of concept equipment design 

 

Different materials were used in the conceptual design of the equipment: the base was made 

of granite, the turrets were of stainless steel, the piezoelectric actuators were modelled with 

PZT401, the specimen was of copper and SAC305. 

When simulating the entire equipment with the solder specimen attached, the base of the 

equipment is fixed in all directions (x, y, z). This can be done to simulate the effect of fixing 

the base on test platform when it is in operation. The specimen is attached to the piezoelectric 

actuator through design of a holder that fits at the front of the piezoelectric tubes and the base 

of the specimen. In simulations where only the test specimen part is modelled, the boundary 

conditions applied are as shown in figure 4-13. One of the end of the specimen is fixed whilst 

the specified loading profile for the simulation is applied to the other end. The loading profile 

applied is shown in figure 4-14. This profile is used for testing the response of the equipment 

to the load. 

 

 



 

94 

 

 

Figure 4-13   Mesh specimen, with indication of boundary conditions and magnified 

view. The thickness of the specimen is 300 µm  

 

Figure 4-14   The loading profile applied to the free end of the specimen. The period of 

the load is 1800s.  
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4.6 Results and Discussions 
 

Simulation was performed on the entire equipment in order to study the dynamic response of 

the equipment, and also on the specimen only model so that the deformation of the proposed 

specimen design can be studied.  

4.6.1 Modal Analysis of the Equipment 
 

Modal analysis is used to predict the natural frequencies and mode shapes of solid structures. 

Several algorithms that are implemented in ANSYS® may be used for solving eigenvalue 

problems. For this analysis, the Block-Lanczos algorithm was used. A number of modes have 

been extracted and they are compared with the operational frequency to determine the 

suitability of the proposed design. Ideally resonance should be avoided and the deformation 

mode does not adversely affect test results. 

Three different models were used in this analysis to determine the effect of design variations 

on the performance of the equipment. The first is the base model which has both the turrets 

and the actuators made of solid steel (in reality actuator is made of steel and ceramic). In the 

second model, a 5 mm thermal insulation layer is added to the bottom of the turrets. If 

implemented, this insulation layer could be useful when tests need to be carried out at 

temperatures other than at room temperature. The addition of the insulation layer reduces the 

thermal latency and confine temperature rise to the specimen. The insulation material is 

assumed to be Macor, which is a machinable ceramic. The third model has also the Macor 

layer but the piezoelectric cell is modelled as piezoelectric ceramic and this model is used to 

compare with Model 1 so that the effect of modelling the actuator cell as  steel cylinder can 

be understood. The three models are summarised in Table 4-3.  
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Table 4-3   The models used in the simulation 

 Model 1  Model 2  Model 3  

PZT cell steel steel ceramic 

Macor no 5 mm  5 mm  

 

Table 4-4   Natural frequencies for the three models (Hz). 

 Model 1 Model 2 Model 3 

Mode1 1447 1446 1322 

Mode2 2885 2871 1906 

Mode3 3005 2993 1985 

Mode4 3089 3076 2075 

 

The lowest four natural frequencies are shown in Table 4-4. It can be seen that they are all 

much higher than the proposed working frequency of 1000 kHz. This means that no 

resonance is possible. The Macor insulation has almost no effect on the modes, especially the 

low frequency ones. By comparing Model 3 and the other two models, it can be concluded 

that by modelling the piezoelectric cell as a solid steel cell the frequencies are significantly 

higher than modelling it as ceramic cylinders. The more accurate values are expected to sit 

somewhere in between the two sets of results. 

The mode shapes of the first and the third modes of Model 1 are given in figure 4-15. The 

turrets are very stiff and the deformation is concentrated in the specimen. In order to analyse 

the effects of the turrets dimension on the vibration, analysis has been carried out with turrets' 

thickness of 5, 10, and 25 mm and the results for the first four modes are shown in Table 4-5. 

For the mode with the lowest frequency, the frequency decreases only when the thickness is 

below 10 mm.  
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Figure 4-15   Mode shapes of the first and the third modes of the test equipment without   

Macor insulation layer. 

Table 4-5   The natural frequencies of the first four modes of the models with turrets of 

different thickness (Hz). 

Turret thickness 50mm 25mm 10mm 5mm 

Mode 1  1447  1445  1432  1177  

Mode 2  2880  2839  1909  1321  

Mode 3  3012  2857  2073  1605  

Mode 4  3095  2933  2537  1923  

 

Table 4-6 Resonant frequencies (Hz) for double actuator (50mm turrets) with macor 

Macor 

Thickness 

1mm 2.5mm 5mm 7.5mm Without 
macor 

Mode 1 1377 1377 1322 1322 1447 

Mode 2 1906 1904 1903 1900 2880 

Mode 3 1989 1987 1982 1980 3012 

Mode 4 2088 2087 2073 2070 3095 

 

The effect of Macor layer thickness on natural frequency is shown in Table 4-6. 

Since the design only considers actuation from a single piezoelectric cell, modal analysis was 

also performed on a design with a single actuator (Figure 4-16). The mode shapes are similar 

and the fundamental frequency is above the equipment operational frequency. 
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Figure 4-16   Mode shapes of the first and the third modes of the test equipment with 

single actuator 

4.6.2 Transient analysis of the test specimen 
 

This analysis predicts the deformation of solder specimen under time-dependent mechanical 

loading as function of time. It is very useful in understanding the way solder joints deforms in 

a test – very important on the interpretation of test results.  

An ad hoc loading profile (shown in Figure 4-14) is applied at one end of the specimen while 

the other end was fixed. In this simulation, the model contains only the specimen, not the 

piezoelectric cells because the objective is to investigate how solder joint of different 

thickness react to loading.  

The finite element model of the solder component and an example of predicted stress 

distribution are shown in figure 4-17. Transient analysis method was used but the dynamics 

effect is not expected to show up because the specimen is small and acoustic wave velocity in 

copper is about 4000m/s and the load frequency is very low.  

 

Figure 4-17   Typical stress distribution around the solder joint. The stress unit is MPa. 
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Models with three different solder joint thicknesses were studied: 100 µm, 300 µm and 

500 µm, to determine the optimum thickness to use in the analysis. Figures 4-18 to 4-20 

showed that the strain, stress and creep strain distribution in the solder joint are 

inhomogeneous. This is caused by the geometry as well as the deformation of the specimen. 

It was observed that this strain variation is less prominent in the thinner solder joint. This 

suggests that any damage accumulation in thinner solder is more evenly distributed in thinner 

joints. Hence under loading conditions that cause low cycle failure, Coffin-Manson type 

lifetime model may be more suitable for thinner solder joints than the thicker ones. In the 

thicker solder model, a crack propagation rate model is perhaps more applicable. If a Coffin-

Manson model is used for the thicker solder joint a width parameter may need to be included. 

   

100µm thick 300µm thick 500µm thick 

Min :  0.002439 Min : 0.002032 Min : 0.001387 

Max:  0.00769 Max : 0.007027 Max: 0.005091 

Figure 4-18  Von Mises Strain in solder of various thickness at t=240s. 
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Figure 4-19   Von Mises Stress distribution at t=302 s for the 100µm specimen on the 

left and the 500µm specimen on the right. 

 

Figure 4-20   Creep strain distribution at t=302 s for the 100µm specimen on the left and 

the 500µm specimen on the right. 

The results shown in Figures 4-19 & 4-20 are from simulations at a load frequency of 

0.00056 Hz and at this low frequency creep strain is significant in the solder joint. As the 

loading frequency increases, this strain is expected to decrease. In fact, as shown in Table 4-
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7, where the maximum stress and strain are listed for a few different loading frequencies, 

creep strain decreases by about 1000 times as frequency increases from 0.08 to 0.7 Hz. This 

shows that at high frequency visco-plastic strain becomes negligible and in damage analysis 

only rate-independent plastic strains need to be taken into count and this makes easier to 

determine if low cycle fatigue is expected for given load level.   

 

Table 4-7   Maximum von Mises stress and equivalent creep strain (at the end of 3.5 

cycles). 

Frequency (Hz) Maximum Von Mises 

Stress(MPa) 

Equivalent creep strain 

0.7 Hz 95 8x10-7 

0.08 Hz 95 5x10-3 

0.01 Hz 101 4x10-2 

 

4.6.3 Effect of solder thickness on stress strain distribution 
 

Solder joints with three thicknesses, 100µm, 300µm and 500µm were modelled and the 

distribution of stresses and strains across the solder specimen were analysed. The maximum 

stresses and strain for the modelled solder thicknesses are shown in Table 4-8 below. 

Table 4-8   Maximum and minimum stresses and strain for the different thicknesses 

modelled at the end of three cycles. The units of stress are MPa. 

Solder 

Thickness 

Min Von Mises 

Stress 

Max Von Mises 

Stress 

Min Von Mises 

Strain 

Max Von Mises 

Strain 

100µm 123.827 421.446 0.002439 0.00769 

300µm 110.65 360.748 0.002032 0.007027 

500µm 52.473 142.976 0.001387 0.00385 
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The results above indicates that the thinner the specimen the greater the stresses and strains it 

is exposed to. The distribution of stresses is also different between all three thicknesses. This 

result is expected because compared to copper, solder joints bears most of the applied 

displacement loading and the thicker the solder joint the lower the strain for a fixed loading.  

4.7 Improvements and Results 
 

The design described above meets all of the initial design requirements but there are a 

number of issues that needed to be addressed to make the implementation of this equipment 

as effortless as possible.  

The specimen attachment mechanism (Figures 4-7 and 4-8) is a concern as it introduces out 

of axis stresses that can lead to breakage of the solder joint and introduce uncontrolled 

deformation mode that complicates stress state analysis of solder joint. The profile of the 

equipment was also of concern as the gravitational effect, although small because of the 

sample sizes, will cause misalignment of the sample. There is a need also to reduce the 

footprint of the equipment to achieve better portability. To address these issues, the 

equipment was redesigned.  

4.7.1 New Equipment Design 
 

The assembled equipment design and its exploded view are shown in figure 4-21 and figure 

4-22. The principle of operation of this equipment is similar to that presented in section 4.5. 

The vibration source is provided by a piezoelectric cell and the monitoring equipment is 

attached on the frames. Simulations were performed to analyse the response of the new 

equipment to the prescribed loading condition. 
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Figure 4-21   Re-design high cycle fatigue solder tester 

 

 

Figure 4-22   Exploded view of test equipment 
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In this new design, the equipment has a vertical profile and the specimen is attached to the 

specimen holders using clamps that are tightened using screws. 

4.7.2 Modal Analysis 
To assess the compatibility of the new design to the design specifications, modal analysis was 

performed on the new design without any parts of the monitoring equipment. The geometry 

model and the mesh of the equipment is shown in figures 4-23 and 4-24 respectively. 

 

Figure 4-23   Volume representation  

 

Figure 4-24   Mesh of equipment 
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The first four natural frequencies are shown in Table 4-9, and the mode shapes are shown in 

figure 4-25. The response of the equipment during the modal simulation demonstrates that the 

first three modal shapes are mainly due to the deformation of the frames. This therefore poses 

a serious concern for the above design in that the first four modal frequencies are well below 

the proposed operational frequency of the equipment.  This therefore indicates that there is a 

tendency for the equipment to perform at its resonant frequency during its operation. The 

material column represents the finite element model using the different material properties for 

the different components. 

 

Table 4-9   Modal frequencies for the models 

Modal Frequencies (Hz) 
Mode All Steel Material Adjust 1 Adjust 2 

1 274 206.9 275.9 274.2 
2 405.8 239.9 408.1 405.8 
3 645.8 594.9 648.3 645.8 
4 875.8 873.9 875.8 875.7 

 

   

Mode 1 Mode 2 
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Figure 4-25   First four mode shapes of the new equipment 

 

The mode shapes shown above demonstrate that the major issue with the above design has to 

do with the effective stiffness of the frames. The first three mode shapes involves the 

translation and/or rotation of the frames.  

In order to analyse the effect of the dimensions of the frame and base, two design variations, 

“Adjust1” and “Adjust2”, were studied and the results are compared with that of the initial 

design (Figure 4-26).  Adjust1 has a frame thickness tf (Figure 4-23) that is 50% thicker than 

the original design and Adjust2’s frame and the base thickness is increased by 50%. The 

results indicate that the increase in fundamental frequency is not very appreciable. This is 

because the fundamental natural frequency of the structure is given by 

   

Figure 4-26 Three models compared and simulated 

Mode 3 Mode 4 

Original Adjust1 Adjust2 
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where eqK is the equivalent stiffness andeqM is the equivalent mass. This therefore 

demonstrates why the increase in fundamental frequency is not as fast as expected because 

when the dimensions increase, the stiffness of the equipment increases but at the same time 

the equivalent mass also increases and this has a small effect on the frequency. This means 

that changing the dimensions of the equipment does not always change the natural 

frequencies of the structure. Although by changing the dimensions in other ways may change 

the natural frequencies question may also be asked if resonance causes any significant impact 

on the particular equipment in question. In order to answer this question a harmonic analysis 

was performed so that the response of the equipment to applied loading at a range of 

frequencies can be obtained. 

 

4.7.3 Harmonic Response 
 

Since the calculated fundamental frequency is far lower than the operational frequency, the 

response of the structure at the fundamental frequency needs to be obtained using harmonic 

analysis method. 

During the harmonic analysis, the solution of the time dependent equations of motion for a 

linear structure undergoing steady vibration is calculated. All loads and displacements vary 

sinusoidally at the same frequency. 

 
1

2

sin( )

sin( )
i

j

F F t

F F t

ω φ
ω φ

= +
= +

 
(4-21) 

 

The harmonic response of the structure is shown in figure 4-27. The analysis generates a plot 

of the amplitudes of displacements at given points in the structure as a function of the forcing 

frequency. This confirmed the modal results that the largest deformations are at the frames. 
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The maximum response of the frame is 0.02% of the applied displacement and the 

deformation at the specimen is much smaller. However, this resonance may still cause noise 

and long term reliability issues. A number of variations in the dimensions of the overall 

equipment were discussed and analysed. The changes in the design increased the stiffness of 

the equipment but they had quite limited effect on fundamental frequency. Further changes in 

design by adding stiffeners may work better but are not cost effective because they increase 

the weight and the complexity in fabrication. As the response at resonance was quite small in 

relation to the applied load, passive vibration suppression technique was used as it was less 

expensive and can be implemented quickly. 

 

  

 

Figure 4-27 Harmonic response of the frame and top bar. The units of the displacement 
and frequency are meter and Hertz respectively. 
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4.8 Summary 
 

The vibration test equipment has been analysed using the FEA method to determine whether 

it will operate with the design parameters as envisaged. It was determined that the final 

design’s natural frequencies are within the range of proposed working frequency. Several 

ideas were looked at in trying to alter the natural frequencies. Increasing the thicknesses of 

the frames and the base has only a small effect on the overall resonant frequency because of 

the direct and inverse relationship of the resonant frequency to the equivalent stiffness and 

equivalent mass. This therefore means that as the dimension increases, the mass also 

increases which affect the change in the natural frequencies of the equipment. With the help 

of these results, NPL decided to use vibration suppression technique to solve the resonance 

issue. Vibration suppression is the practice of using damping, isolation or a cancellation 

solution to reduce or eliminate vibrations that would otherwise result in loss of performance 

or limit the useful life of a system. Vibration suppression can either be passive or dynamic. 

For the above design passive vibration damping was applied to the base of the equipment 

ensuring that there is no out-of-control vibration during testing. 
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Chapter 5 Testing and Modelling of Solder Joints under Cyclic 
Mechanical Loading  

 

Thermal-mechanical fatigue of solder joints is of significant concern in the design and 

manufacturing of high reliability electronics products. In both test and real application 

environment, solder interconnects are often the most vulnerable parts of a device. This is 

because they are often used to connect components with different thermal expansion 

coefficient and solder joints are susceptible to inelastic deformation even at room temperature 

and moderate stress levels. The continuous match of replacing SnPb solder with lead-free 

solder in high end safety critical packages and its use in array packages makes the 

determination of the behaviour of the solder joint of paramount importance. It is therefore 

vital that the performance of these joints be properly understood.   

In the electronics manufacturing industry, the performance of solder joints are routinely 

assessed under cyclic thermo-mechanical testing conditions where cyclic temperature loading 

is applied, or isothermal cyclic mechanical testing where cyclic mechanical loading is 

applied. In both test methods the solder joint experiences cyclic stresses and damage 

accumulates leading to crack formation and propagation in solder joint. While the loading 

conditions in a temperature cycling test resemble more closely those extreme environments 

that the devices may experience in real applications, the test method requires environment 

chambers with cumbersome supporting infrastructure. In this work, the latter method was 

used but the deformation of solder joints in the test specimens resemble that in a strip of a 

BGA package that is subject to cyclic thermal-mechanical loading.  

A number of different specimen designs and methods for solder joint test have been used in 

the industry and research labs to analyse solder specimens in shear, and prominent amongst 

these is the grooved lap-joint (GLJ), which is shown in figure 5-1. Grooved lap joints are 

designed for easy manufacture and to produce a nearly uniform distribution of shear stress in 

the solder joint with very little bending. Another advantage of the GLJ is that the size and 

deformation profile of the solder joint is similar to many solder joints in real electronics 

devices. The geometry of the lap joint that is reported here is derived from the work of 
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Reinikainen et al [146]. To understand the solder joints’ response to stress and strain in real 

applications, solder joint size and the solder’s microstructure such as the grain size needs to 

be as realistic as possible.  

 

Figure 5-1   Groove lap joint [146] 

Other types of specimen have also been developed in the past and the single and double lap 

joints are two examples of these specimens. Single lap joint specimens are similar to grooved 

lap joint specimens but without the groove. Double lap joints have two solder joints in one 

specimen on the two sides of a mirror symmetry plane.  The desired microstructures of these 

solder joints can be achieved by controlling the manufacturing process.  Darveaux et al [147] 

have used a BGA type specimen in which two rigid plates are soldered together using an 

array of solder interconnections. These are realistic representations but the stresses and 

strains are less uniform than in the groove lap joint. This is adequate for the purpose of 

analysing the solder joint reliability performance but this does limit the accuracy of the creep 

strain rate model that can be obtained from experiments because of the complexity of the 

stress state in the BGA solder joint.  

Ball Grid Array (BGA) is a surface mount packaging technique that is popular in electronics 

manufacturing industries. It offers high interconnection density, easy assembly, and low 

thermal resistance compared to other packaging technologies such as through-hole packages. 

Typically, a square array of solder balls connect a laminate substrate and a semiconductor 

die.  Because of their geometry, the ball-shaped solder joints in BGAs are not able to easily 

deform to accommodate thermal-mechanical and other stresses [148]. Due to the Coefficient 

of Thermal Expansion (CTE) mismatch between Printed Circuit Board (PCB) substrate and 

the package, solder joints experience a cyclic strain in temperature varying conditions that 
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induce fatigue in the solder joints and other parts of the assembly, leading to failure of the 

solder resist, delamination at interfaces of materials, or in the solder joints [149, 150].   

This work, is focused on isothermal fatigue testing of specimens containing multiple solder 

joints.  The specimens have been designed in such a way that they are inexpensive, easy to 

manufacture and the deformation of the solder joints is similar to those found in BGAs that 

are subject to thermal-mechanical loading. The principal aim of the work is to establish an 

effective low cost test and analysis system that can be used for the evaluation of solder alloys 

that are used for BGAs, and to provide material data that can be used in physics-of-failure 

based reliability prediction for BGA or other similar devices with solder interconnects.   

 

5.1 Test Equipment and Specimen 
 

The solder interconnect test specimens with multiple joints were fabricated from copper 

coupons of size 51×6×1 mm.  A low speed diamond saw was first used to produce a 0.3 mm 

wide cut running centrally along almost the entire length of the coupon.  This slit was placed 

over a jig comprising an oxidised stainless steel shim with a specified number of slots 

corresponding to the size and number of joints required in the sample. Before soldering, this 

space was filled in excess with the desired solder paste.  In this study, 96.5Sn3.0Ag0.5Cu 

lead free solder was used. The jig was then placed onto a hot plate in order for the solder to 

reflow. After about 5 seconds into the reflow process, the jig was removed from the hot plate 

and placed on a cold metallic surface to cool such that the time above the reflow temperature 

was between 10 to 30 seconds.  This above-reflow-temperature period is shorter than that in 

general reflow of lead-free soldering. Therefore, this limits the development of intermetallics 

and the subsequent modelling assumption that the effect of intermetallics on the solder joint 

behaviour is limited and thus the representation in the model is an accurate representation. 

Abrasive paper was used to remove excess solder and slots were cut in the sample such that 

when pushed/pulled, a shear force is applied to the solder joints. Samples with 1 to 8 joints 

were prepared using this procedure and these are referred to as M1-M8. These specimen 
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preparation steps are illustrated in Figure 5-2. The dimensions of a 5-joint specimen are 

shown in figure 5-3 and the CAD model of a four-joint sample is shown in figure 5-4. 

 

Figure 5-2 Illustration of steps during the sample preparation. 

 

Figure 5-3 Dimensions of a five-joint specimen. 
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The samples were tested by applying isothermal cyclic displacement loading using the 

Interconnect Properties Testing Machine (IPTM) developed at the National Physical 

Laboratory [151, 152]. Figure 5.5 shows a 6-joint specimen mounted on the instrument. 

 

Figure 5-5   Experimental setup for testing a 6-joint specimen. 

The two ends of a specimen were clamped and pulled/pushed along the length of the sample 

to produce shear dominated cyclic deformation in solder joints. A load cell was used to 

monitor the applied force and laser displacement sensors were used to measure the distance 

between the fixed and moving stages of the instrument.  The displacement was controlled 

through the thermal expansion of a stainless steel tube connected to the moving stage. By 

 

 

 

Figure 5-4  Schematic of a four -joint specimen 
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changing the temperature of the steel tube, displacement loading can be controlled.  As such, 

the machine can accurately control the strain applied to the sample, whilst measuring the 

force load. In addition, a camera with microscope attachment was placed over the sample to 

take time-lapse photos of the sample during the test. This level of control and monitoring 

would be much more difficult to achieve in thermal-cycling tests. 

The range of displacement that is applied to the samples is from -30 to 30 µm. This loading 

results in strains that are in the same order of magnitude as in BGA solder joints under 

temperature cycling conditions [153]. The ramp rate is 0.1µm/s and the dwell time is 5 

minutes, producing a cycle time of 30 minutes. With increasing number of solder joints, the 

supported force load increases and the strain in the copper also increases, whilst the strain in 

the solder joints is reduced because part of the strain is absorbed by the increase in the strain 

in copper. To produce a controlled strain in samples with different number of solder joints, 

the compliance of the copper needs to be taken into account when applying the displacement.  

To apply this correction, a copper coupon with a similar geometry but without solder joints 

was first tested on the IPTM.  Since the stress caused by the applied force is in the elastic 

region of the copper, it is possible to correct the solder joints tests in real time with the 

maximum applied displacement adjusted to take into account the extra displacement in the 

copper. The applied displacement is calculated as: 

 ( ) ( ) ( )d t w t kF t= +  (5-1) 

where d(t) is the displacement applied at time t, w(t) is the target displacement waveform, 

F(t) is the applied force and k is an experimentally determined constant compliance.  With 

this correction, solder in samples with different number of solder joints will be subject to 

similar level of deformation. 

5.2 Computer Simulation of the Tests 
 

To address the issue caused by the compliance of the copper, Equation(5-1) is used in 

experiment as an idealised representation of the correction made to the displacement for the 

multi-joint specimen. In performing mathematical simulation the model should be 

representative of the physical process being modelled. During the experiment, a loading 



 

116 

 

profile can be programmed into the control software, and feedback loops are then used to 

compare the actual displacement of the equipment with that programmed in. If they don’t 

match, then the actual displacement is corrected to match the programmed profile. During the 

course of the entire experiment, constant corrections are made to match the input profile. For 

the simulation to correctly match the experiment the major challenge is to model the loading 

condition experienced by the solder joint correctly but the problem is that to apply those 

corrections in FEA simulations is difficult. To ensure that the loading condition is similar 

across the solder joints a correction factor is applied to the modelling procedure to account 

for the increased number of joints and this method is described in the following. 

The constant, k in equation (5-1) is approximately 0.08 microns per Newton based on NPL 

experimental data. In order to perform the analysis and have loading regimes similar to that in 

the experiments, the waveform in simulation was adjusted based on the compliance of 

copper. The initial force magnitude seen from the results of NPL is given by: 

 kNA += 30  (5-2) 

where A (µm) is the amplitude of the displacement waveform to apply, N is the number of 

joints in the sample and k is a constant. 

The deformation ∆x is given by: 

 
EA

FL
x =∆  (5-3) 

Assuming that the two different materials are connected as shown in figure 5-6, the total 

displacement is given by: 
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From experiment it was determined that F = 32N, where N is the number of joints. Equation 

5-7 then becomes: 

 1 2

1 1 2 2

2
32

L L
x N

E A E A

 
∆ = + 

 
 (5-5) 

This maximum applied displacement is therefore directly proportional to the number of joints 

in the sample. After substituting the various parameter values, the revised maximum 

displacement for specimens with different number of solder joints are shown in Table 5-1. 

 

 

 

Figure 5-6 Simplified structure of the specimen 

 

Table 5-1   Calculated maximum displacement loading of specimen  

N 1 2 3 4 5 6 7 8 

∆x(µm) 2.44 4.88 7.32 9.76 12.20 14.65 17.09 19.53 

dU_max(µm) 32.44 34.88 37.32 39.76 42.20 44.65 47.09 49.53 

 

The above displacements in Table 5-1 are used during the finite element simulations. The 

maximum displacement of the samples from experiments matched quite closely the 

numerical result in Table 5-1 with the suggested correction. In Figure 5-7, the load-

displacement curves in the experiment on a four-joint model are shown and maximum 

displacement is about 0.04 mm or 40 microns which is very close to the value of 39.76 

microns shown in Table 5-1. 

L1 
L1 L2 

A1 A1 A2 
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Figure 5-7  Hysteresis loop for 4-joint samples. 

 

 

5.2.1 Loading Condition 
 

The displacement loading of 30µm (before correction) was applied to one end of the 

specimen as the other remains fixed (figure 5-8).  

 

 

 

 

 

The loading profile is as shown in figure 5-9. A loading cycle of 30 minutes with two 5-

minutes dwells at a strain rate of 2x10-6 s-1 at the maximum and minimum displacement 

extremes. The displacement loading after correction for copper deformation are shown in 

figure 5-10.  
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Figure 5-8 Numerical model of the specimen and loading conditions. 
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Figure 5-9   Loading profile applied to specimen. 

 

 

Figure 5-10 Corrected loading profile with compliance correction 

 

In the current experiments, solder joint shape may deviate from the expected cuboid shape. In 

order to understand the effects of geometry on the stress state in solder joints, three different 

solder interconnect shapes are modelled: flat, convex and concave shapes (illustrated in 

figure 5-11). 
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 Flat Concave Convex 

   

                                           Figure 5-11  Solder joint shapes investigated. 

 

5.2.2 Material properties for FEA Simulation 
 

The tests have been simulated using Finite Element Analysis (FEA) software ANSYS® 

Mechanical APDL [144]. Figure 5-12 shows the model of a sample with 6 solder joints.   

 

Figure 5-12 Representative six joint model. 

Since solder has high homologous temperature even at room temperature, the effect of creep 

is significant and should be taken into account in the simulation. In this study the Garofalo’s 

creep model is used to simulate the effect of creep in solder specimens and the creep strain 

rate equation is shown in Equation 5-6. 

 ( ) 3 4
1 2sinh exp

c

cr

c
c c

T
ε σ  = −    

 
ɺ

 
(5-6) 



 

121 

 

where c1, c2, c3 and c4  (see Table 4-1) are material constants, T is the temperature, σ is the 

effective stress andcrεɺ is the creep strain. The elastic material properties used for the 

simulations are as shown in Table 5-2. 

Table 5-2  E and ν are Young's modulus and Poisson's ratio respectively [18]. 

Material E (GPa) ν 

Sn3.0Ag0.5Cu 50 0.4 

Copper 120 0.33 

5.3 Results and Discussions 
 

In the tests, each sample was subject to cyclic loading until the load dropped to 50% of the 

maximum supported load.  Figure 5-13 shows how the load changes for three five-joint 

specimens.  The variability in the rate at which the load drops for samples of the same type is 

mainly caused by the statistical nature of the fatigue process [154], variation in solder joint 

geometry, voids and defects in the samples. Optical micrographs of the fatigue damage 

produced in some of the five-joint (M5) samples are shown in figure 5.14.  

 

Figure 5-13   Force drop (as % of maximum) vs. cycle number for M5 samples, i.e. five-

joint samples. 
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(a) 

 

(b) 

 

(c) 

Figure 5-14   : (a) Crack in the central joint of a M5 sample; (b) crack in the third joint 

of a M8 sample (c) multiple cracks in an M5 sample and crack along the interface. 

 

In the simulation, stress and strains are obtained. Figure 5-15 shows the effective stress as a 

function of time at the corner of one of the outermost solder joints in an M5 convex sample. 
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It shows that the stress changes with time, which is shown in figure 5-15, and the stress is 

highest just before the onset of dwell times at 300s, 1200s and etc.  

 

Figure 5-15   Von Mises stress at the corner of an edge solder joint of a 5-joint model 

Figure 5-16 shows the Von Mises and shear stress distribution in the M5 sample at t=2088 s. 

The maximum stress is located at the solder-copper interface of the outermost solder joints. 

Because of the stress relaxation, the stress level in solder joints exhibits much less 

inhomogeneity than in copper. The shear stress is concentrated in solder joints but it is not 

uniformly distributed. As the figure shows, the copper parts bend slightly under the loading 

and deformation in the solder joint is therefore not pure shear and stress states are expected to 

vary from one joint to another. At the outermost solder joints, deformation occurs in the 

direction perpendicular to the loading as well because of the bending of copper.  
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(b) 

 

(c) 

 

(d) 

Figure 5-16   (a-b) Von Mises Stress of specimen and solder and (c-d) Shear Stress XY 

xyσ of specimen and solder in a modelled 5 joint sample at the start of the first dwell at 

30 µm displacement (in Pa).  Displacement in image (a-b) has been magnified 20 times 

to make the deformation more prominent. 

 

This stress/strain states in these solder joints are similar to what happens in BGA solder joints 

under thermal-mechanical loading when the package experiences expansion/contraction and 

warpage as temperature changes. For reliability evaluation of solder alloys this similarity is 

desirable because it makes the isothermal cyclic testing more realistic. Another interesting 

phenomenon that can be observed is a diagonal shear band, in the edge solder joints in 

particular.  

The distribution of the accumulated creep strain εac (ANSYS® output variable NLCREP) is a 

measure of the damage in solder joint and it can be linked to the solder joint lifetime through 
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an empirical Coffin-Manson type lifetime model [155]. The distribution of the accumulated 

creep strain for the concave shape solder joints is shown in figure 5-17 and they give a failure 

matrix for the solder joint. The path of highest accumulated creep strain is similar to the crack 

path from experimental results as shown on the micrograph images (figure 5-14). 

 

 

 

 

 

 

 

A typical accumulated equivalent creep strain value as a function of time is shown in figure 

5-18 for the first three cycles of loading.  

 

Figure 5-18 Accumulated creep strain over three cycles for five sample solder joint 

First 

Cycle 

Second 

Cycle Third 

Cycle 

Figure 5-17 Accumulated creep strain at end of the third cycle 
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The increase of εac per cycle is acε∆ . Its values have been obtained in the simulation as the 

damage indicator because it’s often linked to fatigue lifetime in reliability analysis in solder 

joints. The value of acε∆ changes from one cycle to the next but from the third cycle it 

becomes almost a constant.  The higher the acε∆ the shorter the life time. 

Specimens with different number of joints have been investigated.  The results suggest that 

solder joints with concave shape will have less damage and hence longer lifetime than those 

with convex or rectangular shape.   

 

Figure 5-19   1/εacc vs. number of joints in the sample for the rectangular (Rec), convex 

(Cvx) and concave (Ccv) solder joint shapes. 

In figure 5-19, the values of the inverse of the damage, i.e. 1/ acε∆ , for each individual solder 

joints are plotted. The results show that outermost solder joints suffer more damage than 

internal ones and will therefore fail first.  
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(a) 

 

(b) 

Figure 5-20   The (inverse) damage for samples with (a) even and (b) odd number of 

solder joints. Higher value corresponds to longer lifetime 

Figure 5-20 also shows that in general, samples with different number of joints have different 

average damage. This is confirmed by figure 5-21 where the average damage is shown for 

samples with 1 to 8 joints. The result indicates that under the loading conditions that were set 

out in this work, the single joint sample will be the most damaged of all the multi-joint 
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models and that the least damaged will be the M5 sample, while M4 and M6 have similar 

results.   

 

Figure 5-21   Average damage in samples with N number of joints. 

The experimental results for the number of cycles required to reach 10%, 20% and 50% of 

load drop from the maximum load, are plotted in figure 5.22 against the number of joints per 

sample.  The relationship between the number of joints and the cycles to reach a pre-defined 

failure is not that clear but it show that the sample with the longest lifetime is the M5, which 

is consistent with the simulation result.  
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Figure 5-22 Cycles to 10%, 20% and 50% force drop vs. number of joints in sample. 
Error bars on the 50% load drop data represent the repeatability observed from testing 

on average 3 samples for each number of joints. 

  

Using the time-lapse photography technique, 4 main different types of failure/crack 

propagation mechanisms were identified in experiments that have been carried out at NPL.  

Type 1 consists of a crack that runs diagonally across the sample as in figure 5-14(a). Type 2 

consists of a crack that runs parallel to the interface, as in figure 5-14(b). Type 3 consists in a 

crack along or very close to the interface (figure 5-14(c)). This is similar to what Lai et al 

have found in their study [156]. Finally, type 4 is a surface damage that causes the solder to 

appear darker but without any visible crack. 

The initiation of the crack was also not univocal; sometimes cracks initiated in one place, 

sometimes in several places, with multiple cracks growing and combining as the sample 

becomes more damaged (see figure 5-14(c)). 

From these experiments, it was observed that generally, voids in the solder bulk aided the 

propagation of cracks confirming the findings of Yunus et al. [157]. Cracks propagated in all 

joints almost simultaneously, with minimal changes in crack propagation rate between 

different joints. However, a tendency for the outer joints to fail first compared to the inner 

joints was also observed, which is consistent with the simulation results. Although the 
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prediction of the experiment and finite element analysis are similar there were areas of 

discrepancies. To this end X–ray images were taken of the solder joints and they show a large 

number of voids within the solder joints and these voids inevitably affect failure processes. 

Modelling these effects may be carried out either by explicitly include voids in FEA models, 

which is extremely time consuming, or by using constitutive models that incorporates the 

voids distribution and density while the solder joints are still treated as single phase material.    

5.4  Conclusions 
 

The computer simulation work has shown that solder joints experience both shear and normal 

stress of appreciable magnitude under the prescribed loading conditions. The stress states in 

the multi-joint test samples are similar to those in BGA solder joints under temperature 

cycling loading and solder joints are exposed to different stress states, both direct and shear. 

The samples that have 5 solder joints are predicted to have the longest lifetime. The most 

significant difference between the modelling results and the experimental results is that in 

experiments, samples with one or eight solder joints are not the ones that have the shortest 

lifetime. This needs more investigation. In future work, lifetime models will be derived based 

on experiments on the solder joint specimens so that the number of cycles to failure can be 

predicted for the solder joints. 

The results demonstrated that the simulation predicts the regions of likely failure and this is 

verified by experiment. The influence of voids, which affects the strength of the solder, also 

has a significant effect on the overall behaviour of the specimen.  

Creep is modelled using Garofalo's steady state creep model. The model parameters are from 

the literature and this may incur inaccuracy in the modelling because test conditions and alloy 

composition may be different to certain degree. This issue can be addressed using the 

methodology that will be discussed in Chapter 6.
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Chapter 6 Inverse Modelling of Lead-free Solder Joint  
 

6.1  Introduction 
 

Considerable research has been undertaken to find lead-free solders that can serve as drop in 

replacements for SnPb solder.  The Sn-Ag-Cu (SAC) ternary composition is the combination 

of choice for many microelectronics applications and has been studied extensively by 

researchers in industry and research institutions. Though there is now a large body of 

theoretical and experimental work on it the exact composition used in electronics 

manufacturing varies according to areas of application and supplier. In this work, the 

properties of 96.5Sn3Ag0.5Cu (SAC305) alloy [158, 159], which is one of the commonest 

lead-free solder is studied. There have been many studies on the determination of the material 

properties of lead free solder [160-163] and the results have been used in computer modelling 

of solder joints. However, the results of these material properties seem widely different partly 

due in part to the experimental conditions, quality of the joints, specimen geometry 

variations, loading conditions, and a variety of other controlled and uncontrolled variables 

(see Appendix C). Therefore it should be understood that using those material properties is an 

approximation and it may not be suitable for the particular situation that is simulated. For 

example, the material properties reported in many studies [164-166] where the tests were 

performed using bulk solder, the results are generally not applicable to very small solder 

specimens as is the case in this work. This is due in part to the microstructure in solder joints. 

According to [167] a BGA created from SAC can have a single crystal or between 8 and 12 

grains this indicates therefore that the interactions of the large number of grains in the bulk 

sample as compared to the test sample affect the material properties and may explain why 

they will be different. For solder joints of similar size, microstructures may also be different 

because of the variables in the fabrication process: for example, because the formation of 

intermetallics compounds is strongly dependent on cooling rate. It can be concluded that in 

order to obtain solder material properties that can be used to describe all solder joints the 

material model has to include constants that describe the effects of geometry, microstructure, 

and possibly many other factors. Before a material model can be developed using the laws of 
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physics at the microscopic scale, a universal solder material model is bound to be in such a 

complicated form that an unrealistically large number of experiments have to be carried out 

to obtain it. In order to solve this problem and provide solder data models for reliability 

analysis, a change in the direction in this area of work is needed. Instead of aiming at 

universal material models, “bespoke” ones that are quick to obtain and simple to apply can be 

constructed for solder joints with particular types of geometry, microstructure, and loading 

conditions for a particular purpose. This approach would enable industries which have 

limited resources in research to develop the capability of modelling solder joints for 

reliability analysis.  In this work, inverse FEA is used to obtain solder material models for 

reliability prediction of the solder joint isothermal mechanical tests described in the previous 

chapter.  

Engineering problems can often be described by partial or ordinary differential equations 

(PDE or ODE) with unknown field variables. In most applications, the independent variables 

are solved and this type of analysis is called “forward”. In this type of analysis, the problem 

domain is known beforehand and the solution to this direct problem is to solve the PDE or 

ODE subjected to the initial or boundary conditions. Many numerical methods have been 

developed over the years to solve these problems such as the finite difference method, the 

finite element method, boundary element method and mesh-free method. With the exception 

of the mesh-free method, all the above methods are well established methods in the solution 

of direct problems. These methods rely on knowing the material properties, the geometric 

configuration of the structure, the loading profile, the initial and boundary conditions. The 

result set thus includes amongst other solution parameters the stresses and strains in the 

structure. A schematic demonstrating the difference between forward and inverse problems is 

shown in figure 6-1. 
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Figure 6-1   Illustration of forward and inverse problem [168] 

 

A “forward” solid mechanics problem’s main goal is to determine the response of a structure 

whilst all other parameters are known. In inverse problems, the response of the structure, 

through experiments, is known (such as the displacement, velocity, force, acceleration, etc.) 

but the loading profile, material properties, boundary conditions, or a combination of these 

may not be known. These types of problems, unlike the direct problems, are extremely 

difficult to solve for many applications. The nature of inverse analysis is such that the 

problem can be ill-posed, under-posed or over posed [168] and in some situations there is no 

solution. To illustrate the concept of inverse modelling as compared to forward modelling 

techniques a simple example is given below 

6.2 Inverse Analysis – an Example 
 

If one considers a system of a straight bar of area A, Young’s modulus E and length l 

subjected to forces f1 and f2 as show in figure 6-2. If the displacement of the bar at nodes 1 

and 2 are u1 and u2 respectively, the governing equation is written as: 
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(6-1) 

The above can be written in matrix form as  

 [K]{U} = {F} (6-2) 

where [K] is the stiffness matrix, {U} the displacement vector and {F} the force vector. 

For the direct problem E, A, l and fi are known, the only unknowns are the displacement {U}. 

To avoid singularity, if we apply a boundary condition u1=0 a unique solution for the 

displacement is calculated to be 

 

1

1 2 2

2
2

Since 0u

ku ku f

f
u

k

=
− + =

=
 

(6-3) 

If we consider the case now that through experiments the displacement u2 is known but the 

Young’s modulus E is to be determined, then from (Equation 6-2) above we get 

f1 

E, A, l 

 1 2 

u1 u2 
f2 

Figure 6-2   Displacement of a straight bar 



 

135 

 

 

2 2

2

2

 

ku f

EA
but k

l
lf

E
Au

=

=

=
 

(6-4) 

 

Therefore the solution for the Young’s modulus using the experimental results and the input 

parameters is therefore determined. The simplicity of the above formulation makes the 

solution straight forward without resorting to the use of special techniques/methods to arrive 

at a solution. 

To understand the case of ill-posed problems, consider a simple continuous system equation 

that governs the static state of the simple bar problem examined in section above 

 2( ) fdu x

dx EA
=

 
(6-5) 

The boundary condition for this problem is given by equation (6-3) as shown in figure (6-2). 

The conventional direct problem is to solve the axial displacement u via the following 

integral operation 

 2
0( )

f
u x dx c

EA
= +∫

 
(6-6) 

where c0 is the integral constant to be determined by the boundary condition equation (6-3) 

Now, to estimate f2 using displacement u(x) measured at x that is an internal point in the bar. 

In a practical situation of measurement, there will be an error or noise that can be expressed 

in the form of 

 
sin( )

[1 sin( )]

m a noise a a
noise

m a
noise

u u u u u e x

u u e x

ϖ
ϖ

= + = +

= +  
(6-7) 

where the superscript m stands for the measurement data, a stands for the result being 

analytical or exact, e is the noise level that is usually relatively smaller than 1, and ωnoise is 
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the frequency of the noise distribution along x. In the inverse analysis, ua is not known; only 

um is known. To view the error more clearly in graphs, simplify the problem by assuming 

 l=1.0,  EA = 1.0, ωnoise = 10π, e = 0.01 (6-8) 

which implies a 1% measurement error relative to u(x), which is, in fact, a very good 

measurement. However, the frequency of the measurement data is high, which is also very 

common in the measurement errors. 

Using the parameters given in equation (6-8), the exact solution of u becomes 

 au x=  (6-9) 

The simulated measurement is 

 [1 sin(10 )]m a noiseu u u x e xπ= + = +  (6-10) 

which is plotted in figure 6-3 together with the exact displacement. It is shown that the 

measured displacement is indeed very accurate. 

Use of this erroneous result in equation (6-5) for the inverse predication of force can result in 

a magnification of errors. This magnification of error causes the instability in the inverse 

analysis procedure. To demonstrate this, substitute equation (6-7) into equation (6-5) to 

obtain 

 2[1 sin( )] cos( )
em a

a
noise noise

fdu du
e x u e x

dx dx EA
ϖ ϖ ϖ= + + =

 
(6-11) 

where the superscript e stands for the estimated value. Therefore, 2
ef can be inversely 

determined by  

 	2

factor  of magnification

[1 sin( )] e  cos( )

a

a
e a

noise noise

f

du
f EA e x EAu x

dx
ϖ ϖ ϖ= + +

�����

 

(6-12) 

It can be clearly seen that the error in the inverse solution is magnified drastically by ωnoise 

times. For parameters given by equation (6-8) using equation (6-12) yields 
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 	2 2
factor  of magnification

[1 0.01*sin(10 )] 10  0.01*x cos(10 )e af f x xπ π π= + +
 

(6-13) 

The results of the estimated force for the unit true force are plotted in figure 6-4. The 

magnification of errors is clearly evidenced. This magnification is obviously caused by the 

differential operation in the system equation. 

 

Figure 6-3 The displacement in a clamped uniform bar subject to a force at the free end. 
Comparison of the exact result (dashed line) and the simulated-measurement (solid line) 

with 1% oscillatory error. 
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Figure 6-4 Inverse solution of the force (dashed line) applied on the clamped uniform 
bar using the simulated measurement of displacement with 1% oscillatory error 

compared with the true force (solid line). 

 

6.3 Inverse FEA for the Determination of Solder Creep Parameters 
 

The aim of this work is to use inverse analysis to find solder properties, or more specifically, 

the creep strain rate model parameters so that the strain-stress hysteresis loop that is predicted 

using (forward) FEA matches that in the experiment that is described in Chapter 5. The 

methodology can be summarised as the following steps. (1) Carry out a test on solder joint 

samples and obtain the force-displacement data for the required period of time, (2) Process 

the data to reduce the noise level, (3) Create an FEA model of the tests using the Garofalo or 

Anand’s visco-plastic/creep laws for the strain rate in solder, and (4) use inverse FEA to 

identify the parameters in the strain rate model that optimise the likeliness of the simulated 

force-displacement curve to experimental data.   
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6.4 Curve Smoothing 
 

The first step in performing parameter estimation is to perform smoothing of the 

experimental dataset to remove errors inherent in the result. These errors that are inherent in 

the dataset are due to but not limited to random errors, systematic errors, epistemic error, etc. 

there is therefore a need for performing a smoothing operation to eliminate or reduce to a 

minimum its effect on the dataset. The noise in the experimental results are generated due to 

the correction been made by the equipment during the course of the experiment. A loading 

profile is programmed into the equipment and using feedback control the equipment is 

constantly comparing its true position with that of the loading profile at any time and 

correcting its position. This constant correction is the source of the noise as seen in figure 6-

5. 

To address the issues of experimental noise in the results, curve smoothing techniques are 

applied to reduce noise artefacts. Curve smoothing techniques are used to smooth the 

experimental dataset in order to create an approximate function that captures the most 

important trend in the data, while leaving out noise and other phenomena. After smoothing of 

the data, an approximate function is fitted to the smooth data allowing for comparison of the 

finite element result with that of the experiment, further analysis is thus performed using this 

curve. There are several smoothing algorithms in the literature used by different researchers; 

of these the most popular are the moving average, filters and the Savitzky-Golay methods 

[169], comparative plots using these methods are shown in figure 6-5 and a zoomed out 

section is shown in figure 6-6. The approximated curve generated for comparison with the 

finite element analysis is shown in figure 6-7. 
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Figure 6-5 Plot of different smoothing techniques applied to the experimental data 

 

 

Figure 6-6 Zoom of highlighted section 
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Figure 6-7 A comparison between experimental data and the approximate model 

 

The differences between the various smoothing techniques used were minimal. A curve 

smoothing method using Fourier transform (Appendix A) was also applied but the result 

obtained were not superior to that of the traditional curve smoothing techniques such as 

filtering, moving average, Savitzky-Golay, etc.  Though the Fourier method produced a 

smoother graph than the other methods, it underestimates the output. This analysis is thus 

performed using the Savitzky-Golay smoothing technique. The approximated equation 

generated from the smoothed data is used to generate matching data points for comparison 

with the data obtained by means of finite element simulation.  

 

6.5 Visco-plastic/Creep Models for Solder Alloys 
 

The phenomenon of Visco-plasticity/Creep is discussed in depth in section 2.4. The two 

creep strain rate models that have been analysed in depth by many researchers performing 
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creep modelling are the Garofalo and Anand’s creep models, which account for combined 

visco-plasticity and creep strains in solids. The Garofalo’s creep model is easy to implement 

as it only requires four parameters that have a wide representation and scatter in the literature.  

The Anand’s model has nine parameters and these parameters have high variability in the 

literature making their determination application dependent. Simulations using both models 

will be performed using both models but particular emphasis will be on using the Anand’s 

model. 

6.5.1 Estimating Parameters of the Anand’s viscoplastic model 
 

To model solder joint specimens using FEA, the Anand’s viscoplastic strain rate model can 

be used to describe their viscoplastic/creep behaviour [170]. This model is commonly used 

for large, isotropic, viscoplastic deformations for solders [171-173]. There are two basic 

features of the Anand’s model: firstly it does not require the definition of an explicit yield 

condition and no loading/unloading criteria. Secondly, a single scalar, s, is used as an internal 

variable to represent the isotropic resistance to plastic flow. When steady-state plastic flow 

occurs, the stress reaches the saturation value. For viscoplastic deformation behaviour, this 

steady-state plastic flow happens when the plastic flow has become fully developed and its 

rate equals the applied strain rate at the given temperature and strain rate. The Anand’s model 

is broken down into a flow equation, and three evolution equations: 

The flow equation is given by: 
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The evolution equations are given by: 
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For isothermal and constant strain rate test, s* is always greater than s. Therefore, the term 

*
s gn 1

s
i

s
 − 
 

 is always positive. In order to define the model, the nine parameters (Table 6-

1) need to be obtained from experimental data.  

Table 6-1   Parameter identification of the Anand’s creep model 

Parameter SAC305 Definition 

s0(MPa) 1 Initial value of deformation resistance 

Q/R(K) 2 Activation energy/Universal gas constant 

A(1/Sec) 3 Pre-exponential factor 

ξ 4 Stress multiplier 

m 5 Strain rate sensitivity of stress 

h0(MPa) 6 Hardening constant 

S
⌢(MPa) 7 Coefficient for deformation resistance saturation value 

n 8 Strain rate sensitivity of saturation value 

a 9 Strain rate sensitivity of hardening 

 

Use can be made of the saturation stress measured in experiments. The relationship between 

the saturation stress and model parameters can be obtained as follows: 
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Therefore from 
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Rearranging and replacing  0 0csσ =  
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The relationship between stress (σ) and the deformation resistance variable (s) is: 

 11
sinh exp

m
p

cs

Q
c

A RT

σ

ε
ξ

−

=

    =    
     

ɺ

 

(6-22) 

 

 



 

145 

 

6.6 Parameter Estimation Methods 
 

Various methods have been used by researchers to solve parameter estimation problems. 

Least-square, Levenberg-Marquardt algorithm, Conjugate gradient are examples of them. In 

these techniques, the inverse problems are formulated into parameter identification problems 

in which a set of parameters corresponding to the characteristics of the structure and material 

properties can be found by minimizing the error function. In this work a simple least squares 

method is adopted to determine the objective function whilst the parameters of the Anand’s 

creep model are obtained by minimising the error between the experimental results and FEA 

simulations using genetic algorithm and conjugate gradient method.  

In a test using cyclic loading profile, experimental data may be recorded over many cycles 

but in nearly all of the references [171-173], only a portion of this time series of experimental 

data curve are used in the parameter estimation process and this therefore assumes that the 

material behaviour during loading and unloading are the same. Numerous simulations 

performed so far by this author have demonstrated that this is not exactly the case.  Even 

though a set of material data could match the experimental data during the loading stage, it 

does not necessarily imply that it would be the optimum dataset for the unloading stage as 

well. Since the purpose of this work is to obtain the data model that can produce damage 

indicators (such as a plastic work per load cycle) that match those found in experiments, 

experimental data from a whole load cycle need to be used in the inverse analysis process.  

6.7 Traditional Parameter Estimation Method for Viscoplastic Model  
 

Highlighted below is the conventional procedure that has been used by a number of 

researchers [174, 175, 176] to determine the material parameters of the Anand’s model for 

solder alloys. The values of the nine parameters listed in Table 6-1 for solder alloys are 

determined by the following procedure: 

a) Determination of the saturation stresses *σ under strain rates εɺ and 

temperatures T from steady-state creep relation. 

b) Nonlinear fitting of Q/R, A, Ŝ /ξ, m and n in Equation(6-17)   
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c) Determination of ̂S and ξ. The parameter ξ was selected such that the constant 

c in Equation(6-15) is less than unity, and Ŝ was then determined from the 

combined term ̂S /ξ. 

d) Estimate the values of a, ho and So 

 

In step d) the fitting procedure examines the influence of plastic strain hardening. From 

evolution equations and the relationship between the stress and deformation resistance is 

given by:  
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From Equation(6-15) 
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An alternative approach is to integrate the above equation to obtain: 
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(6-25) 

 

The material parameters a, ho , and s were fitted from the σ~ε curves (especially the transient 

state) with various temperatures and strain rates. In the fitting, the saturation stresses given in 

step (a) were also used.  

To determine the parameters of the Anand’s model, a large body of experimental work are 

needed at different strain rates, temperature and loading profiles. Usually the constants in the 

flow function were obtained from the saturation creep stress, and then other evolution 

parameters will be fitted in the other steps. The response of the solder joint is then plotted on 

a stress-strain curve. To determine the parameters of the creep model used, the stress strain 

curve has to be segmented to determine the elastic and inelastic properties of the solder joint 

using the flow function. This segmentation is problematic in itself as the point of 

segmentation is dependent on the experience and skill of the researcher. These multi-step 
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methods require the manual partition of the deformation curve into elastic part, evaluating 

part and saturated part. This partition may introduce errors, especially at low temperature and 

high strain rate where the specimen will not reach saturation stress before failure. There is 

also an added difficulty with the above method in that the experiments are very sensitive and 

any spurious dataset will affect the entire analysis. Due to the need for a large experimental 

dataset there is a high probability that some of the experimental data may be inconsistent. It is 

generally very difficult to identify spurious data. The large scatter in material properties of 

lead-free solder is testament to this inherent difficulty in the method. 

6.8 Inverse Analysis Methodology 
 

The objective of the inverse analysis in this work is to determine the Anand’s model material 

parameters that minimises the difference between Finite Element simulation and 

experimental results for a predefined test. In performing the material parameters estimation as 

demonstrated by Husain et al [124] a large body of experimental work is needed. This as 

explained in section 6.7 is partly responsible for the large variation in material dataset as 

reported in the literature. To address this need for a large experimental dataset, we are 

proposing determination of the material parameters by using limited experimental data and 

performing optimisation so that the best modelling prediction accuracy for a particular 

quantity can be achieved with a limited amount of data.  

In this work, some of the creep law parameters are assumed to be unknown and the aim of the 

FE is to predict these parameters and therefore it is an inverse FE analysis. Since the form of 

the creep law is known, this inverse analysis is a "parameter estimation"' problem rather than 

a "function estimation" problem for which functions with unknown form need to be found. 

Generally, most inverse analysis methods will eventually become a parameter and/or function 

optimisation problem. The widely used method of fitting a strain rate equation based on the 

minimum strain-rate measurement can be regarded as an inverse analysis but FE is not used 

in that case. The inverse methodology is discussed below and summarized in figure 6-8.   

At the start of the procedure a set parameters for a material that represents closely the 

material in the experiment are selected from available literature. These parameters span the 
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design space in the optimization problem in the inverse analysis. The boundaries of the 

design space are defined by choosing suitable upper and lower limits for the parameters.  

 

The deviation between computed observables and experimental ones is expressed by the 

mean square value (Equation 6-26): 

     ( ) ( )( ) npdFdF
np

i
iiFE /

1

2
exp∑

=

−=ψ        (6-26) 

where FEF and expF are the computed and simulated force respectively. This “error function” is 

the objective function that needs to be optimized in the inverse FEA analysis. 

The inverse FEA procedure in the present work comprises the following steps: 

• Obtain experimental load–displacement curves  

• Smooth the experimental data and obtaining approximate formula to represent 

the data  

• Identify the strain rate model parameters that have strongest impact on the FE 

simulation results, and using these parameters as variables that need to be 

estimated  

• Use design of experiment (DOE) method to generate “designs” in the design 

space spanned by the selected Anand’s parameters 

• Run FE analysis using the strain rate model with parameters that are defined in 

the DOE analysis for each “design”, and obtain load-displacement curves for 

all the “designs”.  

• The values of the objective function ψ are calculated for each design. 

• Second order polynomial of the design variables is fitted to the ψ values to 

obtain an approximate equation of the objective function ψ in the design 

space.    

• Use optimisation methods to determine the optimum model parameters that 

minimize ψ. 
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• Run finite element simulation using the optimum parameters and compare FE 

results with experimental results.  

 

 

Figure 6-8   Methodology for improving the constitutive law 

 

6.9 Results 
 

The results presented below are for the use of two visco-plastic/creep strain rate models to 

simulate the results from cyclic isothermal experiments on SAC solder joints. 
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6.9.1 The  Garofalo’s strain rate model 
 

The Garofalo’s strain rate equation is given in Equation 4-19. This equation represents the 

secondary creep strain rate as a function of stress and temperature.  

 

Figure 6-9   Comparison of force-displacement curve for different values of 

parameter C3 

 

The Garofalo model has no hardening (strain or time) component nor is the formulation time 

dependent. As shown in figure 6-9 however, the experimental data indicate that hardening is 

an important phenomenon in solder and any model that omits it could not provide a good fit 

between experiment and FEA simulation results.  Because of this the modelled material 

behaves almost with pure plasticity with the tangential (or plastic) modulus of zero in the 

plastic region. This obviously does not correspond with the experimental data and there is 
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therefore a need for a more representative model that will take into account the drawbacks 

from the Garofalo’s equation.   

 

6.9.2 Inverse modelling results using Anand’s model  

Before the inverse analysis was carried out, the effects of all the material properties on the 

predicted Force vs displacement curves were investigated. For example in figure 6.10, results 

for three Young’s modulus values are compared and the predicted curves are not sensitive to 

the changes of E.   

 

Figure 6-10   Effect of changing the Young’s Modulus E. E_35, E_10and E_50 are for 

E=35, 10 and 50 GPa respectively. 

Of all the parameters in the Anand's model, some have stronger impact on the error function 

ψ than others. In this work, the parameters that have been chosen as design parameters are m 

and ξ. The designs that have been obtained using DoE method (composite with D-optimal) 

and the error function values for these designs are listed in Table 6-2. In the DOE analysis, 

the 9 design points were selected using the Composite and D-optimal methods [177]. 
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Table 6-2   parameter optimisation and error 

m ξ ψ 

0.05 1 125.3 

0.05 1.5 875.3 

0.05 2 1602 

0.275 1 2706.7 

0.275 1.5 213.5 

0.275 2 77.4 

0.5 1 11586.6 

0.5 1.5 3129 

0.5 2 740.3 

0.331 1.9 60.3 

0.33 2 34.2 

 

Based on the results in the Table 6-2, a second order polynomial error function can be 

obtained using the least square method: 

 

 

The method 1 optimisation is based on gradient based methods, the options for the 

constrained method is the modified method of feasible direction whilst the unconstrained 

method is based on the Broydon-Fletcher-Goldfarb-Shanno method. The gradient calculation 

is based on the forward difference. Method 2 is based on the genetic algorithm method using 

the default parameters set in the software [178]. The results indicated a slight variation of the 

results obtained for the two parameters chosen. Table 6-3 shows the optimized parameters 

and figure 6-12 compares the test results with the simulation results. In the figure 6-11, 

Anand’s_optimise and Anand’s_optim2 are based on the optimised Anand’s parameters 

shown in Table 6-3 and Garafalo is based on the Garafalo strain rate model described earlier. 

 

ψ = 572.55 + 1381.7m – 1239.4ξ - 1940mξ + 1250.1m2 + 639.98 ξ2 
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Table 6-3   Optimised parameters 

 Method 1 Method 2 

ξ .331 .3306 

m 1.9 2 

ψ 34.2 60.3 

 

 

 

Figure 6-11   Comparison of experiment and simulation results.  

 

The optimised Anand’s model has also been used to model a sample with 4 solder joints and 

the results are compared with experiments in figure 6-12. It shows that much greater 

discrepancy exists between the results compared to the single joint results. This is expected 

and shows how constitutive models are dependent on sample geometry and loading 

conditions. If the Anand’s model has to be used for samples with any number of solder joints 

then the inverse analysis has to make use of the experimental data from all the samples. 

However, that would increase the accuracy of the simulation for a single joint.      
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Figure 6-12  Comparison of four joint results. 

 

The force-time plots of the experimental and simulation results are shown in figure 6-13. 

Two samples were used and the results demonstrate that the behaviour of the solder joints 

under cyclic loading varied markedly from one sample to the other. Furthermore, the 

experimental results still have some marked difference from the simulation results. Instead of 

the gradual decrease in force during the dwell, the results from experiments indicated that the 

force drops rapidly and then plateaus a few minutes into the dwell and remains at that level 

until the loading /unloading phase resumes. The solder therefore is at a higher stress after the 

dwell in the experiments as compared to that of the simulations. The relaxation time of the 

solder joint is therefore quite short when compared to the simulation result. This observation 

has highlighted a limitation of the Anand’s model and need further investigation in the future. 

Figure 6-13 also demonstrates clearly why as stated in section 6.5 fitting a segment of the 

hysteresis loop results in parameters that are not fully representative of the complete cycle. 
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Comparing the loading section of the experiments and simulation, one notice that sample two 

matches the simulation better but in the remainder of the loop sample 1 match the simulation 

better. Therefore, matching a segment of the hysteresis will inevitably introduce errors into 

the analysis and hence different material parameters in Anand’s model. 

 

 

Figure 6-13   Comparison of force v time plot for the two samples and the simulation 

result 

There is a large variation in the quality of solder joints produced because of the limitations of 

the manufacturing techniques used. The incidence of voids in the solder is a major reason for 

the variations in the results seen for the solder specimens. In the inverse method as described 

in this work, voids are explicitly taken into account but the model parameters are implicitly 

assumed to be applicable only for the solder samples that have the same voids distribution 

and density as that in the experiments from which the parameters are obtained.         
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6.10 Conclusions 
 

The unified Anand’s creep model has been demonstrated to be better than the Garofalo’s 

model in predicting the inelastic behaviour of lead free solder in cyclic loading conditions. 

The determination of the parameters of Anand’s model without resorting to segmentation of 

the stress-strain curve is a major improvement in using different determination criteria to 

analyse the material properties of lead-free solder.  

The inverse procedure described above provides a major improvement to the general methods 

of parameter determination for lead free solder. Determining the parameters without resorting 

to segmentation of the stress-strain curve reduces a major source of error and hence the wide 

scatter in published material properties data. This method also reduces the need for a very 

large body of experimental work to determine strain rate model parameters.  

The strength of the proposed method is that constitutive strain rate equations can be 

optimised for a test. The strain rate equation is, however, not expected to be accurate for 

other tests where sample geometry or other conditions are different.
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Chapter 7 Conclusions 
 

Although solder joints material properties and performance under tests and application 

conditions have been studied for many years, and many types of general test equipment are 

available for carrying out experiments on solder specimens, some major challenges are still 

facing engineers and academia. One major issue that has been dealt with in this thesis is the 

development of a dedicated compact vibration test machine driven by piezoelectric cells. By 

using 3D CAD software and Finite Element analysis, the design and its several variations 

have been characterised and the equipment was shown to meet the requirements. The 

equipment is capable of testing specimens of realistic sizes of solder joint in microelectronics 

applications. The equipment was made and validations test were performed to determine the 

equipment parameters. The design of the solder specimen was also analysed in order to 

determine the optimum shape, and the deformation of the sample was obtained to help 

interpretation of test results and failure mode.  The developed equipment can be used by 

manufacturers to carry out rapid assessment of solder sample performance under vibration 

conditions and for research and development engineers and scientists to gather material 

properties data.  

BGA is a widely used interconnect technology in the microelectronics manufacturing 

industry. The behaviour of BGA sized lead-free solder specimen under isothermal test 

conditions using the NPL IPTM (Interconnect Properties Test Machine) has been analysed. In 

the industry, solder joints are often tested under cyclic thermal-mechanical conditions but 

using isothermal testing does have convincing advantages as discussed in Chapter 5. A multi-

joint specimen has been used in this work. It has been modelled and the response of the 

solder joints are analysed to determine the regions of failure and determine whether they 

match those from experiment. These models allowed the modelling of various number of 

solder joint specimen in the sample and the differences in response to static and transient 

loading conditions. Despite the loading of the samples being in shear, the response of the 

specimen includes bending as well. The bending stress varies depending on whether the 

specimen is undergoing tensile or compressive loading conditions.   The regions of maximum 
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stress concentrations are therefore at the corners of the solder joints and these are the region 

of likely failure of the package. This matches quite well with experiment but the failure does 

not always start in this region because the uniformity of the solder is hard to achieve. 

The design of the test specimens led to the results that the stress state resembles that in BGA 

solder joint under thermal-mechanical test conditions where thermal expansion mismatch 

causes mixed shear and tensile stresses. This further justifies the use of the isothermal test as 

a tool for the evaluation of BGA solder joint performance. 

 One of the major problem in obtaining solder property data for computer aided engineering 

is the wide scatter in the parameters of constitutive models such as Anand’s combined plastic, 

and viscoplastic strain rate model. In the study of solder joint using Finite Element analysis, 

Garofalo’s creep strain rate model is often used. With only a few parameters, it is simple to 

use but it does not capture the true behaviour of the solder undergoing creep deformation as it 

doesn’t account for any hardening that the solder could be experiencing. This limitation of 

the Garofalo’s model is addressed to some extent by the Anand’s model with its nine 

parameters and among them is a hardening parameter that evolves with time.  

In order to perform solder joint analysis using the Anand’s model, a large test dataset are 

needed to determine the material parameters. This is a time consuming process with many 

challenges and the resulting model does not suit all solder joint modelling because it is 

difficult to separate the effects of geometry, microstructure, and variations in alloy 

composition. It is inevitable that different experiments result in significantly different results. 

The method that has been proposed in this work uses a limited experimental dataset and uses 

inverse FEA modelling techniques to improve Anand’s model for a particular test specimen 

under a set of test conditions so that the model is optimised for the prediction of the test 

results. The model is best used for solder joints that are similar to the ones used in the 

experiment in all aspects. This method is relatively quick and should be useful in many 

applications. There is a non-linear relationship between the model parameters in the Anand’s 

model and care must be taken in choosing the parameters that will not negate the expected 

response. Although all the parameters in the constitutive strain rate model can be treated as 

variables in the inverse analysis, two material parameters were chosen for simplicity. After 
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minimising the error function, the new FEA results matched closely with the experiment 

results. BGA type solder joints under isothermal cyclic test conditions and Anand’s or 

Garofalo’s strain rate models are used as the specimens and the constitutive models in this 

work but the methodology is general. It is even possible to use function rather than parameter 

estimation in the inverse FEA analysis to find the constitutive strain rate model.  

This is a list of suggestions for projects that could follow on from the work presented in this 

thesis: 

• Use geometric optimization for specimen design to make the stress and strain more 

homogeneous in vibration test.  

• Perform further work on the overall effect of piezoelectric transducers to determine 

the consistency of the generated loading profile on the solder specimen. 

• Investigate the discrepancies in the hysteresis loops from experiments and 

simulations. 

• Perform lifetime calculation for the multi-joint models and validate them. 

• Use all parameters of the Anand’s model in the inverse analysis and include the 

effect of temperature. 

• Use inverse analysis method to determine the function of solder viscoplastic 

constitutive law 
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Appendix A  Smoothing Techniques 
 

Recently a smoothing technique based on Fourier analysis of filtering was presented [164]. 

This technique was designed to smooth cooling curve, temperature rates and heat transfer 

coefficients. 

The mathematical basis of this procedure is described briefly below. If we assumed a finite 

set of noisy data which is obtained through experiment or computation to be made up of data 

pairs of real numbers ( , )i it y  for i=0,1,2…….,2N, where 2N is the total number of data pairs.  

These data pairs are discrete values of a continuous noisy function ( )A AY Y t=  which is 

defined in the interval ( , )s ft t  and for which ( )i A iy Y t= is fulfilled for  
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A periodic function ( )PY t  is constructed from ( )AY t as shown below; 

 

 

Figure A-0-1   Fourier’s technique for curve smoothing 
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For i= 0,1,2,…….2N,  k=0, 1, 2,………..M and s i ft t t≤ ≤
 

The function , ( )F MY t
 can be used to calculate the smooth values of iy  and it on the whole 

interval s i ft t t≤ ≤
 

This above procedure was used to smooth the experimental datasets from NPL. A 

comparative was thus performed to determine whether it outperformed the traditional 

methods such as moving average, Savitzy-Golay and filtering. Although this method shows a 

lot of promise, the traditional methods performed better than the above method. The analysis 

performed in chapter (6) therefore only makes use of the traditional method.
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Appendix B Theoretical Data modelling using Least square method 
 

To perform data modelling using the least square method, the general Garofalo’s creep 

equation is used to demonstrate the concept. Starting with a model by defining  Xi as the 

independent variables, Yi is dependent variables vector of measured values, Pk is the 

parameter array, the model is defined as Yi=Y(X i, Pk). Using the Garofalo’s creep equation 

with four material parameters; 
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This has to be solved numerically. Iterative method can be used 1k k kC C C+ = + ∆
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The equation can be linearised by using the Taylor’s expansion at kC C= .  
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From above and substituting 
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These set of linear equations of C are solved to find 
1kC +
. 

For M experimental measurement at a given stress and temperature the error in the 

measurements are given by 
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The experimental result is given in the form of a force-displacement curve. In inverse 

modelling the force is can be expressed in the form: 

F = F(C��, E, ν, T, t, U) 
where F is the force,  

 C creep material constant 

 T is the temperature 

 t is the time 

 ν	is the Poisson’s ratio 

 U is the displacements 

It is assumed that all the other material properties are known, then 

F = F(C��) 
The inverse problem then becomes an optimisation problem with the minimisation of the 

norm of the residual given by 

λ�C��� =��F�(C���) − P�]
�
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Appendix C  Parameters for Anand’s Model in Literature 
 

The table below highlight’s the wide scatter of available material properties for the Anand’s constitutive model. 

Table C.1 Parameters of Anand's constitutive model 

 S0(MPa) Q/R(K) A(S-1) ξ m h0(MPa) ��(MPa) n α 
SAC405[17] 21.57 10561 325 10 0.328 8.0E5 42.1 0.02 2.57 
SAC305[18] 45.9 7460 5.87E6 2 0.0942 9350 58.3 0.015 1.5 
SAC305[19] 2.45 6069 717.26 2 0.13 1.46E10 2.9E7 0.0436 2.22 
Sn3.5Ag[19] 0.65 6542 344.716 3 0.143 23241 26 0.0447 1.46 
Sn0.7Cu[19] 4.43 5840 764.166 2 0.123 11656 26.4 0.043 2.33 
SAC385[182] 16.31 13982 49601 13 0.36 8.0E5 34.71 0.02 2.18 
SAC305[183] 2.15 9970 17.994 0.35 0.153 1525.98 2.536 0.028 1.69 
SAC105[184] 2.3479 8076 3.773 0.9951 0.4454 4507.5 3.5833 0.012 2.1669 
SAC387[184] 3.2292 9883 15.773 1.0673 0.3686 1076.9 3.1505 0.0352 1.6832 
SAC405[185] 1.3 9000 500 1.5 0.303 1379  0.07 1.3 
Sn3.5Ag[185] 52.4 85459 177016 7 0.207 27782 52.4 0.0177 1.6 
Sn3.5Ag[186] 7.17 29800 0.0034 2.48 0.03 2080 5.8 0.0068 1.41 
SAC387[186] 21.57 1.0041E4 9.45E3 1.1452 0.1158 133.8025 13.337 0.0402 0.1082 
Sn3.5Ag[187] 7.72 1.41E4 1.63E6 1.61 0.13 5.87E4 11.99 0.017 2.09 
SAC405[188] 1.3 9000 500 7.1 0.3 5900 39.4 0.03 1.4 
SAC387[189] 24.04 11049 8.75E6 4.12 0.23 9537 90.37 2.26E-10 1.2965 
Sn3.5Ag[189] 39.09 8900 2.23E4 6 0.182 3321.15 173.81 0.018 1.82 
  12480 4223  0.34 2.98E5  0.03 1.98 
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