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Abstract

As the trends in green manufacturing, miniatur@atiand enhanced functionality of
electronics devices continue without any sign ofvshg down, the reliability of lead free
solder joints with diminishing size has become manel more a challenge to the design
engineers and the electronics manufacturing ingustr order to predict the reliability of
solder joints accurately, it is necessary to dgwvelest techniques to test solder joints
efficiently under conditions that are comparabldhose in application environment. In this
day and age when computer simulation has beconmdapensable tool in many areas, it is
also very important that suitable material modeks available for solder materials so that
virtual design tools can be used to predict dexatiability performance accurately.

In this work, the aim was to develop vibration aydlic shear test methods and equipment,
and to use computer modelling techniques in thdysisaof lead free solder joints in
microelectronics devices, and to develop an inveFseite Element technique and
experimental data to obtain constitutive laws &ad-free solder alloys. In the development
of the vibration test machine, a prototype testmaethat uses piezoelectric cell as actuators
for the loading was modelled using the Finite Elatm&nalysis method, and the behaviours
of the test specimen which is similar to a BGA solpint in dimensions was analysed. The
static and dynamic response of the equipment wakeheol and compared with experimental
results. A novel multi-joint test specimen in wainithe solder deformation is similar to that
in solder joints of BGAs that are under thermadimg was analysed so that test results can
be interpreted and the specimens and loading d¢onditan be improved. The response of
the joints reinforced the understanding that thterface of the solder and the copper or
printed circuit board is the mostly likely regioarfcrack growth and hence failure of the
package. In the inverse Finite Element Analysisatier joints, cyclic shear test data and
Finite Element Analysis methods were used to imprbve Anand's visco-plastic constitutive
law for the SAC solder specimens under the testitions. To reduce the possibility of

spurious experimental data skewing the entire amglya technique was employed that uses



limited experimental datasets in determining thetemi@ parameters. Simulation results

using the new constitutive law showed significanpiovement in accuracy.

The main contribution of this research work to thanufacturing, testing and virtual design
of solder joints can be summarised as follows:Al)nique dedicated high cycle fatigue test
equipment that is especially suited for testingyvemall solder joints and other surface
mounted technologies under vibration conditions haen successfully designed, and
manufactured. This is expected to enhance the dapalb the industry in solder joint tests.

(2) The behaviours of individual solder joints iB&A-like multi-joint test specimen under

isothermal cyclic loading condition have been cbmased making the prediction of solder
properties more accurate and efficient. (3) A nquelcedure that is based on inverse Finite
Element Analysis to obtain nonlinear creep parammetg for example, Anand’s model, has
been proposed and demonstrated. This method retheeffect of spurious dataset, the high
reliance of the skill of the individuals who perforthe analysis and makes it possible for
small institutions with limited resources to obtée necessary model parameters for virtual

product design and reliability analysis.
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Chapter 1 Introduction

Electronics devices reside in almost all modernggant and machinery and their reliability

has always been a major issue for design and menufeg engineers. The use of new
materials, new manufacturing processes, and newddrén consumer products, new

performance requirements, and new applicationalagreat challenges for the engineers and
researchers in their pursuit for the best and mebstble design in electronics devices. One of
the greatest challenges is to achieve high reitgldor the manufacturing of interconnects,

which are often the most vulnerable parts of etetts devices. In most applications, and in
particular in applications that are used in hanstirenments interconnects are often highly
stressed because of the extreme temperature, pesseeleration, vibration etc. and may
fail earlier than expected. Traditionally, one betinterconnect technologies of choice is
soldering. The behaviour and response of soldeading conditions has a direct impact on

the reliability of interconnects and therefore &lecics devices.

Electronic packages need interconnect materialsprimvide electrical connection and
mechanical support for the components. Solderisgnelogy has been used extensively in
the electronics packaging industry for decadesthadead based alloys have been used for
this purpose most of the time. The most populadesahlloy was the eutectic tin-lead (SnPb)
due partly to its outstanding thermal, electricadl anechanical properties and partly due to
the large body of accumulated work dealing withfedént loading and process conditions.
Due to this large body of work, researchers cadiptreelatively accurately the behaviour of
SnPb solders in most application environments. Wuaf@ately a major constituent in SnPb
solder, lead, is a heavy metal that carries sicguifi health risk for humans especially to
children and pregnant women and has devastatirggtesm effect on the environment. Lead
poses its greatest risk not during the productioth® appliance but in its disposal where the
lead will leach from landfills and contaminate gndwater supply. The amount of solder
contained in electronics components is not as laagein some other manufactured
components, say in batteries and it is thereforth@reeasy nor cost effective to recycle. The

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



banned lead and other hazardous substances froands@ade the producers of electronics
and electrical components responsible for theie sidposal and has driven the research into
finding worthy lead-free replacement compounds.e Titerconnect materials that do not

contain the hazardous lead are generally refeored tead-free materials.

The definition of lead-free material though, doé¢snean a material that is totally devoid of

lead. The amount of lead defined as lead-free pewlgent on the standard or directive used
in the definition. The RoHS directive defines |daek as a material containing less than 0.1
wt. % of lead. The ASTM B32-96 has two definitiar fead-free; less than 0.1% generally
and 0.2% for special cases. Whilst ISO 9453 defiead-free as 0.05 — 0.1% lead [3].

The main lead-free alternative used in the industrihe ternary combination of tin, silver
and copper (SAC). The switch from lead to lead femdder necessitates a change in
materials, engineering processes, process teclmigneé soldering techniques. The new
material combinations have different material prope and long term reliability is of serious
concern. Unfortunately, the replacement combinatitrat are being touted do not have the
same body of work that researchers and analystsaceess when compared to SnPb. The
limited availability of data for lead free soldernot the only problem. The available data are
often not fit for purpose. For example, most @ thaterial data available for lead-free solder
alloys are the bulk material data whose respongéferent from solder joints that are used
in microelectronics manufacturing. This lack ofteraal and reliability data for lead-free
solder is a major concern for many manufacturersl@dtronic equipment. It is this need to
gather test data and determine material propeitickad-free solder in order to accurately
predict the behaviour of the lead-free replacentleat has motivated the research work in

this project.

1.1 Electronics Packaging Overview

Electronic packaging is a manufacturing processclwvhenables electronics products to
perform their intended functions in a reliable mamnrt is a combination of engineering and
manufacturing technologies that are required to vedn electronic circuits into a

manufactured assembly. The engineering technolagig involve electrical, mechanical,

thermal, and chemical processes, as well as migtedamponent and other. Electronics



packaging also forms the portion of an electrorstrtsicture that protects and shields the
electronics/electrical element and its environnfemin each other [4-6]. As summarised in
Figure. 1-1, there are four main functions of efmuics packages: signal distribution,
protection, heat dissipation and power distributiéor the chip to perform the task for which
it was designed it needs to be powered by an eadteource and supplied with time varying
signal. Packaging is therefore considered as tligdrthat interconnects the ICs and other
components into a system-level board to form eb@atr products. As electronics devices
have become ever more complicated with an incrgasinmber of transistors on
semiconductor chips, the packaging of these chgsprovide suitable and effective

environment for the electronics package is becommnge and more challenging.

[ Function of Electronic Package ]
Signal Power Heat Circuit Support
Distribution Distribution Dissipation And Protection

Figure 1-1 Basic Electronic Packaging function

1.2 Electronics Packaging and Interconnects

Depending on the functionality and manufacturingcess, electronic packaging technologies
can be classified into different levels and at elasfel there are specific connection devices

associated with that level (Figure 1-2). The lewaksdivided as follows:

* Level O0: Gate-to-gate interconnections on a moialiilicon chip
* Level 1: Single-chip package, MCM, chips. Packagdgilicon chips into dual-in-line
packages (DIPs), small outline (SO) ICs, chip eas;i multichip packages, ball grid

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



of lead frames, tape-automated bonding (TAB) op @mi-board (COB) technologies can
be utilized.

» Level 2: Printed wiring board (PWB) or Printed QirtcBoard (PCB). Printed conductor
paths connect the leads of components to PCBsaatin telectrical edge connectors for
off-the-board interconnection

* Level 3: Backplane (Equipment Drawer) connectiordwieen PCBs. PCB-to-PCB
interconnections or card-to-motherboard intercotiors

* Level 4: Equipment rack connections between twassémblies. A rack or frame hold
several shelves of subassemblies that must be cimthwgether to make up a complete
system.

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

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

(© Chip Level Interconnection
@ Chip Package and Hybrid Circuits
@ Printed Wiring Circuit Cards
® Back Panel
@ Intra-Cabinet Wiring and Cabling
(® Inter-Cabinet Wiring and Cabling

Figure 1-2 Packing Hierarchy [7]

This work focuses on modelling and analysing soldrconnect using solder balls that are
used in the second level packaging but the resudig also be useful for other second level

solder interconnect and flip-chip which is a filsvel interconnect technology because the



solder’s response to vibration loading will be trfioe both levels. In the following more

details about these two levels of interconnectaseribed [8, 9].

1.2.1 First Level Interconnection

In the first level packaging, the chip communicatéctrically with the substrate using 1/0O

connections using either wire bonding or flip chigmding technologies.

Wire bonding is a primary method of making intensections between IC and printed circuit
board during semiconductor fabrication. It is geafigr considered a cost effective and
flexible interconnection technology, and is used desemble the vast majority of
semiconductor packages. Generally fine metal wirecapper, aluminium or gold with
diameter of 20-2um is used to bond each chip to the substrate pael.wire is welded to
the pads at each end by thermosonic or ultrasamclibhg. Figurel-3 shows schematics of
wire bonding interconnections. The use of wire bogdnterconnection technology has a
number of drawbacks and of particular concern iat tthe bonding process is time-
consuming, since individual connection between @nd board are made sequentially. For
chips containing many 1/Os, the process time fahezhip can become unacceptably long.
Another concern is the degradation of performancédigh frequencies due to parasitic
effects. The main parasitic effect is the bond wmnductance, which increases in proportion
to the interconnect length [10]. Flip-chip is atertonnect technology [11]. It solves some of
the issues in wire bonding [12]. In this intercocinmethod, tiny solder balls are used to
connect chips to the substrate. This method caeeethow profile, high 10 counts, and low

parasitic effect.
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Figure 1-3 1/0O connection structure [10]

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

In second-level packaging, IC packages and otherpooents are mounted on a circuit
board. The terminals of each first-level package, pins, leads or solder balls, are
electrically connected with the metal tracks on tmeuit board. These connections are
generally performed by one of three basic technefyall based on soldering: pin-through-
hole connection, surface mounting or ball-grid-aBGA) attachment [11]. All of the single

IC packages and MCMs are classified into one cddleategories.

1.2.2.1 Pin-through-hole (PTH) connection

This is the oldest connection approach, for comptseith pin terminals e.g. IC packages
using DIP (dual in-line package) or PGA (pin-gridlag) forms. The mounting technology
uses precision holes, drilled through the circoidd, with pads top and bottom to which the
pins may be soldered. To make connection to intemireng layers within the board, the

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



1.2.2.2 Surface mounting

This technology was developed in the mid-1980snfmunting packages with peripheral
leads, such as QFP (quad flat package). In thintdogy, a chip carrier is soldered to the
pads on the surface of a board without requiringtarough holes. This assembly technology
paved the way for BGA (ball grid array) area-arcapnections in the late 1990s.

Dual In-line

Package (DIP) Shrink DIP
(SH-DIP)

@@

Single In-line

Package (SIP) Zig-zag In-line

_ Package (ZIP)
Pin Gnd Array
(PGA)

Figure 1-4 Examples of Through Hole Packages

Skinny DIP
(SK-DIP)

Small Out Quad Flat .
Package (SOP) Package (SOP) Leadless Chip
T@; Carrier (LCC)
Ball Grid
Array (BGA)
w Surface Mounted

Packages

Plastic Leader
Chip Carrier Chip Scale
(PLCO) Package (CSP)

Figure 1-5 Examples of Surface mounted package




1.2.2.3 Ball grid array (BGA)

BGA is a low cost, leadless package that can kdesed directly to the substrate. This is the
fastest growing method in recent years. It accodimtsthe main connection method for
current high performance IC components, from PB&Astate-of-the-art CSPs (chip scale
packages). This type of package ensures high nuotbEOs and offers maximum space
efficiency in the board with excellent thermal aetectrical performance. The main
disadvantage is that it is difficult to inspect thalder joints as they are kept hidden [12].
Depending on the substrate type, BGA packages ealdssified as Plastic BGA (PBGA),
Ceramic BGA (CGBA), Tape-automated bonding BalldGkrray (TBGA), Metal Ball Grid
Array (MBGA), Dimple Ball Grid Array (DBGA), etc.13]

Gold wire Die Ttacher
[ : Moid resin |/ \
Chp \

bbbt b btk
Plastic base

Solder ball

Figure 1-6 Plastic Ball Grid Array (PBGA)

1.2.3 Chip-on-board Interconnection

With the ever-growing demands on low cost and smealé packaging, the distinctions
between conventional packaging levels are blurridigect chip-on-board (COB), which has
been mainly used in advanced IC packages such add\iiS nowadays finding widespread
use in system-level packaging. Wire bonding anatdhip bonding have both been used as

interconnection methods for chip-on-board assemHiywever, the trend is towards flip-



chip-on-board (FCOB) due to its advantages of srf@itprint and enhanced electrical

performance.

Low-cost FCOB generally uses organic FR-4 circaards. A disadvantage of this board
material is the large coefficient of thermal expans(CTE) mismatch relative to silicon-
based IC chips. If the assembly is subject to keghperatures at subsequent process steps, or
undergoes temperature cycling in use as the devigewered on and off, stresses are created
in the interfaces of the bump joints due to the GniEmatch. These stresses, if sufficiently
large, can lead to mechanical failure of one oravaidrthe interconnects. This effect has been
cited as the most common cause of failure in sdlgechip assemblies.

To alleviate the problem of CTE mismatch in FCOBgderfill encapsulant that has a CTE
close to the flip chip joint is generally filledtmthe gap between chip and organic circuit
board. The underfill is dispensed along one or neoiges of the chip; it flows under the chip
via capillary action (Figure. 1-7). Upon curingethard underfill serves to compensate for
the thermal expansion difference between the chipthe board and mechanically bonds the
chip and board together. As such, underfill siguifitty enhances the fatigue life (reliability)

of FCOB packages [13].

Figure 1-7 Dispensing the underfill encapsulantflip chip assembly [13].



1.3 Trends in Electronics Manufacturing

Traditional electronic packaging presents signifitcaroblems. The IC packaging which

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

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

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

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

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

infancy. Following is a discussion of some of thesads.

wafer-level packaging (WLP) that involves creating the package whilepshare still

in wafer form and then separating them by dicisggaining popularity. Wafer-level
packaging of stacked wafers has the stacked chigsconnected by vias formed
through the material used to physically separatenéifers. Thus, system packaging at
the wafer level is possible and will permit the mg of different technologies in a
single package.

multi-chip packaging (MCP), integrates an electronic system by intenecting a
number of ICs in a single packaging structure. M€&hnology is done either by
multi-chip modules (MCMs) in the planar fashionlyr 3D stacked-chip packaging
referred to as system-in-package (SiP) which ino@ies ICs stacked vertically. Chip
stacking can be accomplished by either stackingjesiohip packages or by stacking a
number of chips in a single package, or a comlonatf these approaches.
system-on-package (SoP) addresses the shortcomings of both SoC #@dnSwo
ways. SoP uses CMOS-based transistor integrati@h RiR, optical and digital
integration by means of IC-package-system co-des®ystem-on-package (SoP)
helps to overcome both the computing limitationd artegration limitations of SoC,
SiP, MCM and traditional system packaging. SoPudet both active and passive
components including embedded digital, RF and apttomponents and functions in
a microminiaturized package or board.

The ITRS in its report in 2005 were indicating ttia¢ way forward for electronics
packaging is througBystem on Chip (SoC) andSystem in Package (SiP) technologies
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that provide a path for continued improvement irfgrenance, power, cost and size at
the system level [10]. A SiP is a number of intéggacircuits enclosed in a single
module (package) whilst a system on chip (SoC)nignéegrated circuit (IC) that
integrates all components of a computer or othestednic system into a single chip.

* The broadest adoption of SiP to date has beendoked memory/logic devices and
small modules (used to integrate mixed signal aesvand passives) for mobile phone

applications.

1.4 Challenges and Motivation

The ever growing demands for high density packaginglectronics have been driving the
industry’s push for more and more miniaturizatiord aconcerns for the environment and
changes in government regulations that regulatdreld@cs equipment production have made
the use of new lead-free solder alloys impossiblavoid for most products. These factors
have forced changes in manufacturing technologmes raterials use, and caused serious
reliability concerns for solder interconnect inatenics packaging. In order to address the
concerns for product reliability, there are thregortant issues that must be addressed. 1)
Efficient test equipment for the collection of eddie material property data, 2) understanding
test specimen behaviours so that test results @arexdplained correctly and used in

applications, and 3) efficiently extracting data domputer simulation.

To generate reliable experimental data for soldentg, it is important to note that the
behaviour of bulk solder is different from that sdlder balls in situ used in electronics
packaging, and for different application environmeifferent tests have to be carried out to
obtain data that can be used for the particulaliGgn environment. At the moment, many
material datasets generated from various mechates#, such as tensile test, vibration,
fatigue, etc. cannot fully account for the behaviad solder joints in an environment
dissimilar to that of test conditions. These temts generally done on bulk solder; the
material properties so generated are thereforeafiable when dealing with the tiny solder

joints that are in use in microelectronics.
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Solder joints in applications may experience maifferent environmental and operational
stress conditions such as temperature fluctuatiomisture ingression, corrosion,
electro/thermal/stress migration, shock, and vibratThe availability of test equipment for
these loading conditions varies. For example, whitethermal mechanical stress there are
lots of options in terms of test equipment selextidedicated vibration test equipment for
BGA sized solder joints is limited, especially whenis required that the behaviours of the
solder joints can be monitored closely. Furthermdéoe available test equipment, it is not
always straight forward to understand the detaidedaviour of the test specimens because
solder joints are small and sensors cannot moaitdhe physical processes that take place
during testing.

Another issue that was mentioned earlier is thatetkisting material properties that are used
for computer simulation of BGA solder joints haaedge scatter and therefore are not reliable
for reliability analysis. Solder alloys’ mechanigabperties are highly nonlinear. The visco-
plastic strain rate, for example, is dependenteompierature, stress, intermetallics, changes in
solder joint manufacturing process, and variatiosrall changes in alloy composition. This

inevitably makes it very difficult to obtain accteanaterial property data.

In order to address the issues highlighted abdvework is focused on three tasks. Task 1 is
to help design test equipment that is suitable tésting small solder joints undergoing
vibrational mechanical loading. The significancetos task is that there was no suitable off
the shelf equipment that can be used for the exjgertal testing and a dedicated test machine
would fill a vacuum in reliability analysis and reatl data gathering for small solder joints.
In this part of the work, the dynamic Finite Elerhenethod was used to analyse the
behaviours of the test equipment to ensure itslgyabnd to understand the deformation of
solder joint to make sure the specimen are suitfabléhe test. The outcome of this part of
the work has been presented at EUROSIME 2010 anmhpeer was published in the

proceedings of the conference [14].

Task 2 is to understand the behaviours of BGA s&mder joints in micro-mechanical test
equipment that has already been developed suctigssfuNPL [15]. This test equipment

tests BGA sized solder joints under isothermalicyldading and the specimens resemble a
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row of BGAs. A detailed analysis of the behavioafssolder joints have been carried out
using finite element analysis and they are comparithl test data as well as BGA solder
joints in packages under cyclic thermal loadingditons. The results of this work were
presented at EMPC 2011 conference [16].

Task 3 was to use the Inverse analysis method doessl the issue of lack of consistent
material properties to use in analysing lead frddes using computer simulation methods.
The issue has been a source of major concern benowus researchers [17-20]. There is a
wide scatter of material properties for the samldesocombination from different sources.
This therefore poses a serious challenge for relsees performing simulations of lead free
solder joints because material properties haveriauseimpact on simulation results. The
objective of this work was to develop an efficievay of obtaining nonlinear properties that
are suitable for modelling specific solder jointsder specific loading conditions. This is a
new approach because traditionally, lengthy expemisn were not performed on solder
specimens in order to obtain the nonlinear progetiat are meant to be used for any solder
joints under any loading conditions. The new apghdhat is used in this work deviates from
that tradition and is believed to be more practfoalthe manufacturing industry. This work
on the inverse modelling and the determinationreép parameters was presented at ICEPT
2012 conference [21].

1.5 Outline of the Thesis

The work carried out in this research is on theettgument of solder joint test equipment,
acquiring material properties for simulation usimgverse Finite Element modelling

techniques, and the analysis of the behaviour ad-fece solder during test. The particular
lead free solder of interest in this work is SAC3@&dergoing vibrational or isothermal

cyclic mechanical loading conditions. This leadefilder combination was chosen as it is
widely used in the literature and it provides sanilesult to that of SAC405. It is also widely
acknowledged that the industrial partners havenskte experience in using this lead-free

solder combination.
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In Chapter 2, reviews of the recent activitieshe vibration, fatigue and inverse modelling
techniques are presented. Different test methsidsylations and reliability predictions will

also be presented.

Chapter 3 will discuss the finite element methoBNF from the viewpoint of the research
and its applications. Particular emphasis will teced on dynamic and nonlinear analysis.
The groundwork will be laid for later applicatiorf these theories and techniques to
modelling both the equipment and for forward anceinse FEM simulation of solder joints.

Chapter 4 details the solder interconnect and tidmwdest equipment design and simulations.
This chapter will review vibration test equipmentthe market as well as the various test
methods. Static, dynamic and vibration respongh@®equipment will also be analysed. The

effect of creep on the solder interconnect wilbate looked at.

Chapter 5 will discuss about the modelling of soldéts under cyclic mechanical loading
using FEA and compare the simulation results witpeeiments. The effect of various
different material datasets in the literature viié analysed. The effect of creep and the
available creep models will be simulated and comxbdo experiment. Lifetime prediction

using generalised equations will be completed.

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

results to generate material viscoplastic constgutquations.

Finally a summary of the achievements from thisknaord 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 perfecenaf lead-free solders that were never
of major concern with SnPb. One of these is thadteee solder has a tendency to develop
tin whiskers as a result of internal stresses entith Under extreme cold conditions,’C3
and below, lead free solders suffer from tin pastansformation of pure white tin to grey tin
and this affect the material strength of the solaed integrity is lost [22]. Therefore, in
order to determine their reliability, there is aedeto develop better understanding of its
performance and response to a variety of loadinglitions. The widespread acceptance of
lead-free solders and its numerous applicationsthie industry therefore makes the

determination of their reliability of paramount inmpance.

The increased complexity of electronic equipmenhws dense array of electronics systems
has resulted in an urgent need to understand tluesfanechanisms of lead-free solder under
dynamic and vibratory loads. Solder joints are feaxposed to different and at times
extreme loading conditions during their lifetima.drder to improve reliability of electronics
devices, various test methods have been developddused in the industry. The most
common reliability test method used is thermal ieygl Using this technique the specimen is
subjected to cyclic temperature changes; due tadedficient of thermal expansion (CTE)
mismatch between the solder interconnect and thstite, strains and stresses are generated
in the solder joint. Thermomechanical tests aréable for rooting out low cycle fatigue and

manufacturing defects of interconnects.

To this end there have been considerable reseamtbrmed over the past dozen years to
assess the suitability of the lead-free alternatige 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 altogosed in the last decade, Sn-Ag-Cu
(SAC) series alloys have emerged as the most watadgpted (Figure 2-1) [23, 24]. Tin was
the obvious choice for the primary constituentezfd-free solder because of its relatively low
melting point and its ability to form intermetalleompounds with all of the metals that the
industry needed to solder [25]. The industry camihé realisation quite early that there were
no elements in the periodic table that lowers thedting point of tin from 232C to 183C
without undesirable effects. These effects inclliohted availability, reduced recyclability
and reduced reliability. A number of element comalions were tested to determine the best
that will replicate the desirable properties of BnP

When Bismuth is added to tin making 57% of weighthe composition, this lowers the
melting point to 139°C but the resulting alloy iffidult to use in any meaningful way [26].
The addition of 9% of weight of Zinc lowers the tmgg point to 198°C and while there has
been some successful commercial application ofsll@ased on this eutectic, problems arise
from the relatively high reactivity of Zinc [27].

The composition with the least complications thaddpices an alloy with many properties
very similar to those of tin-lead was achieved bgliag copper and silver to tin. Tin has a
melting point of 232°C and the addition of coppan e¢educe this by only a few degrees to
227°C, which is still 44°C higher than that of adfie tin-lead solder. The addition of silver
to the tin-copper alloy reduces the melting pointabfurther 10°C to 217°C which is still
34°C higher than that of tin-lead solder. Soldec’Sesurvey shows that the most popular
SAC are the near eutectic SAC alloys [24], whichsist 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 differentypes of SAC alloys [23].

In SAC alloys, the formation of intermetallic comymals between the primary elements Sn
Ag, and Cu affect all the properties of the alloyfere are three possible intermetallic
compounds that may be formed: #8g forms due to the reaction between Sn and Ag and
CusSns forms due to the Sn and Cu reaction, bugSDuwill not form at the eutectic point
unless the Cu content is high enough for the faonatf CusSn at higher temperatures, so in
bulk specimens G&n is not presented. Ag can also react with CwotmfAg richa phase
and Cu richB phase. However, there is no reaction between AlgGnto form any kind of
intermetallic compounds. The particles of interfietacompounds possess much higher
strength than the bulk material [28]. Fine interafiet particles in the Sn matrix can therefore
strengthen the alloys. The intermetallic compoucas also improve the fatigue life of the
solders, as SAC alloys are reported to be 3-4 tine¢i®r in fatigue resistance than the SnPb
eutectic solders [29, 30]. The higher fatigue tasise is believed to be contributed by the
interspersed A¢pn and CgSns particles, which pin and block the movement ofatiations
[22].
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2.2 A Review of Lead-free Solder Research

Finite element and experimental analysis has besad wextensively in analysing the

behaviour of solder joint undergoing varying statiad dynamic conditions. The power of
the finite element method has thus been uniquelotstrated in a wide array of test
conditions simulated and the visualisation poweit this method brings to lead-free solder
research. The following is a review of publishe@mpeviewed materials from a number of
researchers making use of these methods demongtth® methodology applied following

which a summary discussion will be presented. iasintended as an exhaustive review of
solder joints research and the materials are seletd highlight the issues discussed in
Chapter 1 of this thesis, and to provide backgrommformation 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 extensivalynulating the behaviour of solder joint
under varying conditions. Vandevelde et al [31] paned joint reliability of SnPb and SAC
joint using non-linear FEA using three packagekcas CSP, underfilled flip chip and a
QFN package. They reported that SAC has lower csg@m rate than SnPb but also that the
lead free solder performed worse for extreme lgadianditions when using the inelastic
dissipated energy density as the damage paraméisris because the lower creep strain rate
results in higher stresses and higher hysteresfs \With more dissipated energy per cycle.
Pitarresi, et al. [32] used the finite element mdtho determine the reliability of flip chip
package undergoing thermal cycling. To understamel golder's response and fatigue
characteristics, the viscoplastic Anand’s creepBa/eaux crack growth models were used.
Ng et al [33] also used the finite element methtmh@ with Anand’s creep model in the
study of board level solder joint reliability of BG undergoing thermal cycling. Chen et al.
[34] modelled the reliability of solder joints itiF chip assemblies with both compliant and
rigid substrates using the finite element methadl Anand’s constitutive model. Their result
demonstrated that the flexible substrates haveehiggliability than the rigid ones; this
improvement was attributed to higher energy disgepaby the flexible substrates. Classe
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and Sitaraman [35] worked with microBGA assembtiasorganic substrates to compare the
differences between symmetric and asymmetric actel® thermal cycles (ATCs) using
numerical simulations. The asymmetric ATCs werentbto emulate field-use conditions and
have the potential to reduce the time for qualiffaratesting. Several finite element models
with different solder constitutive models includinige viscoplastic Anand’s model were
applied. The numerical simulations showed littléffedlence between symmetric and
asymmetric cycles in predicting solder joint fadsr Pang and Low [36] compared the failure
life of FCOB solder joints undergoing thermal cpgi(TC) and thermal shock (TS) by using
finite element modelling. Both the elastic-plastreep model and the viscoplastic Anand’s
model, as well as solder joint fatigue models basednelastic strain range and inelastic
energy density were employed. It was found thatiesojoints under TC had shorter failure
life cycles than in TS testing due to the lower pamate. Moreover, compared with the
elastic-plastic-creep analysis method, the Anamdsoplastic method was more effective in

modelling the ramp rate effects for both TS andcb@ditions.

Rodgers et al [37] performed a comparative evalnatf the leading lead-free solder
candidate (95.5S5n3.8Ag0.7Cu) and 63Sn37Pb soldiruhermal cycling conditions. A test
vehicle consisting of four daisy chained 10x10 yar@8mm pitch plastic micro ball grid
arrays (microBGA) mounted on an 8-layer FR4 printedng board was designed. The
board finish was organic solder preservative (O8Pbhe lead-free devices and hot air solder
levelled (HASL) in the case of the eutectic SnPhiaks. An event detector was used to
monitor the continuity of each daisy chain durimgelerated temperature cycling, where the
test vehicles were cycled with a ramp rate of apipnately 3°C per minute from —40°C to
125°C, with 10-minute dwells and a total cycle tiofe2 hours 10 minutes. Results plotted
using a Weibull distribution indicated that the SAGIder is more reliable under these
conditions. They carried out experiments on lampges lead-free solder specimens to
determine the parameters required for the Anandsoplasticity model. The Anand’s model
was then implemented in finite element analysisigiIsANSYS®, where the submodelling
technique was employed to determine the viscoplagirk per thermal cycle for each solder
joint along the package diagonal. Schubert’'s fatiie model [38] was used to predict the

number of cycles to failure of each joint, althougbhould be noted that the necessary model
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parameters may need to be calibrated. Resultsatatichat the joint under the die edge is
likely to fail first and that the SAC solder is nediatigue resistant. The numerical predictions
underestimate the fatigue life in both cases. Weingl [39] used the unified viscoplastic
constitutive law, the Anand’s viscoplastic moded, represent the inelastic deformation
behaviour for solders used in electronic packagimpe material parameters of the
constitutive relations for 62Sn36Pb2Ag, 60Sn40RH539n3.5Ag, and 97.5Pb2.5Sn solders
were determined from separated constitutive relatend experimental results. The achieved
unified Anand’s models for solders were testeddonstant strain rate testing, steady-state
plastic flow, and stress/strain responses undeficcyoading. They concluded that the
Anand’s viscoplastic model can be applied for reprgéing the inelastic deformation
behaviour of solders at high homologous temperatumet can be recommended for finite

element simulation of the stress/strain responksslder joints in service.

2.2.2 Lead free solder Experimental Techniques

A wide array of different experimental techniquess tbeen applied in the analysis of lead
free solder joints. These techniques range fronthessile tests to thermal cycling and high
strain rate tests. Following is a review of somehid work. Wei et al [40] investigated lead-
free solder material 95.5Sn3.9Ag0.6Cu under isatlaéfatigue loading. The effects of strain
rate on hysteresis loops and fatigue life in SA@ew have been investigated at room
temperature. Using damage mechanic theory theyactaized the isothermal fatigue
behaviour of the material using a fatigue failurgecion that is based on the concept of
damage accumulation in solder material. The moded walidated using experimental data
and it was found that it was capable of predicting effects of loading rate on fatigue life
and cyclic behaviour. The effect of temperature amcrostructure was needed to present a
complete understanding of the underlying behavafuthe damage mechanics. Zhang et al
[41] presented and discussed the results of thestigation on the fatigue fracture behaviours
in a series of as-soldered and thermal-aged cdpapé+ree solder joints deformed under
both monotonic and cyclic loadings. Their obsevatresults showed that fatigue cracks
generally initiate around the IMC/solder interfagken the loading axis is orthogonal to the
interface. The intrinsic deformation behaviours kitke different for different solder joints
resulting from strain localization induced by théramm mismatch. Fracture surface
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observations revealed that the crack propagatiah gad fatigue resistance of the solder
joints can be affected by the yield strength andhagical property of the solder. When the
copper/solder interface is parallel to the loadergs, the interfacial IMC layer failed
approximately perpendicular to the interface whle tumulative strain exceeded the
fracture strain, then the cracks propagated tdNf@&'solder interface, leading to the fracture
along the interface. The failure mechanisms antbfadnfluencing interfacial fatigue are

discussed.

Siviour et al [42] measured the mechanical propsrtif 63 Sn37Pb and lead-free solders at
high strain rates (500 — 3000susing a split Hopkinson pressure bar. The sagecimens
were produced by quenching in water from the nieligive the phase structure associated
with rapid cooling. Measurements were made at €20r6om temperature and +60 °C. The
property of SnPb solder was strongly strain raté smperature dependent, whereas the
lead-free solders’ property showed only a weak ddpece on these parameters. All of the
materials behaved elasto-plastically until a platsaess of circa 200MPa is reached. They
also presented results on the mechanical strerfgtblder balls, produced to mimic solder
joints at high rates of strain. When these ballsewagged no change in their properties was
observed. This may be because the change couldoenatesolved in the experiments
performed. They also noted that an important cafseeakening in solder joints is the
growth of intermetallics between the ball and thbstrate. Fei et al [43] investigated the
dynamic mechanical behaviours of 63Sn37Pb, 96.5%wgBand 96.5Sn3.0Ag0.5Cu solder
alloys at high strain rate by using the split Hoygkin pressure/tension bar testing technique.
Stress-strain curves of the three materials weteirdd at strain rate 600',s1200 § and
2200 &, respectively. The experimental results show éfiahe three materials are strongly
strain rate dependent. Among them 96.5Sn3.5Agéasntbst sensitive to strain rate, while
96.5Sn3.0Ag0.5Cu has the greatest yield stresdeasile strength. Relations of the tensile
strength, fracture strain and yield stress of treemmals with strain rate were proposed by

fitting the experimental data.

Zamiri et al [44] showed that the crystal orierdatiof the tin phase in a Pb-free Sn solder
joint has a significant effect on the stress statel, hence on the reliability of the solder joint.

A set of crystal plasticity analyses was used t@wate the stress and strain resulted from a
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165°C temperature change in a single-crystal josihg two simplified geometries used in
practical solder joints. Phenomenological flow meder ten slip systems were estimated
based upon semi-quantitative information availaivlethe literature, along with known
anisotropic elastic property information. Theiruks show that the internal energy of the
system is a strong function of the tin crystal ot&ion and geometry of the solder joint. The
internal energy (and presumably the likelihood amage) is highest when the crystal c-axis
lies in the plane of the substrate, leading toiBgant plastic deformation. When the a-axis is
in the plane of the interface, deformation due tol@6°C temperature change is
predominantly elastic. The texture of the coppebssate using isotropic Cu elastic
properties does not have a significant effect @nstiness or strain in the Sn phase of the joint.
Geng [45] performed a close examination of creepesifor Sn-based solders and showed
that steady-state creep is an ill-defined stage thatl primary and tertiary creep are both
significant. In order to account for these effantsolder constitutive models, he presented a
phenomenological model that predicts entire cregpes for Sn-based solders. His proposed
constitutive model is an extension of the Omegahotffor tertiary creep of steel alloys to
primary and tertiary creep of Sn-based solders. ridve creep modelling approach is of use

for stress/strain and reliability analysis of Idagke solder joints.

2.2.3 Drop and Shock Test

Drop test of component boards has been conductedswxely over the past few years by a
number of authors [46, 47]. It is used to evaluhéedevice’s resistance to damage caused by
impact loading which is most relevant for portaldiectronics devices and transport
applications. Compared to the stresses and std@wmsloped in a temperature cycling test,
drop test creates very high stress in a very giarod of time. The drop tests are referred to
as horizontal drop, vertical drop, in the horizbépiane or vertical plane. The test are all drop
tests where the test specimens are dropped fropeaified height depending on the test
condition, the orientation of the samples is refeeein the literature as either horizontal or

vertical.

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

PCB respectively. In these tests, the test veh@s gripped in various orientations and
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allowed to strike the impacting surface under ggafarces from desired heights using a drop
tower. Results indicated additional levels of defation of the PCB in case of product level
drop due to severe rebound impact. Also, drop impesponses of various mobile phones
and personal digital assistants (PDAs) were camigdat various orientations from a drop
height of one meter and accelerations, strainsigpact forces were measured. Maximum
PCB strains and accelerations were recorded inygtddvel drop in the horizontal plane. A
similar test was also carried out by Arra et all[did free fall board level and product level
drops of area array LGA packages and measuredcttedeaations at the board and package
side. It was found that the accelerations obtainexhse of phone drop were much lower than
those in the corresponding board level drop. HowevEA results showed higher values for

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

Lall et al. [48] conducted displacement controlkemhrd level bend tests on BGA packages
on an electrodynamics shaker at displacement catessponding to dynamic loading using a
servo-hydraulic mechanical test system. A numbereskarchers have pursued methods
involving different equipment other than shakers dgnamic loading. Using a customized
drop tester equipped with a drop control mechanBiasresi [49] and Wu et al. [50] carried
out shock testing of test boards on a four—poimisbkke shock test fixture at fixed and
incremental shock levels and in-situ continuity mbaning of the solder joints was carried out
to detect failure. In order to replicate the shegkerienced by the PCB inside an actual PC
motherboard, experimental modal analysis was chraet on the motherboard and its
fundamental frequency was obtained. The test setap then adjusted to match the
fundamental frequencies of the system with thestestotherboard. Complimentary to this is
the work from Wang et al. [51], who performed fife#-board drop test analysis in the
horizontal direction on FCOB assemblies using akhlest machine providing the half sine
pulse for impact excitation. Three-point bendingl gour-point bending tests [52] were
carried out to investigate the fatigue failure ofder interconnects due to excessive cyclic
PCB bending and flexure which may occur due to dngpact. The tests were carried out on
a servo-hydraulic machine and the daisy-chainedaggs are continuously monitored to
detect failure. To analyse strain rate effect dushock test Tee et al. [53] carried out testing

of eutectic solder using Split Hopkinson PressuaesBSHPB) to show the effect of higher
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strain rates on the dynamic properties of soldandal et al. [54] performed high speed four
point bend tests with strain rates greater tharD5@@rostrains per second in accordance
with IPC/JEDEC 9702 [55] to mimic brittle fracture&flip chip BGA packages during PCB
assembly operations with both lead and lead-frddescalloys and ENIG pad finishes.
Results indicate that the strains to failure desweaith increase in the strain rates. Shear tests
at high strain rates similar to those experiencgdhk solder joint during drop impact were
carried out on BGA and LGA packages to determireghckage to board interconnection

shear strength.

Chong et al. [56] conducted board level drop testaccordance with the JEDEC test
standards [2003] by mounting a TFBGA package incatre of the PCB. Comprehensive
dynamic responses of the PCB and the solder j@oth as accelerations, strains and
resistances were measured and analysed using iacimainel real-time electrical monitoring

system. The study suggested a correlation betweedynamic strains in the PCB caused by
the multiple flexing of the PCB and mechanical $haad the resulting solder joint fatigue

failure. Lall et al. [57, 58] performed controlledlop tests of BGA and CSP packages from
different heights in a direction perpendicular be floor. Various experimental parameters
such as relative displacements, strains, velogiti@scelerations etc. were acquired
simultaneously. Failure analysis of the failed sgstcimen showed solder joint failures at the
package and board interfaces and copper-traceiogaclkilso, Mishiro et al. [59] showed

correlation between the PCB strains and solder bstrgsses by performing drop tests of
BGA packages mounted on a motherboard. The stsdysidowed the dependence of solder

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

2.2.4 Vibration testing

Another test method that has become more and mygertant is the vibration test. Current
industry standards for vibration testing rely mgioh pass or fail functional test criterion,
with limited knowledge of the factors contributimgwards the failure of the components.

There is also no measurement metric availabledbald be effectively used to monitor the
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fatigue of solder joints under vibratory loadinghel work in understanding solder joint
reliability in terms of vibratory loading has begmaining momentum in the research
community. Test results reported by Osterman @adupta [60] of SnPb and Sn-3.0Ag-
0.5Cu solder joints under vibration loading coratis, found that for lower stresses Sn-
3.0Ag-0.5Cu outperformed SnPb whilst at higher ssies the situation reversed. The
crossover point for this change was at "mediunssttevel” where the number of cycles to
failure was between 104 and 105. Due to the sinpitawer law exponents (represented as
gradients on an S-N diagram) the absolute valuekfétimes of the soldiers were, however,
largely similar. This was confirmed also by Di Maaod Hunt [61] who reported that SnPb
highly outperforms Sn-3.0Ag-0.5C at higher freques@bove 100Hz, whilst the difference
is smaller at lower frequencies. Stam and Davigf] [Bave conducted vibration tests on a
range of component and substrate coatings, congpéra reliability of SnPb to that of Sn-
3.8Ag-0.7Cu. They found that the difference betw#en solder types was less significant

than the component type or substrate coating Gugr Ni).

The lack of adequate testing equipment has led twraber of researchers developing
prototypes to perform a set of testing regimes.ilMd63] investigated a vibration tester and
compared it to the JESD22-B111 standard drop téstevercome the drawbacks related to
drop testing. From the testing point of view theywduded that the vibration testing has the
following advantages over the drop testing: i) magesatile measurements can be carried out
because the component board does not travel lastgndes during the test, ii) more careful
control of the test environment (e.g. temperatiggossible, iii) constant bending and stress
amplitudes during vibration testing make mecharacellyses and life predictions easier, and
finally, iv) vibration tests can be carried outnmuch less time and effort as compared to drop
testing. They compared stresses produced duringxperiments to numerical results using
the finite element method. The analyses showedetre if the bending amplitudes are equal
in both tests the stress histories are differehie Tost important difference between the
vibration and the drop test is that bending of thenponent board is constant during the
vibration test, while in the drop test the ampléud reduced after each impact. The vibration
test makes use of the resonance phenomenon toagernarge constant bending amplitude

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

interconnections.

Tsai et al [64] developed a loading apparatus dservation technique that allowed ball grid
array (BGA) packages to be visually inspected dufiwgh cycle vibration testing. Their
system provides controls for varying the cyclingguency and magnitude of the applied
load. The failures of solder interconnect in BGA@mens were recorded by direct visual
monitoring method. Stroboscopic video was emplayetteeze the motion of the vibrating
solder interconnects while showing the real-timelewon of failure. In all test cases, BGA
interconnect failure was observed to be the resfuttrack initiation and propagation along
the nickel/solder interface. A primary crack deysd at one edge of the interconnect and
progressed stably until a secondary crack initiftech the opposite edge. The crack growth
accelerated until these cracks coalesced, resuitingmplete separation of the interconnect.
The percentages of time spent in crack initiatistable propagation and accelerated
propagation are, on the order of 15%, 60% and 2BS$pectively. Vibration tests at
frequencies ranging from 50 to 100 Hz were perfarraed the number of cycles to failure
was found to be frequency-independent in this rar®gveral commonly used damage
mechanics and fracture mechanics fatigue life-ptemi models were examined based on
failure parameters computed from a nonlinear fielement analysis. It was found that while
the damage models examined show large discrepdneie®en predicted and actual cycles-
to-failure, the fracture model correlates with test data within a factor of 1.5. Hin et al [65]
developed a dynamic test board (DTB) for shockahchtion (S&V) testing. The test board
was used to characterize the solder joint religh{bJR) of the component corresponding to
the specified dynamic test requirement. The dynaféhaviour and properties are
investigated in the development of a flip chip laid array package (FCBGA). One of the
significant findings is that board strain is coateld with the solder joint failure location.
Hence, they introduced board strain as a predfcto6&V SJR risk and component strain

limit definition in S&V condition.

Perkins et al [66] aimed to develop an experimeatadl modelling approach that can
accurately determine the solder joint behaviourelgictronic components under vibration

conditions. In particular, they discussed the diplane sinusoidal vibration experiments at
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1G. Detailed investigation and characterization olmwng dye-and-pry analysis,
microstructural examination, and numerical modgllenabled the development of a high-
cycle stress-based equation for lead-containing £Q@der sinusoidal loading. They
applied their developed method to a number of cemsxbgding a CCGA package with a heat
sink as well as a CCGA package subjected to freqyusweeps. It is seen that the predictions
from the developed model agree well with experiraedata and that the developed model
can map the evolution of solder damage across addles joints and can also provide
important design recommendations in terms of sojdert location as well as heat sink

attachment.

Wu et al [67] emphasizes a rapid assessment mddwpdasing the design of experiments
(DOE) approach to determine fatigue life of balidgarray (BGA) components in random
vibration environment. They reported that the nwgical dynamic loading occurs when the
dominant frequency approaches the natural frequefdye printed wiring board (PWB)
assembly. Their approach involved global (entireB)\&nd local (particular component of
interest) modelling approach. In the global modgbraach, the vibration response of the
PWB is determined. Their global model gave the wasp of the PWB at specific component
locations of interest. This response is then fed ia local stress analysis for accurate
assessment of the critical stresses in the sabiigsjof interest. The stresses are then fed into
a fatigue damage model to predict the life. Theitsmh is achieved by using a combination

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

Grieu et al [68] implemented damage calculatiosadfier joint under random vibration. The
essential point of their method relies on the asialpf stresses in the time-domain. Stress
histories are thus obtained from calculation andtf@ated for damage estimation. The
computation procedure establishes time-stress mgggdrom transfer functions obtained by
FEM vibration simulation. These time-responses @mputed with the rain flow cycle
counting method. Then, a damage calculation usalghgen-Miner's rule and Basquin’s
law is done. The adjustment with experimental tssappears to be difficult with a limited
number of test data. Selvakumar et al [69] perferm@ndom vibration on an electronic
package using Joint Electronic Device Engineerimpur@il's (JEDEC) JESD22-B103B

standard. The electronic package mounted at th&eceh the printed circuit board was
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subjected to vibration, variable frequency conditid’ of JEDEC standard for 30 min. After
30 min of random vibration test, the component de@@s, solder joints, and PCB were
thoroughly inspected for failure. From their obsdions, it was found that no failure
occurred during the test period. The fatigue lifetloe component, estimated using an
empirical lifetime model, was found to be 96.48 fsutEckert et al [70] demonstrated that the
interaction of combined loads has to be consideredifetime estimates of electronic
packages. They discuss lifetime prediction for {aé soldered flip chips under vibration
load in different temperature environments in tewhsolder joint fatigue. Parameters for
lifetime modelling are obtained from non-linear atetnperature-dependent finite element
analysis and lifetime experiments. They introdutadperature dependent coefficients and
exponents for the Coffin-Manson-Basquin relatiopstonsidering elastic and plastic fatigue
behaviour. Their results indicate that temperaisran important parameter affecting the

solder joint vibration fatigue life.

Tu et al [71] looked at the effect of thesSiy and Cu—Sn intermetallic compound (IMC) on
the fatigue lifetime of lead free solder. During thibration fatigue test, in order to identify
the failure of BGA solder joint, electrical inteption was monitored continuously through
the daisy-chain network. They studied the vibratiatigue failure ofuBGA solder-joints
reflowed with different temperature profiles, arging at 120 °C for 1, 4, 9, 16, 25, 36 days.
Their results show that the fatigue lifetime of thelder joint firstly increases and then
decreases with increasing heating factor, whicbeined as the integral of the measured
temperature over the dwell time above liquidus (C33n the reflow profile. The lifetime of
the solder joint decreases almost linearly with ittereasing fourth root of the aging time.
The SEM/EDX inspection shows that;8n, IMC and CySn/CusSn IMCs are formed at the
interface of the solder/nickel-plated PCB pad, ath@ no-aging solder/component-
metallization, respectively. Also during long teaging, NgSrn, and NiSn were found at the
Ni/Solder interface with X-ray diffraction, exceptisSn. For non-aged solder joint, the
fatigue crack generally initiates at the interfaetween the NBn, IMC and the bulk solder.
Then it propagates mostly near the Ni/solder iam#f and occasionally in the IMC layer or
along the Ni/solder interface. After aging, thedae crack mostly initiates and propagates in

the CuSns-phase/bulk-solder interface or the sSo/CySry interface on component-
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metallization. Evidently, the intermetallic compalsncontribute mainly to the fatigue failure
of BGA solder joints. They concluded therefore tthat thicker the IMC layer, the shorter the
fatigue lifetime of the solder joint. The initiabrimation of the IMCs at the interface during
soldering ensures a good metallurgical bond betwleeisolder and the substrate. However, a
thick IMC layer influences the toughness and stifergd the solder joint, which results in

mechanical failure.

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

conditions that the device will be subjected tasdAost of the vibration tests are single axis,
there are very few reported multi-axis vibratiostten the literature, this is due in part to

complexity in analysing and interpreting the resuind also to cost. To address this
limitation the industry makes use of the highlyelecated lifetime test (HALT) method.

2.2.5 HALT testing Procedure

Electronics product quality and reliability haveehedetermined through traditional testing
methods such as vibration tests, thermal cycling¢chanical shock, thermal shock, and a
varied combination of these. The core philosophthef testing method is to define a set of
specifications, usually minimum or maximum temperes and/or vibration levels, and to
conduct the tests by changing only one variabke tahe. Vibration testing is performed one
axis at a time. If the device is still functiondleat being tested according to the test specs, it
is considered to have passed. This type of teskir®g not provide an accurate representation
of how the product might perform in service. As thdustry progresses towards more and
more miniaturization it become clear that thesé des not adequate. Changing the variables
one at a time and performing one dimensional vidmnatests are not reflective of the real
world operating environment. The use of HALT caadéo greater levels of product quality

and reliability.

Highly Accelerated Life Test (HALT) is a process which products are subjected to
accelerated environments to find weak links indlasign and/or manufacturing process. The
primary accelerated environments include thermalth(lbtemperature limits and rate of

change) and vibration (pseudo-random 6 DOF). Othegelerated environments using
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voltage, frequency, etc. are applied as appropfiatehe sample being tested. HALT is
therefore a misnomer, as it is not a true life bedta process to determine the operation and
endurance limits through the following process stemld limit determination, hot limit
determination, rapid thermal cycling, vibrationsnili determination and the combined

environments response [69].

HALT exposes the product to a step-by-step cycimgenvironmental variables such as
temperature, shock and vibration See figure 2-2)LHinvolves vibration testing in all three
axes using a random mode of frequencies. FinallALH testing can include the
simultaneous cycling of multiple environmental adbtes, for example, temperature cycling
plus vibration testing. This multi-variable testingproach provides a closer approximation
of real-world operating environments [72].

Temperature-Vibration Combination Cycle Test
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Operating 40°C/min
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Figure 2-2 HALT procedure performed by Dell on conputer motherboards [72]

Unlike conventional testing, the goal of HALT testiis to break the product. When the
product fails, the weakest link is identified, sgmeers know exactly what needs to be done
to improve product quality. After a product hadddj the weak component(s) are upgraded
or reinforced. The revised product is then subpetteanother round of HALT testing, with
the range of temperature, vibration, or shock nrtimcreased, so the product fails again.
This identifies the next weakest link. By goingdihgh several iterations like this, the product
can be made quite robust. With this informed apgiipanly the weak spots are identified for

improvement. This type of testing provides so mundbrmation about the construction and
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performance of a product that it can be quite hlfdr newer engineers assigned to a
product with which they are not completely familiBIALT testing must be performed during

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

2.3 The Mechanical Properties of SAC Solder

Solder joint reliability is a major concern for tieéectronics industry, the solder joints are
exposed to different loading conditions, tempematstrain rate, etc. and the mechanisms of
failure are many and varied. One of the major failonechanisms of electronic assemblies is
that of fatigue failure. To be better able to poedhe behaviour of the solder undergoing
fatigue loading reliable material properties data aeeded coupled with comprehensive
solder constitutive equations. This has been thallés heel of lead free solder research and
application in that accurate material properties doparticular loading condition are not

always available.

There are discrepancies of the material propedti¢gsets available in the literature, possibly
due to a number of factors including the materiaéed, fabrication methods, loading
conditions, temperature, strain rate, etc. (sedéelali). A survey of the literature on Anand’s
creep model material parameters is detailed in AppeC and the discrepancies highlighted

above are demonstrated in the wide variation cdipeters.

Table 2-1 Tensile material properties for SAC saler alloys

Solder Alloy E(GPa) UTS |YS Strain Reference Source
(MPa) | (MPa) | Rate
Sn-3.9Ag-0.5Cd 50.3 36.2 319 4.2x1I0  Vianco [73]
54 Vianco [73]
60 1.78x10  Xiao [74]
41 1.78x10
43.1 Pang [75]
40 35 6.68x10 Hwang [76]
Sn-3.8Ag-0.7Cy 50 45 1.67x18  Fouassier [77]
44.4 39.6 35.1 5.6xI10 Pang[79]
46 1x10" Wiese [79]
44.9 Li [80]
41 39 32 16 Lin [81]
46 47.1 Harrison [82]
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Solder Alloy E(GPa) UTS |YS Strain Reference Source
(MPa) | (MPa) | Rate
Sn-4.1Ag-0.7Cd 43 36 33 6.86x16 Hwang [83]
Sn-3.0Ag-0.5CU 54 41.8 25.3  4x10 Kanchanomai [84]
37.4 43 37 5x10 Zhu [85]
Sn-4.0Ag-0.5Cu 40 Wiese [79]
48.3 Rhee [86]
45 Chromik [87]
51 1x10° Xiao [74]
Sn-3.1Ag-0.5Cd 45 49 40 6.86x16 Hwang [83]
Sn-3.5Ag-0.7CU 44.6 Wiese [79]

Two mechanical methods favoured to extract the tdotise properties of solders are by
directly loading [87] or indenting [88] actual seldjoints such as BGA solder balls or flip
chip solder bumps. While such approaches are tatteadbecause the true solder
microstructure is involved, the unavoidable nonfammn stress and strain states in the joint
make the extraction of the correct mechanical ptogee or stress-strain curves from the

recorded load-displacement data very challenging.

It is well understood that the temperature andirstrate affect the material properties of
different materials. The mechanical propertiesadiar are temperature as well as strain rate
dependent as a result of their high homologous ¢eatpre. Therefore the data generated
from any test will have to be identical in all asfseor else the dataset will only be valid for
the said conditions to which it was performed. Tthble 2-1 summarises the material
properties as reported by different research graipgbe major lead-free solders. The data
presented are at room temperature. There is a vadability in all the material properties
reported. The Young’s Modulus ranges from 31 — FaG(Figure 2-4), the yield stress
ranges from 31 - 60MPa (Figure 2-5).

The variations in material properties are accourftedby the difference in strain rate,

specimen size, testing conditions and testing naetho
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Figure 2-3 Variation in the Elastic Modulus of SAC Solders.
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Figure 2-4 Variation in the UTS for SAC Solders

This difficulty with material properties does ndfezt only lead-free solders. The collected
data shows there are also large variations in thehanical properties published for eutectic
Sn-Pb solder, with the elastic modulus ranging frinto 36 GPa, the UTS values ranging
from 26 to 47 MPa and the Yield stress ranging f@frto 41 MPa. MacCabe and Fine [89]
reviewed the elastic modulus of Sn-eutectic soldexsfound a wide range, varying from 15
to 40 GPa. They concluded that the large differeveere caused by the contribution of the
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inelastic deformation (plastic) from the slope bk tstress-strain curve due to the high
homologous temperature of solders. The slope ofstress-strain curve therefore does not

represent the true elastic modulus.

As the above data shows, there are large discregzaimcthe current database of mechanical
properties for both lead-free and Sn-Pb soldergsé&ldiscrepancies may have been caused
by the lack of accepted standards for testing nusthespecimen preparation, solder
composition and testing conditions. Using a genemnaterial dataset from the literature
therefore poses a unique problem when it comestéopreting the result of the analysis. In
this regard, it is the aim of the present work tdise inverse modelling techniques to
determine the material properties using both erpental and simulation data. The solder
joint creeps during the experimental proceduretetioee understanding the mechanism of

creep is vitally important.

2.4 Creep

Electronic assemblies are often subjected to la@rgp@s of constant elevated temperatures.
Under such environments, the solder joints are epidie to creep. Even at room
temperature, because of the low melting point, exoldloy creep is significant. Therefore,
creep deformation is one of the major failure moalesolder joints for electronic packaging
modules [90].

2.4.1 The Creep Phenomenon

Creep is a slow, time-dependent permanent defoométiat occurs when a material supports
a constant load that is below the yielding pointdovery long period of time. The level of
load/stress and the temperature are dominant facta@reep deformation.

For most materials, creep develops in three stagesgely, primary, secondary and tertiary
creep. A typical creep curve for solder is showrFigure 2-6. The creep response begins

with an initial instantaneous strain, which corssist the elastic or time-independent plastic
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deformation as soon as the constant load is apf@ied®2, 93]. The creep deformations then

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

Stage I: Primary Creep - In this stage, the crésgpnsrate (d/dt) decreases rapidly over time

due to strain hardening, which restricts the dedrom.

Stage II: Secondary Creep or Steady-State Creepthi$ stage, the creep strain rate is
relatively stable (linear part of the curve) asistthardening and recovery softening reach a
dynamic balance. For metals, if the homologous tatpre is greater than 0.5, most plastic
deformation during creep will occur in this stagéelevated temperature, strain hardening is
associated with subgrain formation caused by tlagraagement of dislocations. On the

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

slip and edge dislocation climb [94].

Stage llI: Tertiary Creep - Tertiary creep is cltéeazed by an accelerated creep strain rate,
which may be caused by various weakening metatiarginstabilities such as localized
necking, corrosion, intercrystalline fracture, fatmon of microvoids, dissolution of

strengthening second phases, etc. [89]. Eventwlife end of this stage, rupture occurs.
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Figure 2-5 Creep Curve under Constant Stress/Loadnd Temperature[89]
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2.4.2 Creep Mechanism

Creep deformation becomes critical when the tentperaexceeds one-half the melting
temperature in Kelvin (K) of the material. Thistie case for most soldering alloys at room
temperature. Several creep mechanisms have begosea such as dislocation glide,
dislocation creep, grain boundary diffusion, andtida diffusion. A widely accepted
deformation mechanism map of the dominant creepham@sms is shown in figure 2-6. This
deformation map was first constructed by Ashby hisdco-workers [95], based on the idea
that plastic deformation is a kinetic process ogogron the atomic scale. The kinetic
processes include mechanical twinning, glide andiorb of dislocations, the diffusive flow
of individual atoms, and the relative displacemehtgrains by grain boundary sliding
(involving diffusion and defect-motion in the bowmeks). These are the underlying atomistic
processes that cause plastic flow or deformatiahcamtribute to deformation and depend on

factors as strain, strain-rate, and temperature.

10°
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Dislocation Glide
10° 2 f—
Dislocation Creep
10~
/E .
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(Grain Boundary Diffusion)
10-°6 }_ Nabarro-Herring
Creep
(Lattice Diffusion)
10-° | | | |
0 0.2 0.4 0.6 0.8 1.0

Homologous Temperature T/Twm

Figure 2-6 Creep Deformation Map for Solder Alloy [92, 95, 96]
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In the deformation map shown in figure 2-6, thecads=a is the homologous temperature and
the ordinate is normalized tensile or shear stiéis® zones are defined on the map, each of

which corresponds to a particular deformation meidm. These zones are:
Zone 1: Ideal Strength - Plastic flow occurs whemitleal shear strength is exceeded.

Zone 2: Dislocation Glide. This occurs at high s¢réevels over the entire homologous

temperature range. The dislocations move alonglihglanes [96].

Zone 3: Dislocation Creep. This is characterized ayhigh-temperature deformation
mechanism with homologous temperatures greater @%hm and requiring intermediate
high stress [96]. The deformation results from wdifbn controlled dislocation movement,

with dislocations climbing away from barriers.

Zone 4: Grain Boundary Diffusion — Coble Creep.sTisi a grain boundary based diffusion
mechanism involves atomic or ionic diffusion alahg grain boundaries. The deformation

occurs at intermediate low stress levels over attoimtermediate temperature range.

Zone 5: Lattice Diffusion — Nabarro-Herring Credjhis occurs at low stress level and high
temperature. Interstitial atoms and lattice vagmalong the gradient of a grain boundary
migrate in reversed directions in the presencesa$ibn or compression pressure. Lattice or

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

In Nabarro-Herring creep, if there is no pressureerstitial atoms and lattice vacancies will
migrate in proportion to the gradient of their centations. Under pressure, the lattice
defects tend to move in directions to relieve tindalance of pressure. The movement will

eventually cause creep deformation.

Grain-boundary sliding is another possible creedordeation mechanism at high

temperatures and is caused by applied stress. Howiws mechanism is not independent,
and is associated with other deformation mechaniafosementioned. Due to the high
homologous temperature (> 0.5Tm) of most soldeyalunder normal operating conditions,
the stress level determines the creep deformatienhamism. At low stress levels, the
controlling mechanism is lattice diffusion and grioundary diffusion. As the stress rises to

intermediate levels, dislocation creep takes oaed at high stress level, dislocation gliding
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becomes dominant. Additionally, the contribution gfain boundary gliding to creep

deformation should be taken into account at adisstievels [97].

2.5 Effect of Strain Rate and Temperature

The response of lead free solder to various loadonglitions has been demonstrated by a
number of researchers [98-100], all of these wdrkge indicated that the response of the
solder specimen is dependent on the strain ratdiah the experiments were performed. It is
very important that the temperature at which thalyans were performed and strain rate be
included when a comparative analysis of the behamvid a solder joint is being analysed.
The response of a solder joint specimen is shovilgime 2-7 and figure 2-8. It shows that as
the temperature increases the saturation stressasdes for constant strain rate. The stress v
strain at constant temperature graph shows the¢asimg the creep strain rate increases the
saturation stress. This stress-strain relationblap been observed experimentally by many
but there is a wide scatter in the measured stea@s in the literature. To demonstrate spread
in material data figure 2-9 plots similar experingeperformed by Xiao[74], Xu[88] and
Vianco[73]. This plot shows that for a particult&iess, the strain rates predicted by the above

researchers are very different.
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Figure 2-7 Response of solder at fixed strain rateut different temperature [18]
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2.6 Lifetime Models

The ability of models/equations that predict thietime of a solder joint and hence its
reliability is a quest taken seriously by numerawshors. These lifetime models/equations
inform researchers of the important parametersdhatequired to carry out the analysis. A
brief discussion will hereby ensue about the varitechniques that have been applied to
determining the lifetime of solder in microelectiws The lifetime prediction equations are
different depending on the response regime beirglyaad. The main variables in the
assessment of solder joint lifetime are the steesd strain. The stress generated by an
applied strain can either result in elastic or ftasleformation. Most of the plastic
deformation in solder develops with time, refertedas creep strain and is a function of the

applied stress.

A number of methods to predict the life time ofdsal joints undergoing thermomechanical
loading are well reported in the literature [LOBLOAs discussed in section 2.4, strain rate,
temperature and creep have a significant effecthenbehaviour of the solder, the stress

levels to which it is expose and hence its lifetime

One of the most widely used method in estimatifgtiine of solder joint interconnect is
modelled around that of the Coffin-Manson’s formuidich was developed for tensile
specimens undergoing cyclic loading.

N, =C,(As™)> (2-1)

whereNs is the number of cycles to failuges” is the amplitude of plastic deformation, and
C; and G are the material parameters. An example of theotisieis formula is the work by
Syed [104] who used the accumulated creep straircye to determine the lifetime of

solder joints:

N, =(Cfre) (2-2)

N; - number of cycles to failure,

&, - accumulated creep strain per cycle,
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Cs- 1/, inverse of creep ductility.

There is a large body of work by Engelmaier [1086]1lin determining a formula that will
predict the behaviour of solder interconnect inrti@mechanical loading, the modified

formula is

) Ay”' 1G5
Ni =Gl o (2-3)

C,=C,+CT,,.+CyIn(A+ f)

ave
where Ay” is the average plastic shear strain amplitddg,is the average temperature in the
solder joint, and f is the loading frequen8y.— Cg and &, are parameters that depend on the
solder material, the geometry of the interconnectand, probably, on the properties of the

component and PWB. Another equation developed ystime author using the x% to

signify failure in terms of force drop is:

2¢ jclg ( In(1- 0.0k )j;ly (2-4)

N (x%) :1
2\ AD In0.5

&, - fatigue ductility coefficient;

AD - the solder cyclic creep-fatigue damage;

Cy - creep-fatigue ductility exponent;

- the shape parameter of the Weibull distribution.
N(x%) — Lifetime for x% of force drop.

A method similar to that of Engelmaier was propobgdGromala et al [107], from their
experimental result on solder lifetime. The expemtal results on lifetime expectancy were
presented in the form of the Weibull characteristienber of cycles to failure @), which
means a failure rate of 63.2%. The correlationh® €SED was based on a simple inverse

power law. The pre-factor;gand the lifetime exponent;Owere fitted in the study.
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N - C10
°3 (AV\/CR)Cll (2'5)

(AW, ), = (CSED;. - CSED,.,),
with TC ( thermal cycling) and TC-I indicating tled and the beginning of the last TC
simulated, respectively, while L stands for the bemof the result extraction layer.

A different approach used by Darveaux [108] udes frinciple of plastic work density
calculated during a loading cycle and relates tbathe lifetime of the solder joint. He
proposed that the crack propagation path in amdotamection should be determined on the

basis of stress analysis, and the average plastik along this path would correlate with the

lifetime of the joint. The average plastic work ithgra cycle,Aws , is given by:
AW :I o,def
YA (2-6)
AW, =-¢

p

2.V
e
whereg; andsijp' are the components of stress and plastic strdihis the volume of element

e andAW,, is the total plastic work.

The equations for the calculation of thermal cyctescrack initiation Nyy and crack

propagation rate per thermal cycle dL/dN.

No =Cpy (AW, )™ (2-7)

where G, and Gzare the model parameters and the propagationsgigen by

where G4 and Gs are the model parameters. Finally, the time tofaiis

L
N, =N, +—2 (2-9)

where L is the length of the determined crack propagagpath. The model parameters, &

C.5 depend on the solder material and the intercororeshape.
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Most of the experimental lifetime equations diseassbove can be used for a number of
loading situations. Mainly for simulated and fingkeement analysis the method by Syed using
accumulated plasticity is quite popular with a nembf authors [109, 110]. The differences
between the various authors are the values of ahstant 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 detemtion of elastic and creep material
properties for SAC305 using inverse modelling teghes. Due to the volatility of material
data in the literature, there is a need thereforarfaterial datasets that are representative of
the experimental procedure being simulated. Thpga& of using inverse techniques is to be
able to use discretisation methods, for exampleefialement analysis, to obtain material
properties data that can be used to match simokfad experimental results. The accuracy
of the finite element analysis is dependent on riwel used, the loads and boundary
conditions applied and also most importantly, treemal properties. In general engineering
application this is generally not a major conceuhds discussed in section 1.4, when dealing
with specimen in the micron scale, the determimatibthese material properties takes added
significance. The use of bulk material datasetsn&lequate and bulk solder joint sized

samples do not produce reliable material datadéwatoe used for all solder joints.

Inverse techniques are matured mathematical mettiad can be used to find the solutions
of problems in various fields and many techniques theories have been developed for very
specific or general applications in a number ofieegring processes to determine loading
conditions, force response, model shapes and mbgedperties to reference a few. Inverse
problems can generally be divided into two clasgesameter estimation and function
estimation problems. The distinction between the tlepends on the type of engineering
problem being solved. Theoretical, function estiorathas to deal with a large number of
parameter with special emphasis on the minimizadiothe function and not just individual

parameters. One will therefore notice that functestimation involve minimization of

parameters as well. Gladwell [111] provided isstigat will enable one to distinguish

between parameter and function estimation problewen though these will not be unique
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solution regime. In contrast to parameter estinmatioinction estimation usually has the
following characteristics: the number of parameterdescribe a function is usually large —

maybe in the hundreds or even thousands.

A number of authors used the inverse analysis tqubnto determine the parameters for a
diffusion analysis experiment of multi-ion transgppi2-114]. Massoni et al. [115] used this
technique to analyse thermomechanical upsettingstith et al. [116] applied this method to
multi parameter analysis. The application of thevHkEas found widespread application in a
number of fields such as manufacturing, heat teansibrations, mechanics, etc. The finite
element method has been an invaluable tool in parfg inverse analysis because most
engineering problems have no analytical solutidngerse FEA techniques can determine
material properties using simulation and experi@gnbbtained data.

In [117], Moulton et al determined the passive narda@l properties using a p- FEM model
of the heart with a non-linear optimization techiggand strains measured with MRI
imaging. A 2D nonlinear strain energy function wdsveloped in testing the inverse
algorithm. P-version FE formulation was used ag: t{le geometry of the heart can be
captured accurately with relatively few elementsgdasis functions of higher polynomial
degree, (2) the p-version FEM provides for rigoroastrol of the numerical error associated

with the finite element approximation.

In [118], Kauer used tissue aspiration experimentgonjunction with the inverse FEM
techniques that have been used to find the matpaemeters in materials governed by
viscoelastic neo-Hookean and reduced Veronda-Westnlaws. This algorithm also
employs the Levenberg- Marquardt algorithm [119fital weighting factors corresponding
to the spectrum of relaxation times of a matersaloag as the smallest and largest relaxation
times are known. The large relaxation times arvaietd by specific deformation only if the
time scale of material relaxation is at least agdas the largest relaxation time of the model.
The smallest relaxation times determine the maxintiame step for implicit finite element
code. There are a number of challenges involvethverse vibration problems. In most
inverse vibration problems, we require an intuittegarding the transformation of the system

variables to construct the inverse problem. Usgud#ile experiments for undamped systems
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can accurately predict data only for the lower iporof the required spectral data. Problem
associated with the reconstruction of the systeramaters from the matrices. This problem
can be addressed by the construction of elemefihests and mass matrices and the
identification of the system parameters from theareint matrices. Standard inverse FEA falil
if the domain is highly complex. Thus, a naturdemalative is to solve such problems over
small sub-domains. In [120, 121], the discretizgdteam resulting from the principle of

virtual work (i.e., the direct problem) is solved\a Newton-Raphson iterative procedure.
Finite strain inflation tests can be performed am-axisymmetric membranes by placing
markers to measure the displacements. Sub-domardkachniques are proved to be not
only more accurate at probing regional variationtsalso are computationally less expensive.

Inverse techniques can be used in problems whegeldading conditions cannot be
accurately defined. Very few FEA techniques constie compliance at the joints in their
analyses inherently assuming that the effect onotrexall response is minimal. In [111],
using full field strain measurements, the loads emahpliance of the joints are found. The
compliance at the joints were modelled as sprinfgsome stiffness k attached to nodes
connected to the joints. The Gauss Newton algorithmsed to minimize the least squares
error between the strain and displacements valtusbould be noted that the error function
here only considers the strain value, but notiitsction. Hence, it is not advised to perform
inverse analysis using only strain values. In maases, a part cannot be forged in a single
operation [122]. Thus, the problem of design of shapes of the preforming tools is posed.
This can also be treated as an inverse problensimg tiechniques similar to those described

earlier.

An inverse finite element method algorithm is depeld by Keanini and Desai [123] for
simultaneous solution of multi-dimensional soligdid phase boundaries and associated
three-dimensional solid phase temperature fiel@3][1Beginning with an initial guess;,P
the inverse procedure iteratively alters P untd tbtal error F between spatially discrete

temperature measurements and corresponding caduknperatures is minimised.

The inverse modelling procedure demonstrated byaldust al [124] was of particular

interest to this work. Whilst investigating thehlagiour of steel using experimental data
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generated from small punch tests they computediiexial tensile test (true stress vs. true

plastic strain curve) using inverse modelling teghas. They divided the load displacement

curve from experiment into a number of linear segim@nd they matched a similar curve at

a similar load using the finite element technigiieschematic of the technique is shown in
figure 2-10.
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Figure 2-10 Piecewise inverse modelling techniqy#&24].

2.8 Summary

A large body of published work detailing the beloavi of lead free solder in different

loading conditions and regimes are available ierditure. There are still a number of

outstanding issues associated with lead free soéderarch. Although SnAgCu alloy is now

widely used as the replacement of tin-lead solidhere is no agreement in the industry with
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regards to the exact composition of the alloy. tAk variants touted in the literature have
their respective strength and weaknesses andaibsslutely necessary that combination of

elements have to be agreed on.

It is widely acknowledged and reported in the &tare that there is a wide scatter in the
material properties from different studies. As dssed above, this has to do in part with the
large number of different material process paramef@ocess conditions and the quality of
the solder joints. The large scatter in materialpprties is a source of concern, as it makes

the analysis of the behaviour of solder joint uiatde.

A major limitation in the material data reportedtie literature is that a large proportion of

experimental and numerical simulation techniquesiue determine the response of lead free
solder joints uses equipment that they were nogded for. Of these, dynamic testing has
had a primary role. Most of the testing performeakas use of off the shelf equipment that is
generally unsuitable to conduct meaningful testomgvery small solder specimens. The

response of general purpose test equipment is ynainthe macro scale whilst the solder

dimensions are in the micron scale. This therepmges a serious limitation in interpreting

the results obtained from these experiments fommegéul analysis.

The behaviour of the solder is also a major conddost of the published work in modelling
the nonlinear response of the solder joint usesGifalo’s creep model. This model only
models the secondary creep of the solder specimeit aeglects any hardening of the solder
specimen that may occur. Using this model shoutdeflore be seen as an approximation as
the response of this model does not reflect theelbehaviour of the lead free solder joints. To
address this limitation of the Garofalo’s modeinare representative model initially used for
modelling viscoplastic behaviour in metals is usednodel the non-linear response of the
solder joint. This model, Anand’s model, increagbé complexity in determining the
material parameters as there are nine parametdys ttetermined and there is a nonlinear
relationship between the parameters that makes disgermination more involved than that
of the Garofalo’s model. The Anand’s model alsaurexl a large body of experimental work
at different temperature and strain rates to madeerchination of the nine parameters

possible.
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In this work, in order to address the limitatiorfstloe existing research in the literature (of
using bulk response equipment to perform microestadting, for example), a new piece of
equipment was designed with the specific aim ofjgliag reliable response of solder in the
micron scale. The design incorporates vibrationgtet testing, thermal cycling and
combination of these. The equipment has a smallpfod and can be controlled and
monitored remotely. Simulation results of the equept will be presented in the analysis to

follow.

To determine the material parameters for the Amandeep model of lead free solder, use is
made of inverse modelling techniques to match treefdisplacement experimental data
with that from simulations. The adverse effects thapurious data can have on the entire
analysis is minimised by using a small data sanaple starting the analysis with a set of
material parameters that matches closely with ¥pe@mental data obtained. This therefore
reduces the reliance on a large body of experirhéata and using inverse and optimisation

techniques, the material parameters are thus dietedm
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Chapter 3 Computer Simulation of Microelectronics Device andTest
Equipment Using the Finite Element Method

3.1 Introduction

To perform the numerical analysis of the equipnussign, multi-joint modelling and inverse
analysis method, use is made of the finite elemeethod. In the equipment design, it forms
the primary analysis tool prior to fabrication dfetindividual components. In multi-joint
analysis, it provides the basis for the comparisetween the experimental response and its
comparison to BGA package. During the inverse aiglyt provides a means of calculating
the objective function from experimental result. #&sesult of the extensive use of the finite
element technique in the simulation results, folfoyvis a brief discussion of the finite

element formulation.

The Finite Element Method (FEM) is a mathematiggiraximation technique that has been
used since the 1960’s to solve initially large stimual engineering problems. The rapid
growth in computing power has accelerated the egijpdin and use of this method, and is
now the tool of choice for structural analysis bgaianical, civil, biomechanical, and other
engineers. It has been used to quantify desigrectefiatigue, buckling, and crash simulation,
and it can be used to identify failures that aresed by design deficiencies, materials
defects, fabrication errors, and abusive use. dvides quantified results previously could
only be obtained from metallurgical and mechanteating. It provides excellent visual aids

and animations that are easily understood.

The FEM procedure involves the breaking down obmadin into a number of subdomains
referred to as elements and these elements aedjtdgether at the nodes to form the FEM
“mesh”. This process of breaking the entire stnectinto elements is referred to as
discretization. The reason for dividing the domiato elements is twofold: first, to represent
the geometry of the domain numerically; and, sectm@pproximate the solution over each
element of the mesh in order to better represemtstilution over the entire domain. The

behaviour of the physical property of interest esatibed in terms of algebraic equations
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within each element. The solution to the goverreggations is closely approximated within
each element, resulting in a number of equatioas nkeed to be solved for every element.
The local response of the elements is used to geothe global response of the domain.
Thus, the element equations cannot be solved iatiso to render the solution over each
element. Instead, all the equations from all tleeneints over the entire structure need to be
solved simultaneously. The rapid improvement impater technology has made the FEM
an attractive tool for both engineering practitimand researchers in varied fields. In many
applications of FEA, a computational domain cordaanlarge number of elements and the
number of governing equations is therefore huges $blution of these large bodies of
equations can only be solved using computers. Wagth noting that, as the structure is
broken into a larger number of elements, a greatetber of simultaneous equations need to
be solved.

Typical
element

Typical
node

Figure 3-1 An FEA mesh of a two-dimensional modelf a gear tooth [125].
3.2 Theory of Elasticity
Elasticity of solids and structure is a major anéatructural engineering application and the
FEM technique was initially applied to solving emggring problems in the elastic domain

with considerable success. The results obtainethénearly days of the usage of this

technique provided the impetus for its applicatiansother branches of engineering.
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Following is the finite element formulation for theolution of elastic problem using

mathematical models.

Elastic materials return to their original shapeewhthe external force causing the
deformation is removed. The material can be cleskifs either linear or nonlinear. For a
linear material, the stress and strain is linepriyportional to the applied force. The general
equation of the constitutive equation for a lineaaterial isc=E-¢ whereo, E ande are the
stress, the modulus of elasticity (Young’s modulasid the strain.

For linear elastic solids, E is a constant. A sdidionlinearly elastic if stress is not linearly
related to strain but the material will return t® @riginal configuration when load is removed

and there is no energy lost in the system in thd-anload process.

3.3 Equilibrium Equations

To formulate the finite element method, we staftfidm the general dynamic equation and
discretisation of the problem domain. The analgsid assumptions are discussed below.

The general governing equation of motion for sohd be written as:

[MH{d}+[Cl{u +[K]{u} ={F (1)} (3-1)
where M] is the mass matrix{] is the damping matrix K] is the stiffness matrix,R(t)} is

the force vector andu} is the nodal displacement vector.

For a static analysisi{}={0} and { u}= {0}, the above equation therefore reduces to
[Kl{u} ={R (3-2)

The main task in the following analysis is to céte the stiffnessi] of the domain. There

are a number of techniques in use to calculgje 4nd to demonstrate the concepts of the

FEM the technique will be applied to an elasticregke.

In 3D stress analysis, stresaind straire are represented by vectors of six components:
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Figure 3-2 Three dimensional stress state

For an isotropic material, the stress strain rexetip is given by:

1-v v 0 0 0
o, 1-v v 0 0 0
o, v 1l-v 0 0 0
g, — 0 0 0 ﬂ 0 0
r, [ (1+v)(1- 2) 2 )
r,z 0 0 0 0 1_7 0
I, _

0 0 0 0 0 %

or
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CELDS: (3-6)

where E, v and P] are the Young’'s modulus, Poisson’s ratio and nmedtematrix
respectively. This is the standard matrix formled tonstitutive relationship for an isotropic

linear elastic material.

The displacement profile is represented as:

uix,y,z)| |y
u=4{v(x,y,z);=1u, (3-7)
wW(X,Y,2z) U,

For small strains and small rotations, the stramesdefined as,

E =€ _ou E =€ _v E =€ _ow

X T Cxx T AL €y TCyw TR %z T Cy T A0
ox Y 0z (3-8)

y :@-}-@ y :@+a_vv y :@+6_VV

Y o9y ox ' o0z oy ¢ 0z Ox

or in tensorial notation

_1 3-9
Eij‘z(“i,ﬁui,i) (3-9)

ou . . .
whereu, ; :ai, i andj are dummy variables.
X.
J

In matrix form,
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— 0 O
0X
- L.
x 0X
Y 0 O 9 u
£ |2 x| (3-10)
Y dy 0x
Ve | i 0 i
0z 0X
o 9 9
i 0z 0y |
or
CENS! (3-11)
From elasticity theory, the stresses in the stmectaust satisfy the following equilibrium
equation,
00, +6rxy L f =0
0x dy 0z
arxy+aaw+6rﬂ+f 0 (3-12)
ox oy o9z ’
6rxz+0TyZ+aazz+f —0
ox oy 9z °
or
o, +f=0 (3-13)

where g, and f, are the components of stress and body forcesgaitidirection i. Einstein

notation is used in equation 3-13. For an isotropaterial homogeneous material undergoing
small strain, the stress is related to the elagti@ins through the linear elastic constitutive

equation.
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Boundary conditions are incorporated into the @mnlement procedure by introducing the
surface integrals into the formulation for contvolume whose faces lie on the boundary of

the domain.
The specified displacement

(3-14)

u

u =u, onl

The specified traction

onl, (3-15)

(=T,
ti O'ijn]-

where t and T are the element's traction and displacement orstineace.

1igi”

n

[(=T, +L.)

1

u
Figure 3-3 Boundary conditions on a surface
Solving equations (3-6), (3-8) and (3-13) using theundary conditions as defined in

equation (3-15) provides the stress, strain an@latement fields for the 3-D problem.

Getting a solution analytically is usually not pibés.

3.4 Finite Element Method Formulation

The basic procedure in the isoparametric finitenelet formulation is to express the element

coordinates and element displacements in the fofmnterpolations using the natural
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coordinate system of the element. This has madsiljesa large number of nonrectangular
elements to be used, elements with curved sid&®ite’ elements for unbounded media and
singularity elements for fracture mechanics [12BisTcoordinate system, is one-, two- or

three-dimensional, depending on the type of elerasadl.

In the isoparametric formulation the elements dispiments are interpolated as follows:

u=> Nu,
i=1
V:Zn:Ni\/I (3'16)
i=1
w=> Nw
i=1
where N are the shape functions.
In matrix form
ul
V1
Wl
ul INN 0 0O N, 0O O —-—||u
vi=/0 N, 0 0 N, 0 ---|y, (3-17)
w |0 O N O O N, ———|w,
or
{4 = N{ ¥ (3-18)

where u, v, and w are the displacements at anyt poian element and, ,v,, andw where
i=1......... n, are the displacements at the nodes ottament 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 analysia very important step in generating

accurate results. Below are two typical 3-D solidnmeents. The first is a linear element

®
f——@
*
—— e —
L 4

Linear (8 nodes) Quadratic (20 ngdes

whereas the second is a higher order element.

Hexahedron (Brick)

Figure 3-4 Element types in finite element analys

In FEM, the natural coordinate system is conveniéntthis systeng,n,{ represent the
coordinates, and element boundaries are alwaysnatkfiby =+1, n=xland{ =% 1

regardless of the shape or physical size of theneis or its orientation in the global

coordinates (Figure 3-5).
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mapping (xyz<>Zn_l)
(-1<E&n,E<1)

&

(-1,1,-1) 4
(-1,1,1) 8

3(1,1,-1)

- 2(1,-1,-1)
a
Z 6(1,-1,1)

Figure 3-5 Element mapping

(-1,-1,-1)
(-1,-1,1) 5

To be able to evaluate the stiffness matrix of Bament, we need to calculate the strain-
displacement transformation matrix. The elemeraisérare obtained in terms of derivatives
of element displacement with respect to the loocalrdinate system using,(n, ), we need

to relate x, y and z derivatives&pn, { derivatives.

From equation 3-19:

x=1(n.4); y=1,nd); z=1,€n{); (3-19)

the inverse relationship can therefore be derived a

E=f,(xy,2; n=fskyz) {=fxyz) 320

The displacement field in the element is given by:
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u=iNiui, vziNivi, W:ZNi\Ni (3-21)

8
i=1 i=1 i=1

The shape functions are defined as follows;

N, (67.€) =5 (1-) (1) (+-7)

N (67.€) = 5(1+8)(1-7)(1¢)
1 (3-22)

N, (£.€) =5 (1+)(1+7)(1-¢)

N, (£7.6) =5 (1-€)(147) (1+¢)

The fundamental property of the shape functibihss that its value is unity at node i and

zeros at all other nodes. This property can beesgad using the Kronecker delta as:

N (&.7;,.¢;)=0,, 1i=1, 2, ........
! (3-23)
zNi ({,/7,():1

i=1
Considering the above three-dimensional elemeatctiordinate transformations (mappings)
for isoparametric elements are:

i=1
y=3" Ny, (3-24)
i=1

Z:ZS:NiZi
=

where X, y, z are coordinates at any point withie élement, and xy;, z, (i= 1
the coordinates of the n element nodes. The shapaidnsN; are defined in the natural

coordinate system of the element.

Using the chain rule, the partial differentialsvafiableu with respect to x, y and z are given
by;
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_0ud¢ ouon 9 9¢ (3-25)

ay 00y o0noy 0¢ oy
_du 05 ou 0/7 ou ol

0{ 0z 0/7 0z 6( 0z

Also using the chain rule to derive the explicitense relationship, we have from equation 3-

25

ox
0¢
ax
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oy
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9y

0J

The Jacobian matrix is defined as;

ou

ou

oy
ou

ax

0z

[ ax

on
0X

o0&
x

07

%

0¢

9y

07

oy

¢

ou
&
= i=J" ﬂ
07
ou

7 |

0z

o0&
oz

oan
0z

¢ |

0z
0¢
0z
on
0z

o7 |l

ou (3-26)

(3-27)

(3-28)

The Jacobian operator relates the derivatives ehttural coordinates to the derivatives of

the local coordinates. This therefore requires tihatinverse of the Jacobian exists.
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The governing equilibrium equations are integraieer each element. The integrals (volume
for three dimensional and area for two-dimensicaadlysis) can be approximated using
numerical integration techniques such as the Gauadrature. The discretised equations are
solved by using the reference elements which reptethe mesh elements in a local

coordinate system. The stiffness matrix is caleddiy considering the strain energy stored
in an element. The strain enerdyis given by

U :EJ.{O'T}{ ¥ dv :Ej'(axex +o.£,+0,6,+T, Y, +T,V, +szsz)dV
2y 2y (3-29)
1 . 1
=5 (DX} TF av =2 41 Py e dv

substituting £ }=[BJ{d}

1 T T
=2 {d }[{[B IOl 8 dV% H

1
2
where PB] the strain-displacement matrix and {u} the vectfr nodal displacements are

known for each element once the global finite eleneguation is solved.

(3-30)
{d"}K{ g

From the above the general formula for the elerstifibess matrix is given by,

[Kl =[BT O0 B dv (3-31)
dV can be calculated in the natural coordinates,

dV = (det[d])dédndd

k is therefore
111

(= [ [[B" O 8 fet[ J )d&dnd?

-1-1-1

(3-32)

61



The stiffness matrix is dependent on tB fnatrix which in turn is dependent on the shape
functions. The stiffness matrix is symmetric sirf&d is symmetric. This therefore means
that the quality of finite element representing thehaviour 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 theviatig relation:

O-X X
O'y y
2| _rppd &2 | = 3-33
. [<[D1y, " (=IDI 83 (3-33)
r Yy
Z-XZ yXZ

3.5 Dynamic Analysis

When a load is applied to a structure, it may defaotate or move in response to the load. If
the loading is cyclical and the frequency is ldsantabout a third of the structure’s lowest
natural frequency of vibration, the problem canclassified as static and analysed by the
method described above. If the load has a highegjuency, varies randomly or is applied
suddenly, then the variation of displacements witte is so rapid that inertial effects cannot
be ignored; dynamic analysis needs to be used [BX5flescribed above, the first task in the
static analysis was to calculate the stiffness imatit in this case we also need a mass matrix
and a damping matrix. This therefore means modglih a dynamic system will include
some aspect of static modelling plus governing g#gunaerms for structural acceleration and

friction, which are derivatives of displacementshaiespect to time [126].
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3.5.1 Mass Matrix

In static analysis the inertial effect of the systis assumed to be negligible, this is not the
case with dynamic analysis where the inertia effemte very important. Therefore, to

perform a dynamic and vibration finite element geed, a mass matrix is needed to pair with
the stiffness matrix. As a general rule, the cartdion of the global mass matrix [M] largely

parallels that of the global stiffness matrix [Hjlass matrices for individual elements are
formed in local coordinates, transformed to glolaagd merged into the master mass matrix
following exactly the same techniques used for [K]practical terms, the assemblers for [K]

and [M] can be made identical. This procedural amifity is one of the great assets of the
direct stiffness method.

A notable difference with the stiffness matrix fetpossibility of using a diagonal mass
matrix based on direct lumping. A master diagonaksnmatrix can be stored simply as a
vector. If all entries are non-negative, it is gagiverted, since the inverse of a diagonal

matrix is also diagonal [127, 128].

There are several methods used in the constructiaihe mass matrix of the individual
elements. These can be categorized into three graliggct mass lumping, variational mass
lumping, and template mass lumping. The last gnsumore general in that it includes all
others. The first two techniques are by far the tnmmspular in the FEM literature, and
variants of these methods have been implementalll general purpose codes. Following is a

discussion of the formulation of direct mass lungpin

The general equation of motion for the whole isegivin equation.3-1. To obtain the

consistent mass matrix, we start by considerinihetic energ)Ey of the system:
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Ek:%jpuzdv :%jp(U)T udv

=] p(Nd)' (Nd)av (330
%dT j oN"NdV d
.
Therefore
(3-35)

[M] = [ oN"Nav
where the shape functidwhis the same as that used in the displacement field

A key motivation for the use of the direct lumpingethod is that, a diagonal mass matrix
may offer computational and storage advantage®itaio simulations where, for example,
explicit time integration is carried out. Furthemapdirect lumping covers naturally the case
where concentrated (point) masses are a naturabpanodel building [129]. Knowing the
mass matrix J], the damping matrix@], the stiffness matrixK] and the forcing vector
{F(t)} the displacement and differentials thereof ¢@ncalculated. The use of FEM to carry
out modal, harmonic and transient analysis of acsire will be described in the following

section.

3.5.2 Modal Analysis

Modal analysis is used to determine the naturgjueacies and mode shapes of the system.
The natural frequencies and mode shapes are inmp@a@ameters in the design for dynamic
loading conditions and are inherent properties lté system that can be determined
analytically. They are also required if one wamtgerform a spectrum analysis or a mode
superposition, harmonic or transient analysis. fl@ds®nant frequencies and mode shapes are
important as they determine the stability of thseteg. If the frequency of the model is close
to or at the resonant frequency then you are cetitwt the system will undergo uncontrolled

non-linear displacement that will ultimately leadthe failure of the structure.
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There are a number of benefits associated withahalysis: it allows the design to avoid
resonant vibrations or to vibrate at a specified|flrency, gives engineers an idea of how the
design will respond to different types of dynamoads and helps in calculating solution

controls (time steps, etc.) for other dynamic asety

Starting from the general equation of motion, emum@aB-1, ignoring damping and assuming
free vibration, i.e {F(t)} = 0 and [C] = 0, the eafion becomes:

[MH{d} +[K]{u} ={0} (3-36)

Assuming that the displacement vary harmonicallthwime everywhere in the structure,

then

u(t) =usin(at),
u(t) = aasin(at), (3-37)
Ui(t) = —a/Tsin(at)

wherel are the vectors of nodal displacement amplitudes.
The above equations now yield;

((K1-aM])u=0 (3-38)

The linear equation is homogeneous and solving iwvhat is generally referred to as the

eigenvalue problem (EVP).

For the non-trivial solutionu # 0the determinant of the coefficient matrix must thenzero,
i.e.:
[K]-eAM]|=0 (3-39)

This is an n-th order polynomial @f? from which we can find n solutions (roots) or
eigenvaluesy; and these are referred to as the natural (or cteaistec) frequencies of the

structure.

To calculate the eigenvectors, each valuenaf substituted into equation (3-39) and this

gives one solution or eigenvector;
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((K1-aM])u=0 (3-40)

u,(=1,2,3....... n) are the natural modes or mode shape

Once the modal analysis has been performed, hacnwansient, or spectrum analysis may

be carried out if necessary.

3.5.3 Harmonic Analysis

The harmonic response analysis is a techniquectrabe used to determine the steady-state
response of a linear structure to loads that vamyseidally (harmonically) with time. Any
sustained cyclic load will produce a sustained icyotsponse (a harmonic response) in a
structural system. The idea is to calculate thectire's response at several frequencies and
obtain a graph of certain response quantity (uguhdfiplacements) versus frequency. "Peak"
responses are then identified on the graph ands&tsereviewed at those peak frequencies.
Harmonic response analysis allows for predictionhef sustained dynamic behaviour of the
structures being modelled, thus enabling verifaatiwhether or not the designs will

successfully overcome resonance, fatigue, and bdrenful effects of forced vibrations.

3.5.4 Transient Analysis

Transient dynamic analysis (sometimes called tim&ty analysis) is a technique used to
determine the dynamic response of a structure uheéegction of any general time-dependent
loads. This type of analysis is used to determhree ttme-varying displacements, strains,
stresses, and forces in a structure as it respwnedey combination of static, transient, and
harmonic loads. The time scale of the loading shdihat the inertia or damping effects are
considered to be important. If the inertia and dageffects are not important, you might be

able to use a static analysis instead.

There are generally two transient dynamics solutimethods in literature: modal

superposition and direct integration. The modalespgsition method uses free vibrations
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mode shapes to uncouple the equation of motion.effuations are now in terms of a new

variable called the modal coordinates. The modalrdioate solutions are obtained by

solving the equations independently. A superpasitd the modal coordinates then gives

solution to the original equation. The direct imgpn technique is so termed because no
special transformation techniques are required.

For transient analysis the general equations ofandare solved directly and equation (3-1)

can be written as

[MKG} £/ 0, B K u,{=}f, (3-41)
where n is the time step number andsuthe nodal displacement vector at time stephe T

time increment it =t -t n=0,1,2,3,--.
3.6 Solution Methods

There two methods that are often used to solveteoua-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 skffinite difference formula for the

approximate first and second derivatives centredsaant n.

By definition:

(03 =5 (uwd £ )

1 (3-42)
{Ur} = 2(At)2( un*h _2{ l}n -{ U}_l )
After substituting fofti} and{u} , the governing equation becomes
- - L _ (3-43)
[M]{Z(At)z (ut 2 d A uly )}[+]C {;Ag( Gk = Bocs 1}1{ K, E f,
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which can be written as

[A‘]{L} n+1:{ E)t}

where

[Al =

1 1
(At)z[ Ml +- 1 d (3-44)

{HM#&{K T%Mq !Jg1 ]ml

is calculated fromu,and u,_,the solution progresses step by step until the adnithe

n+1

simulation time is reached.

The central difference method is conditionally #&abfAt is very large, the computed
displacement will grow beyond bounds and the rewiilt be inaccurate or diverge. To

guarantee numerical stability the following conafits must hold:

At < At, where A ¢ =2 T
“ d (3-45)
Tmin = ﬂ
)

max

where w, . is the largest undamped natural frequency of theesy [126, 130]

3.6.2 Newmark Method

This method is based on the following approximatifii28, 132]:

{u.g U +4t Y, +@[( 2 A) 12 {B 0. ] (346
(und L0 +0t -4 G, Hy G ]

W sy, Az gy e, ] @)
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wheref andy are constants that can be chosen by the anaBrgbstituting in the equation of

motion

1 2 ) .
[M] - Zﬂ){(&)z Cu.d {4 —4tH )2 {8, }J’ (3-48)

[Clftu.} -at[{ -] & ~f g, | +IKKw, N,

This can be written in the form

[Al{u.} 2 (3-49)

where

_ Y 1 .
[A = [K] + ,BAtL + ,B(At)zl M (3-50)

f.=f1f., v B, At,C,M,u, ,u, 0, .

1 n ?

This method is unconditionally stable if

22y = (3-51)

N[

3.7 Nonlinear Elasto-Viscoplasticity

The finite element method has been applied to dh&ien of plasticity with a high degree of
success. The numerical procedure for the soluti@lastic-viscoplastic material behaviour is
discussed in the following section. The fundameatdumption of elasto-viscoplasticity is

that the total deformation can be separated isteléstic and viscoplastic parts [133,134].

The total strain can be expressed as

=g +¢°P
total strain rate is given t

s (3-52)
E=E°+EP
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whereg®is the elastic strain rate aatlis the viscoplastic strain rate. The elastic straie is

related to the stress through Hooke’s law

CEDSS (3-53)

Therefore
[0]=[DX & (3-54)

The constitutive equation for the viscoplastic maxe be written as;

. 0

£=(0(F))ya2

where (3-55)
F=f (Uii - Cy)

Q is the plastic potential, the common case of aatent plasticity correspond to takiQgF,

Cy is the yield stress andis the material property fluidity. A widespreadoate of ©(F) is

O(F) = (F/Cy)Nfor some prescribed constaxit

For elastic solid we have;
[[Bddat § o i=1....n (3-56)
Q

where f, contains the body forces and the surface intedréhetractions. The relationship

between the total strain rate and displacemert fige is given by

CENE: (357)

where the total strain rate is known sif8¢,{u} and D] are known from the elastic

analysis.

The vector equation for the displacement field cdrbe generated by eliminating the stress
and strain quantities in an elasto-viscoplastiaitalysis as the total strain rat@troduces
nonlinearities into the solution procedure. By mogiscretisation, an iterative process can be
derived where a linear system is solved with respethe displacement field. In its simplest
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form, the linear system appearing in this numencathod has a coefficient matrix identical

to that of the elasticity problem.

Combining equation 3-52, 3-54 and 3-57 yields

@1o0(daner p (3-58)

Sincg £} depends nonlinearly orsi, it cannot be eliminated but must work with edsaty

two types of spatially discrete equations goverdiagand {u;} using equation 3-56 and 3-
58. Equation 3-58 can be approximated using6thale [135, 136] and ANSYS® uses the
Newton-Raphson iterative method to solve the equnati

3.8 Discussion

The analysis and simulation of the proposed equmpymaulti-joint modelling, and inverse
finite element analysis makes uses of structural araterial nonlinearity techniques as
described and programmed in ANSYS®. Use is mad&NSYS® since it is a general
purpose finite element modelling package for s@wanwide variety of mechanical problems.
These problems include static, dynamic, structamalysis (linear and nonlinear), heat
transfer, electromagnetic and fluid-structure iatgion. It is widely applied in electronic
packaging research to simulate the response ofsiqath system to a wide variety of loading.
All of the nonlinear material models used in théoiwing work are already programmed in
the software thereby providing direct applicatiasfsthese models and provide detailed
solutions. ANSYS® employs the Newton-Raphson apgrotb solve problems that are
nonlinear in formulation. The loads defined durithg analysis are typically applied over
several load steps. During the analysis, the outatdnce load vector is evaluated (which is
the difference between the restoring forces, tlagldocorresponding to the element stresses,
and the applied loads) using the Newton-RaphsorhadetANSYS® then performs the
solution using the out of balance loads and checkdnvergence. If convergence criteria are
not satisfied, the out-of-balance load vector ievaluated, the stiffness matrix is updated,
and a new solution is obtained. This iterative pthoe continues until the problem

converges. There are a number of convergence iariietailed in the ANSYS® program:
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convergence based on forces, moments, displacenoemtgations, or on any combination of
these items. A force based convergence analysisad as the convergence criteria for the

simulations.

During the simulation for creep analysis, we spedithe creep criterion for automatic time
step adjustments. The ANSYS® computes the ratith@fcreep strain increment«™'), the
change in creep strain in the last time step) ® dlastic strainz¢), for all elements. A
stability limit is placed on the step size, thisbscause an explicit integration procedure is
used in which the stresses and strains are refasrattime ;. ANSYS® recommends using
timestep such that the creep rati@./zq is less than 0.10. If the ratie./z¢ is above the
stability limit of 0.25, and if the time incremeoannot 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.%/plan important role in the testing and
validation of electronic components. The reliapiliof a component is of particular
importance in the electronics industry becausénefwide ranging applications to which it is
applied. Electronics devices are increasingly usethsh environments such as automotive,
aerospace and defence applications where they natreriginally intended to. Apart from
the extreme temperature and possibly high humiglibration could also be a major cause of

failure of electronics components and systems.

To understand the behaviours of electronics compsneat is important to acquire the
properties of the materials in the components.riteto characterise the properties of solder
alloys, a range of test equipment and technique® theen used by many researchers to
analyse the response of these materials undermugaldading conditions. Generally vibration
testing is performed using electrodynamics shakevghich the specimen (e.g. a PCB) to be
tested is attached onto the shaker assembly anatioib pulse, generally in the z-direction, is
applied to the shaker-PCB assembly. One of the tmaitations of this testing method is that
since the PCB is populated with various componetits, precise loading conditions
experienced by the various components are notaime ut are dependent on their location
on the PCB assembly. Therefore, it is not posstblegain detailed knowledge of the
behavioural response of individual solder jointenebnnections using this technique. The
response of solder joint interconnections are deé@einon a number of ever varying factors
and each individual solder may behave differerithyis therefore highlights partly the reason
why there is so much scatter in the physical prisgeiof solder interconnects derived using
such methods in the literature. Factors such asitivatory frequency, clamping conditions,
size of the test specimen, location on the shaker,are not the same across the different
experiments performed. To overcome this limitatBarry [137] designed a fixture that
holds up to eight specimens that can be attacheal $baker and shaken in the vertical
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direction. Although this method attempted to remtheuncertainty and effect of location of
the solder interconnects the solder shape wasptohom for the analysis performed as the
loading profile will be evenly distributed alongettspecimen and solder. It is generally
accepted that to determine the response of theers@diht to any loading condition, the
loading profile should be concentrated on the soldéso, the limitations inherent in using

shakers are still present and it does not simtif@eomplex loading profiles in service.

There have been numerous studies in designing egmipto analyse the behaviour of solder
joint interconnects. Kim and Lee [138] developecyalic four point bending tester to
analyse solder response to bending. The testinpim@aapplied a load to the specimen via an
electro-magnetic coil guided through a linear bnghivVarious sensors were attached. A
high-resolution load-cell measured the applied $oanld these values were used for feedback
control. The linear variable displacement transierrfLVDT) for measuring the distance
between the two grips was attached at the gripe.faéiure detection system consisted of a
Wheatstone-bridge circuit, which includes a daisgic of specimens as one resistance arm.
A strain measurement system using strain gauges also constructed that could measure
eight channel strains simultaneously. Herkommex §t39] developed and commissioned a
comprehensive shear testing facility for the tegtihmetals. It is one of very few test setups
reported in the literature that are capable ofytagr out in situ optical observation of lead-
free solder joints during testing. Bathias[140] eleped an ultrasonic fatigue testing machine
to determine crack growth and S-N curve of metélss design operates at different
temperature ranges, pressure and also three pamdiny. Saito et al[141] designed a fatigue
testing machine for irradiated specimens with pgectric ceramic actuators and a prototype
was manufactured for high-cycle fatigue tests vdthall specimens. The machine has a
simple mechanism and was compact. These featurks ihaasy to set up and maintain the
machine in a hot cell. The excitation of the acuaan be transmitted to the specimen using
a lever-type testing jig. More than 108 of displacement could be prescribed precisely to
the specimen at a frequency of 50 Hz. The relatignef a displacement applied to the
specimen and the strain of the necking part ofdéw@ple were obtained by experimental
methods and by finite element method (FEM) calooest Both results showed good

agreement. Recently, compact vibration test equiprhas been designed at the National
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Physical Laboratory in order to test small sola@nts under vibration loading conditions. As
in the work by Saito et al [141], the equipment suggezoelectric cells as the source of
vibration but the solder joint specimen are solgénts made from lead-free solder and

copper.

It is expected that the stress and strain disiobstin the small solder joint is sensitive to
vibration modes of the equipment which may make dlesign of the equipment more
challenging. The main thrust of this work was oe ttevelopment of equipment for high
cycle fatigue testing that will meet the specificas desired by the industrial partner. Once
the equipment was developed, there was also afoeadtest specimen to be developed that

will be used to determine whether the equipmertessgned meets the initial specifications.

4.2 Solder Joint Test Methods and Equipment

As stated in section 4.1 most of the tests perfdrioeanalyse the vibration properties of
solder joints are done on shakers. The issuesiasswavith using this procedure in dealing
with very small solders in the micron scale is watlted in section 1.4. To overcome these
issues a number of researchers have used differeahanical processes and equipment to
understand the response of the solder to the Igadigime. In some instances, researchers
saw the need to design different equipment foisthid purpose above. Following are some of

the equipment that have been used or designetidaliove analysis.

A mechanical cyclic bending testing system was ipezl by Kim et al [138] shown in
Figure 4-1 & Figure 4-2 that used an electro-magreil to apply the load to the specimen.
The applied loads are applied through a load cull this is also used for feedback control.
To measure the displacement use is made of a linadable displacement transformer
attached at the grips. They found that the lead-$a@der (95.5Sn4.0Ag0.5Cu) has a stronger
fatigue resistance than the lead-containing sq@sn37Pb) under low loading levels. When
the applied load increased, however, the lead-owmedasolder has a longer lifetime.
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Figure 4-1 A mechanical solder bending testing sfem [138]

LVDT /g" = Load Cell

LVDT

Test

Specimen Linear Bushing

Electro-magnetic
Coll

Figure 4-2 Fatigue testing system [138]
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Saito et al [141] developed a mechanical cyclicdiem testing system to investigate the
fatigue behaviour of the solder joints for PBGA kages, and a non-linear finite element
model considering creep and plastic constitutivelef® was used to analyse the stress and
strain distribution induced during the test (Figde8). It was found that the lead-free solder
(95.5Sn4.0Ag0.5Cu) has a stronger fatigue resistath@an the lead-containing solder
(63Sn37Pb) under low loading levels.

The equipment used piezoelectric cells as actualdrs machine has two actuators (Tokin
Co. Ltd.), which are mounted on opposite sidesheftesting jig. The piezoelectric material
converts the mechanical pressure to an electiid. fihe advantages of the actuator are high
sensitivity to an applied voltage and high posiloaccuracy. For these reasons, piezoelectric

ceramics actuators are suitable for driving a sfaéitjue testing machine.

The maximum amplitude of the actuator itself is @b®20 um. The displacement of the
actuator can be transmitted to the specimen usileye-type testing jig. The jig presently
installed has a lever ratio of 1:3. The maximum biunge of the specimen is about 360 pm at
26 Hz. The frequency may be varied in the rangevésenh 26 and 108 Hz. It is possible to
perform tests at lower frequencies by changingctiroller unit. The upper limit of the test
frequency is determined by the resonance frequéhkifz) of the actuator and the following

capability of the testing jig.

(@)
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Figure 4-3 Test equipment using piezoelectric dslas actuators [141]

As stated in section 2.1 most of the experimentalysis performed on lead-free solder is
done using shakers. There are a number of issatsaffect the reliability of the results
obtained. Barry [137] tried to eliminate some ofgb by designing a structural component
that holds the solder specimen before being atthtthéhe shaker (Figure 4-4).

-

—
' 190 mm s 2

Figure 4-4 High-cycle fatigue testing fixture, munted to electro-dynamic shaker,
containing stainless steel holders and Cu rods jo&d by solder [137]
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For small size solder joints, Kim et al [138] deojgéd an accurate testing system which
consists of a testing machine part, a control amgieg part, and visual inspection part using
a CCD camera (Figure 4-5 and Figure 4-6). The ntgsthachine applied a load to the
specimen via a step motor attached to a ball sdréxen rail table. The displacement of the
specimen can be controlled with the resolution .8fuén. The capacity of load cell is 500N

and that signal can be acquired with the resolutb2mV in the range of 10V. The PC

controlled the system automatically and acquirédreasured signals. The loading fixture
for the specimen was designed to be suitable fdrgmear and bending test of SMC/PCB

assembly.

Figure 4-5 Micro-mechanical fatigue tester with igh 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 equipmmave influenced the proposed design in
this work in a number of ways. The use of electraagics shakers was not adopted because
of the drawbacks discussed and instead piezoalexttis were used. Most of the equipment
highlighted have a vertical profile and hence a IEmafootprint, minimising and/or
eliminating the small effect of gravity on the sdes This was adopted for the design of the
vibration properties testing instrument, resultingnore compact equipment with a smaller

footprint than the initially proposed design.

The various design and test equipment highlightedganeral engineering testing equipment
whose testing are in the macro scale to intergilts for solder joints on a micro scale. This
therefore creates a problem of scale and diffieslin analysing the results. The proposed
designs will be specifically for small solder ja@nundergoing thermomechanical and

vibration testing.

4.3 Vibration Test Equipment Design

Two vibration test equipment designs will be anatlysn this sections: the first design and
results here presented was published in a papgbed@&UROSIME 2010 conference and the
second design, though similar to the first in tewh$oading methods and specimen design,
overall is different from the first and therefoleetmechanical response is also different from
its predecessor. As noted earlier, this work il&aboration with NPL and the specification

given below are for a production machine that wél used to analyse lead free solder joint

interconnects.

4.3.1 Specifications

The machine’s designs need to have the followirgcidipations and satisfy the following

requirements:

» To perform vibration fatigue test for lead-freedssi alloy.
* To operate below 1 kHz frequency with displacenamplitude 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 rangéeaiperatures and the inputs and
outputs can be remotely controlled.
* Use commercial piezoelectric cells as the vibrasonrce 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 aqugeollaboration between the University
of Greenwich and NPL, this work is presented elss@l143]. The original concept was to
have metal turrets to which a vibratory sourcetiached mounted on a base that will allow
the vibration of the specimen to be performed effity. As noted earlier most of the
equipment used in lead-free solder testing are rgériesting equipment that were not
designed to test small solder joints specificallilough acceptable results can be obtained
from bulk solder testing, they are inadequate Hier understanding of miniature solder joints.
This equipment, however, is designed for the tgsbinminiature solder joints of similar size
to BGAs used in microelectronics devices. The dmations in Section 4.3.1 were

predetermined to ensure that the equipment wésrfiurpose.

To meet the requirements as stated in section dl&te the following design decisions were

made:

« The turrets were designed of stainless steel asizef50x50x50mrh

» The distance between the two turrets is 150mm.

* Commercial piezoelectric cell will be used as ais with dimensions of
13mm in diameter and 50mm in length

« All of these will be on a granite base of size 4PEx50mni to ensure that

the equipment is as stable as possible with minefiatt on its environment.

The conceptual design of the equipment without amgnitoring equipment is shown in

Figure 4-7.
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The equipment is constructed to be strain contloléne piezoelectric transducers produce
the vibration at one end whilst monitoring equipmisrat the other end. As shown in figure
4-7 and the exploded view in figure 4-8, the spexins connected to two steel tube holders
that house the piezoelectric actuators. The specimattached to the holders using two pins
that go through holes in the holders and at the émds of the specimen. One of the
piezoelectric cells is used to generate the digphent for the equipment and the other one
may be used for monitoring purposes. The minimurplande of these actuators will be in
the range of 0.1 mm. If elevated temperatures acpired in the experiments, heating

elements can be introduced to produce a constamiei@ature around the specimen.

Turret

PiezO%

Turret
Thickness

Base

Figure 4-7 Conceptual design of proposed equipmen
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Figure 4-8 Exploded view of proposed equipment

The displacement is to be measured using two lirtkfkerential variable transformers
(LVDT). The equipment is designed to minimise tHé axis forces on the sample. The
control of the machine is achieved using a PC, whillects displacement, temperature and
force readings from an 18-bit A/D data acquisitidevice, and controls a power source
(resistive heating element) via standard commuioicgtorts (RS-232C, GPIB, USB). The
dataset collected is analysed using Labview comialesoftware. Although in the design
shown here the sample is tested at room tempeyrauneater inserted around the sample
provides an elevated temperature facility. Therumaent is therefore capable of performing
an isothermal test under controlled strain condgjowhere the displacement follows a

defined profile.
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4.3.3 Test Specimen

The test specimen is constructed from a coppeiob&mm in length, 5mm in width and
1mm in thickness. In preparing the specimen, adfl®.3mm is cut through a 1mm thick
copper plate first using an electric diamond sasl@w speeds (Figure 4-9). The solder width
is determined by the thickness of the diamond bldde gap is filled with a solder paste,
which may be either lead-free or lead-containing] eeflowed using a gas torch capable of
fully reflowing a solder paste. To avoid exhaustthg flux and therefore causing voiding,
extreme care should be exercised. 50mm sectionsoarenarked onto the copper plates then
a circle of 2 mm radius is now punched between5thenm copper sections. The reflowed
lead free solder is poured into the slit to conadiefill the slit cut initially. The copper plate
is now cut into 50mm length and the excess soklesanded down using progressive finer
grit paper until all the excess solder have beemoked. The copper-solder specimen is now
put into an ultrasonic bath to clean the joint aechove the excess oxide that has formed.
The specimens are then batch labelled and prefdaretksting. Using the cutting blade
thickness to control the solder joint thicknessffective, but the quality of the joints produce

is a concern and the development of voids in jamtfficult to quantify.

The size of the solder specimen is designed toeBective of and similar to the sizes of
solder balls used in BGA soldering operations atigerosurface mounted packages. Since
there is a piece of copper on either side of théespthere is a need to ensure that the stress
and strains are concentrated on the solder spedimsegad of the copper. To achieve this, a
large transition radius is designed onto the spegito allow the stresses and strain to be

concentrated on the rectangular sectioned soldmirsen.

One disadvantage of this sample design is the dangd in the copper. The sample

displacement measured is a combination of the defton in the solder and the extension of
the copper. This elastic extension in the copperbsaadded 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, usenade of the datasheet provided by the
manufacturer of the piezoelectric actuator to matelvibration response under electric
loading. To be able to use the data provided leynttanufacturers in ANSYS® [144], a

number of adjustments have to be made to haveataein the format required by ANSYS®

(See section 4.4.1).

ANSYS® Solid5 element has been used to model taeogiectric cells (Figure 4-10). The
exact laminate structures of the cells are not knbwt the maximum displacement range is
given in the product specifications. Therefore, tte#l is modelled as a single ceramic
cylinder which can expand freely along the axis mvbkectric voltage loading is applied. The
applied voltage is adjusted so that the total disgrnent is the same as in the product
specifications. A schematic of the PZT cell modadl @n example of stress distribution are
shown in figure 4-11.
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Piezoelectric ceramic
stack

Figure 4-10 Conceptual modelling of piezoelectristack. The piezo ceramic is
connected to the casing on the left and free to mewn the right.

Fat
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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 pieraélic cell using ANSYS [144], changes and
adjustments have to be carried out to the dataanufacturer’s datasheet. The constitutive
relationship given by manufacturers or publishe@/eports are in the form:

[s° K7} ={s} -[a{&} “-D
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(o} =[al {1} + [ )&} @2

where
{ T}= stress vector (six components X, Y, z, yz, X9, X

{S}= strain vector (six components X, Y, z, yz, X¥) X

[SE] = compliance matrix evaluated at constant elefigld, i.e. short circuit

[d]= piezoelectric matrix relating strain/electrielfi
{E}= electric field vector (three components x, y, z)

{ D}= electric displacement vector (three componentg, x)

[d]' = piezoelectric matrix relating strain/electricligtransposed)

[eT ] = dielectric matrix evaluated at constant stress,mechanically free

On the other hand, ANSYS® requires data in theofalhg form;

{T}=[c*){s}-[el{E} (4-3)

{D} =[e] {s} +[£° {E} (4-4)

[CE] = stiffness matrix evaluated at constant electeldf i.e. short circuit
[€]= piezoelectric matrix relating stress/electrieldi

[€] = piezoelectric matrix relating stress/electriddigransposed)

[es] = dielectric matrix evaluated at constant stram, inechanically clamped
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The manufacturer’s data as indicated in Equatidfis.and 4-2 is based on strain whilst that
used in the ANSYS® formulation is based on str@ssconvert the manufacturing data in
equations.(4-1 and 4-2) to ANSYS® notation in eouret (4-3, 4-4) we have

{s}=[s"){T}+[d]{E} (4-5)
[s* {7} ={s} -[d]{E} (4-6)
T} =[] {5} -[s*] [d{E}] (4-7)

Since equation 4-2 relates electric displacemestrain rather than stress, equation 4-5 can
then be substituted into equation 4-2

{D} :[d]t{[sE]_l{S} -[s£]7[d{ E}]} +[e gy 48

(o} =[a] {[ T {-[] [e{eh ) o[ mp 4

Comparing equations (4-5) and (4-7) with equati@h8) and (4-4) the following relations
between the manufacturers’ data and ANSYS® valueslatained as:

=[]’ (19
[e]=[e']-{a] [ o] (1
=] o] =[] ] (12
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These equations formed the basis of the conversigtmes used in the simulation.

Assuming polarization in the™3axis (z-axis), the manufacturers data are mapped
ANSYS® data to generate a compliance matrix:

S S, Sz 0 0 0]
S Sy Sz 0 0 O
I:SE] - [CE}_l - SlEa S1Es 553 OE 0 O (4-13)
0O 0 0 s, O O
0O 0 0 0 s, O
0 0 0 0 O 854_

4.4.2 Permittivity Matrix
The permittivity matrix evaluated at constant strés input into ANSYS®. Oftentimes,
manufacturers’ data has permittivity evaluatedaatstant stress, so conversion is necessary.

As noted in equation 4-12, one can calculate te&ediric constants based on constant strain
from the following relationship:

[e]=["]-[d] [s°] '[q] (4-14)
After evaluating equation 4-12 above, we can irthatpermittivity. The permittivity matrix
has only diagonal terms:

g 0 0 KS 0 0
[e°]=| 0 & O0|=g| 0 K5 0 (4-15)
0 0 & 0 0 K

where K = ‘n is the relative permittivity. In ANSYS®, the useaiithe choice of inputting
£O

permittivity as absolute or relative values.
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4.4.3 Piezoelectric Constant Matrix

Usually, manufacturers’ data had],[ which relates mechanical strain to electric diel
However, ANSYS® requires [e], relating mechanicaéss to electric field, therefore this

means a conversion is also necessary.
From equation 4-12 above, a relationship betwekarié [d] is established as follows:
— Tra1 =141t -1 4-16
[e] =[] "d)=[a] [°] (4-16)

where, assuming polarization in th&-&xis (z-direction) and symmetry in the unpolarized

directions {d,, =d  and d,,=d):

0 0 0 0 0 dg
[d=lo0 0 0 04d, O (4-17)
dyy dgy dyy O O O

In the manufacturer’s data, strain/stress vectoesima the form of {x, y, z, yz, xz, xy}
whereas ANSYS®’s mechanical vector is in the fomn Y, z, Xy, yz, xz}. This means the
rows in [d] will have to be shifted: row 4 needs to be skifte row 5, and, similarly, row 5 to

row 6 and row 6 to row 4. Henad,, and d,are shifted one across.

To evaluate the matrixe] with the rows 4, 5 and 6 modified as explain alabhe user can

use[cE] = [SE ]_1. This then becomes

0 0 e
0 0 e
CE 0 0 & (4-18)
0O 0 O
0 e O
s 0 O |
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4.5 Finite Element Analysis of the Equipment

In this analysis, static, modal, and transient tEiritlement analysis has been undertaken.
Modal analysis is used to determine the naturafjuedcies and mode shapes of the
equipment. The natural frequencies and mode shageisnportant parameters in the design
for dynamic loading conditions. The resonant fremies and mode shapes determine the
stability of the machine. If the frequency predictey the model is close to or at the resonant
frequency then the machine may undergo uncontratied-linear deformation that may

ultimately lead to the failure of the structurenaisleading test results.

Transient dynamic analysis (sometimes called timststy analysis) is a technique used to
determine the dynamic response of a structure uheéeaction of any general time-dependent
loads. This type of analysis is used to determhree ttme-varying displacements, strains,
stresses, and forces in a structure as it respimndey combination of static, transient, and
harmonic loads. If the time scale of the loadingush that the inertia or damping effects are

considered to be important, this method shoulddeeiu

4.5.1 Material properties

Several materials were used in modelling the speciand equipment. The elastic material
properties used are shown in Table 4-1. In mdaagons involving vibration, the elastic-
plastic properties can be used for all material#. iB the case of very slow vibration, creep

may also become important. For creep modellingzhmfalo creep equation has been used:

¢, =¢[sinh(c,o,)]* exdc, ) (4-19)

The values of the constant for SAC used are giwovbin Table 4-2.
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Table 4-1 Material properties for the model [20].

Material |E(GPa) Poissonls Density
ratio (kg/m3)

Steel 210 0.30 7850

Copper 120 0.35 8900

Granite 70 0.25 2750

Macor 66.9 0.29 2520
Sn3Ag0.5Cy 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 vyield stresses of copper and solder are 70 MR& 32MPa respectively. The
piezoelectric properties of PZT401 [145] have besad in the modelling of piezoelectric
cells. The piezoelectric constants in complianaasnfare 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 ispexe model (Figure 4-7) are shown in
figures 4-12 and 4-13. The structural elementsnaneelled using rectangular 3D Solid185

elements and the piezoelectric actuators are nemtlelising Solid5 elements. To

accommodate the difference in the smaller soldert jas compared to that of the copper
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parts, a gradual transition from small to mediunedielements were used during the element

generation.

Bizzpelzetric Actuator

{ranits Base

Steel Ty

Solder Spactmen

Figure 4-12 FEA model of concept equipment design

Different materials were used in the conceptualgiesf the equipment: the base was made
of granite, the turrets were of stainless sted,plezoelectric actuators were modelled with
PZT401, the specimen was of copper and SAC305.

When simulating the entire equipment with the solsieecimen attached, the base of the
equipment is fixed in all directions (x, y, z). $hgan be done to simulate the effect of fixing
the base on test platform when it is in operatidre specimen is attached to the piezoelectric
actuator through design of a holder that fits atftont of the piezoelectric tubes and the base
of the specimen. In simulations where only the spsticimen part is modelled, the boundary
conditions applied are as shown in figure 4-13. Onidne end of the specimen is fixed whilst
the specified loading profile for the simulatioraggplied to the other end. The loading profile
applied is shown in figure 4-14. This profile isedsfor testing the response of the equipment

to the load.
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du

Figure 4-13 Mesh specimen, with indication of bawdary conditions and magnified

view. The thickness of the specimen is 3Q0n

30
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Displacement (pm)

10

6000
Time (s)

Figure 4-14 The loading profile applied to the fee 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 equipmerarder to study the dynamic response of
the equipment, and also on the specimen only memléhat 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 feemies and mode shapes of solid structures.
Several algorithms that are implemented in ANSYS@yrbe used for solving eigenvalue
problems. For this analysis, the Block-Lanczos ialgm was used. A number of modes have
been extracted and they are compared with the tipeah frequency to determine the
suitability of the proposed design. Ideally resareashould be avoided and the deformation

mode does not adversely affect test results.

Three different models were used in this analysiddtermine the effect of design variations
on the performance of the equipment. The firshes lhase model which has both the turrets
and the actuators made of solid steel (in reatityator is made of steel and ceramic). In the
second model, a 5 mm thermal insulation layer ideddto the bottom of the turrets. If
implemented, this insulation layer could be usefiien tests need to be carried out at
temperatures other than at room temperature. Ttiéiad of the insulation layer reduces the
thermal latency and confine temperature rise to gpecimen. The insulation material is
assumed to be Macor, which is a machinable cerahhie.third model has also the Macor
layer but the piezoelectric cell is modelled azpadectric ceramic and this model is used to
compare with Model 1 so that the effect of modellthe actuator cell as steel cylinder can

be understood. The three models are summarisedble B-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 modsl(Hz).

Model 1 Model 2 | Model 3
Model 1447 1446 1322
Mode2 2885 2871 1906
Mode3 3005 2993 1985
Mode4 3089 3076 2075

The lowest four natural frequencies are shown ibldd-4. It can be seen that they are all
much higher than the proposed working frequencylo®0 kHz. This means that no
resonance is possible. The Macor insulation hasstimo effect on the modes, especially the
low frequency ones. By comparing Model 3 and thHeeotwo models, it can be concluded
that by modelling the piezoelectric cell as a salidel cell the frequencies are significantly
higher than modelling it as ceramic cylinders. There accurate values are expected to sit

somewhere in between the two sets of results.

The mode shapes of the first and the third moddgladel 1 are given in figure 4-15. The

turrets are very stiff and the deformation is corigted in the specimen. In order to analyse
the effects of the turrets dimension on the vilbratanalysis has been carried out with turrets'
thickness of 5, 10, and 25 mm and the resultshfefitst four modes are shown in Table 4-5.
For the mode with the lowest frequency, the fregyetecreases only when the thickness is

below 10 mm.
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Figure 4-15 Mode shapes of the first and the thit modes of the test equipment without

Macor insulation layer.

Table 4-5 The natural frequencies of the firstrfmodes 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 doubleaoty50mm turrets) with macor

Macor Imm | 2.5mm| 5mm| 7.5mm  Without
Thickness macor
Mode 1 1377 1377 1322 1327 1447
Mode 2 1906 1904 1903 190d 2880
Mode 3 1989 1987 1982 1980 3012
Mode 4 2088 2087 2073 2070 3095

The effect of Macor layer thickness on natural @reracy is shown in Table 4-6.

Since the design only considers actuation frommglsipiezoelectric cell, modal analysis was
also performed on a design with a single actu&mufe 4-16). The mode shapes are similar

and the fundamental frequency is above the equipoparational frequency.
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Figure 4-16 Mode shapes of the first and the thit modes of the test equipment with
single actuator

4.6.2 Transient analysis of the test specimen

This analysis predicts the deformation of soldexcgpen under time-dependent mechanical
loading as function of time. It is very useful inderstanding the way solder joints deforms in
a test — very important on the interpretation sf tesults.

An ad hoc loading profile (shown in Figure 4-14psplied at one end of the specimen while
the other end was fixed. In this simulation, thedelocontains only the specimen, not the
piezoelectric cells because the objective is toestigate how solder joint of different

thickness react to loading.

The finite element model of the solder component an example of predicted stress
distribution are shown in figure 4-17. Transienalgsis method was used but the dynamics
effect is not expected to show up because the mgecis small and acoustic wave velocity in
copper is about 4000m/s and the load frequencgrig low.

16.001

337.786
297.563 378.009

Figure 4-17 Typical stress distribution around tle solder joint. The stress unit is MPa.
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Models with three different solder joint thicknesseere studied: 100 pm, 300 um and
500 um, to determine the optimum thickness to usthé analysis. Figures 4-18 to 4-20
showed that the strain, stress and creep straitribdison in the solder joint are

inhomogeneous. This is caused by the geometry Asasvéhe deformation of the specimen.
It was observed that this strain variation is Ipssminent in the thinner solder joint. This
suggests that any damage accumulation in thindeeisis more evenly distributed in thinner
joints. Hence under loading conditions that cause tycle failure, Coffin-Manson type

lifetime model may be more suitable for thinnerdsoljoints than the thicker ones. In the
thicker solder model, a crack propagation rate rhisdeerhaps more applicable. If a Coffin-
Manson model is used for the thicker solder jointidth parameter may need to be included.

100um thick 300um thick 500um 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 varioushickness at t=240s.
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Figure 4-19 Von Mises Stress distribution at t=3Bs for the 100um specimen on the
left and the 500pum specimen on the right.

00172 017612 033504 049395 065287
009666 025558 041449 057341 073233

Figure 4-20 Creep strain distribution at t=302 gor the 100um specimen on the left and
the 500um specimen on the right.

The results shown in Figures 4-19 & 4-20 are framugations at a load frequency of
0.00056 Hz and at this low frequency creep straigignificant in the solder joint. As the
loading frequency increases, this strain is exgktdedecrease. In fact, as shown in Table 4-
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7, where the maximum stress and strain are listech ffew different loading frequencies,
creep strain decreases by about 1000 times asefneguncreases from 0.08 to 0.7 Hz. This
shows that at high frequency visco-plastic straodmes negligible and in damage analysis
only rate-independent plastic strains need to Bentanto count and this makes easier to
determine if low cycle fatigue is expected for givead level.

Table 4-7 Maximum von Mises stress and equivalewteep strain (at the end of 3.5

cycles).
Frequency (Hz) Maximum Von Mises Equivalent creep strain
Stress(MPa)
0.7 Hz 95 8x10
0.08 Hz 95 5x10
0.01 Hz 101 4x16

4.6.3 Effect of solder thickness on stress strain distribtion

Solder joints with three thicknesses, 100um, 300umd 500um were modelled and the
distribution of stresses and strains across th#es@pecimen were analysed. The maximum

stresses and strain for the modelled solder these®are shown in Table 4-8 below.

Table 4-8 Maximum and minimum stresses and straifor the different thicknesses

modelled at the end of three cycles. The units ofress are MPa.

Solder | Min Von Mises| Max Von Mises| Min Von Mises Max Von Mises
Thickness Stress Stress Strain Strain
100pm 123.827 421.446 0.002439 0.00769
300pm 110.65 360.748 0.002032 0.007027
500um 52.473 142.976 0.001387 0.00385
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The results above indicates that the thinner tleeisgen the greater the stresses and strains it
is exposed to. The distribution of stresses is diferent between all three thicknesses. This
result is expected because compared to copperers@hts bears most of the applied

displacement loading and the thicker the soldent jfitie lower the strain for a fixed loading.

4.7 Improvements and Results

The design described above meets all of the ind&dign requirements but there are a
number of issues that needed to be addressed te thakmplementation of this equipment

as effortless as possible.

The specimen attachment mechanism (Figures 4-A&)ds a concern as it introduces out
of axis stresses that can lead to breakage of aldersjoint and introduce uncontrolled
deformation mode that complicates stress stateysisabf solder joint. The profile of the
equipment was also of concern as the gravitatiefigct, although small because of the
sample sizes, will cause misalignment of the samphkere is a need also to reduce the
footprint of the equipment to achieve better pdliigb To address these issues, the

equipment was redesigned.

4.7.1 New Equipment Design

The assembled equipment design and its exploded aie shown in figure 4-21 and figure
4-22. The principle of operation of this equipméensimilar to that presented in section 4.5.
The vibration source is provided by a piezoelectetl and the monitoring equipment is
attached on the frames. Simulations were perfortoednalyse the response of the new

equipment to the prescribed loading condition.
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Figure 4-21 Re-design high cycle fatigue soldesdter

Figure 4-22 Exploded view of test equipment
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In this new design, the equipment has a vertiaaifilprand the specimen is attached to the

specimen holders using clamps that are tightenied) ssrews.

4.7.2 Modal Analysis
To assess the compatibility of the new design éodidisign specifications, modal analysis was

performed on the new design without any parts efrtfonitoring equipment. The geometry

model and the mesh of the equipment is shown urdig4-23 and 4-24 respectively.

Frames

Piezoelectric
holder

Specimen Base

holder

Figure 4-23 Volume representation

Figure 4-24 Mesh of equipment
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The first four natural frequencies are shown inl&abh9, and the mode shapes are shown in
figure 4-25. The response of the equipment duliegodal simulation demonstrates that the
first three modal shapes are mainly due to therdedtion of the frames. This therefore poses
a serious concern for the above design in thafitbiefour modal frequencies are well below
the proposed operational frequency of the equipm&his therefore indicates that there is a
tendency for the equipment to perform at its resbrilequency during its operation. The

material column represents the finite element modelg the different material properties for
the different components.

Table 4-9 Modal frequencies for the models
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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




Mode 3 Mode 4

Figure 4-25 First four mode shapes of the new eqpment

The mode shapes shown above demonstrate that jbeissae with the above design has to
do with the effective stiffness of the frames. Timst three mode shapes involves the

translation and/or rotation of the frames.

In order to analyse the effect of the dimensionthefframe and base, two design variations,
“Adjustl” and “Adjust2”, were studied and the resuare compared with that of the initial
design (Figure 4-26). Adjustl has a frame thickrie@igure 4-23) that is 50% thicker than
the original design and Adjust2’s frame and theeb#sckness is increased by 50%. The
results indicate that the increase in fundamemejuency is not very appreciable. This is

because the fundamental natural frequency of thetste is given by

Original

Adjustl Adjust2

Figure 4-26 Three models compared and simulated
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f=]—= (4-20)

whereK . is the equivalent stiffness ahtl,is the equivalent mass. This therefore

demonstrates why the increase in fundamental freggues not as fast as expected because
when the dimensions increase, the stiffness okthepment increases but at the same time
the equivalent mass also increases and this hasmb effect on the frequency. This means
that changing the dimensions of the equipment does always change the natural
frequencies of the structure. Although by chandhegdimensions in other ways may change
the natural frequencies question may also be askedonance causes any significant impact
on the particular equipment in question. In oradeamnswer this question a harmonic analysis
was performed so that the response of the equipnteripplied loading at a range of

frequencies can be obtained.

4.7.3 Harmonic Response

Since the calculated fundamental frequency isdarel than the operational frequency, the
response of the structure at the fundamental frecguaeeds to be obtained using harmonic

analysis method.

During the harmonic analysis, the solution of timet dependent equations of motion for a
linear structure undergoing steady vibration igkted. All loads and displacements vary

sinusoidally at the same frequency.

F =Fsin+qg)

F, =Fsin(at+g) (4-21)

The harmonic response of the structure is showigume 4-27. The analysis generates a plot
of the amplitudes of displacements at given pdimthe structure as a function of the forcing

frequency. This confirmed the modal results that ldrgest deformations are at the frames.
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The maximum response of the frame is 0.02% of tpplied displacement and the
deformation at the specimen is much smaller. Howetés resonance may still cause noise
and long term reliability issues. A number of vddas in the dimensions of the overall
equipment were discussed and analysed. The changjes design increased the stiffness of
the equipment but they had quite limited effecfumdamental frequency. Further changes in
design by adding stiffeners may work better butreecost effective because they increase
the weight and the complexity in fabrication. Ag tlesponse at resonance was quite small in
relation to the applied load, passive vibrationpepsion technique was used as it was less

expensive and can be implemented quickly.

cement

Displa

224 240 256 272
FREQ

/

Displacement

DELAAAAAAAAAAAA AN

FREQ

Figure 4-27 Harmonic response of the frame and topar. 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 analysedyubs FEA method to determine whether

it will operate with the design parameters as eagesl. It was determined that the final

design’s natural frequencies are within the ranfy@roposed working frequency. Several

ideas were looked at in trying to alter the natdir@fjuencies. Increasing the thicknesses of
the frames and the base has only a small effetih@wverall resonant frequency because of
the direct and inverse relationship of the resoffil@guency to the equivalent stiffness and
equivalent mass. This therefore means that as mendion increases, the mass also
increases which affect the change in the natuegjuencies of the equipment. With the help
of these results, NPL decided to use vibration seggion technique to solve the resonance
issue. Vibration suppression is the practice ohgislamping, isolation or a cancellation

solution to reduce or eliminate vibrations that Vdootherwise result in loss of performance

or limit the useful life of a system. Vibration supssion can either be passive or dynamic.
For the above design passive vibration damping apgdied to the base of the equipment
ensuring that there is no out-of-control vibratauring testing.

109



Chapter 5 Testing and Modelling of Solder Joints under Cyclic
Mechanical Loading

Thermal-mechanical fatigue of solder joints is ajnfficant concern in the design and
manufacturing of high reliability electronics prads. In both test and real application
environment, solder interconnects are often thetmokerable parts of a device. This is
because they are often used to connect componeitits different thermal expansion
coefficient and solder joints are susceptible &lantic deformation even at room temperature
and moderate stress levels. The continuous matclepdhcing SnPb solder with lead-free
solder in high end safety critical packages andui® in array packages makes the
determination of the behaviour of the solder jafitparamount importance. It is therefore

vital that the performance of these joints be priypenderstood.

In the electronics manufacturing industry, the perfance of solder joints are routinely
assessed under cyclic thermo-mechanical testinditons where cyclic temperature loading
is applied, or isothermal cyclic mechanical testwgere cyclic mechanical loading is
applied. In both test methods the solder joint eepees cyclic stresses and damage
accumulates leading to crack formation and propagah solder joint. While the loading
conditions in a temperature cycling test resembdgentlosely those extreme environments
that the devices may experience in real applicatidime test method requires environment
chambers with cumbersome supporting infrastructrethis work, the latter method was
used but the deformation of solder joints in th& specimens resemble that in a strip of a

BGA package that is subject to cyclic thermal-medtel loading.

A number of different specimen designs and mettiodsolder joint test have been used in
the industry and research labs to analyse sold=irsens in shear, and prominent amongst
these is the grooved lap-joint (GLJ), which is show figure 5-1. Grooved lap joints are
designed for easy manufacture and to produce dynaaiform distribution of shear stress in
the solder joint with very little bending. Anothadvantage of the GLJ is that the size and
deformation profile of the solder joint is similts many solder joints in real electronics
devices. The geometry of the lap joint that is regm here is derived from the work of
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Reinikainen et al [146]. To understand the soldent$’ response to stress and strain in real
applications, solder joint size and the solder’srostructure such as the grain size needs to

be as realistic as possible.

\\/ = wanm

! f L mIn| 4 mmb—-+

extensometer

20 mun

Figure 5-1 Groove lap joint [146]

Other types of specimen have also been develop#tkipast and the single and double lap
joints are two examples of these specimens. Siaglgint specimens are similar to grooved
lap joint specimens but without the groove. Double joints have two solder joints in one
specimen on the two sides of a mirror symmetry @lamhe desired microstructures of these
solder joints can be achieved by controlling thenafacturing process. Darveaux et al [147]
have used a BGA type specimen in which two rigidtgd are soldered together using an
array of solder interconnections. These are réaligpresentations but the stresses and
strains are less uniform than in the groove laptjorhis is adequate for the purpose of
analysing the solder joint reliability performanmat this does limit the accuracy of the creep
strain rate model that can be obtained from expamts because of the complexity of the
stress state in the BGA solder joint.

Ball Grid Array (BGA) is a surface mount packagieghnique that is popular in electronics
manufacturing industries. It offers high intercoatien density, easy assembly, and low
thermal resistance compared to other packagingitdaies such as through-hole packages.
Typically, a square array of solder balls connetarainate substrate and a semiconductor
die. Because of their geometry, the ball-shapédiesgoints in BGAs are not able to easily
deform to accommodate thermal-mechanical and atinesses [148]. Due to the Coefficient
of Thermal Expansion (CTE) mismatch between Pri@@duit Board (PCB) substrate and

the package, solder joints experience a cyclidrsiratemperature varying conditions that
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induce fatigue in the solder joints and other paftshe assembly, leading to failure of the

solder resist, delamination at interfaces of matgrior in the solder joints [149, 150].

This work, is focused on isothermal fatigue testirigspecimens containing multiple solder
joints. The specimens have been designed in swehyahat they are inexpensive, easy to
manufacture and the deformation of the solder goistsimilar to those found in BGAs that
are subject to thermal-mechanical loading. Theqgyad aim of the work is to establish an
effective low cost test and analysis system thatlEaused for the evaluation of solder alloys
that are used for BGAs, and to provide materiahdhtit can be used in physics-of-failure

based reliability prediction for BGA or other sianildevices with solder interconnects.

5.1 Test Equipment and Specimen

The solder interconnect test specimens with meltiplints were fabricated from copper
coupons of size 56x1 mm. A low speed diamond saw was first used ¢alypce a 0.3 mm
wide cut running centrally along almost the enkinegth of the coupon. This slit was placed
over a jig comprising an oxidised stainless stdeinswith a specified number of slots
corresponding to the size and number of joints irequn the sample. Before soldering, this
space was filled in excess with the desired sopdete. In this study, 96.5Sn3.0Ag0.5Cu
lead free solder was used. The jig was then placeéd a hot plate in order for the solder to
reflow. After about 5 seconds into the reflow pregehe jig was removed from the hot plate
and placed on a cold metallic surface to cool ghaehthe time above the reflow temperature
was between 10 to 30 seconds. This above-reflowpéeature period is shorter than that in
general reflow of lead-free soldering. Therefohgs timits the development of intermetallics
and the subsequent modelling assumption that feetedf intermetallics on the solder joint
behaviour is limited and thus the representatiothen model is an accurate representation.
Abrasive paper was used to remove excess soldeslatsdwere cut in the sample such that
when pushed/pulled, a shear force is applied tcsthéer joints. Samples with 1 to 8 joints

were prepared using this procedure and these &gea@ to as M1-M8. These specimen
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preparation steps are illustrated in Figure 5-2e Tmensions of a 5-joint specimen are

shown in figure 5-3 and the CAD model of a foumfasample is shown in figure 5-4.
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Figure 5-2 lllustration of steps during the samplepreparation.
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Figure 5-3 Dimensions of a five-joint specimen.
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Figure 5-4 Schematic of a four -joint specimen

The samples were tested by applying isothermalicydisplacement loading using the
Interconnect Properties Testing Machine (IPTM) deped at the National Physical
Laboratory [151, 152]. Figure 5.5 shows a 6-jopeamen mounted on the instrument.

Figure 5-5 Experimental setup for testing a 6-jait specimen.

The two ends of a specimen were clamped and pplistied along the length of the sample
to produce shear dominated cyclic deformation ildeyojoints. A load cell was used to
monitor the applied force and laser displacemens@es were used to measure the distance
between the fixed and moving stages of the instnrimé@he displacement was controlled

through the thermal expansion of a stainless stdmd connected to the moving stage. By
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changing the temperature of the steel tube, disptent loading can be controlled. As such,
the machine can accurately control the strain appto the sample, whilst measuring the
force load. In addition, a camera with microscofiacliment was placed over the sample to
take time-lapse photos of the sample during the Tss level of control and monitoring
would be much more difficult to achieve in thernegitling tests.

The range of displacement that is applied to tmepdas is from -30 to 30 um. This loading
results in strains that are in the same order ojmtade as in BGA solder joints under
temperature cycling conditions [153]. The ramp rasted.1lum/s and the dwell time is 5
minutes, producing a cycle time of 30 minutes. Whittreasing number of solder joints, the
supported force load increases and the straingrcdipper also increases, whilst the strain in
the solder joints is reduced because part of ttaénsis absorbed by the increase in the strain
in copper. To produce a controlled strain in sampWh different number of solder joints,
the compliance of the copper needs to be takenaictount when applying the displacement.
To apply this correction, a copper coupon with railsir geometry but without solder joints
was first tested on the IPTM. Since the stress@auby the applied force is in the elastic
region of the copper, it is possible to correct Hudder joints tests in real time with the
maximum applied displacement adjusted to take amtwount the extra displacement in the

copper. The applied displacement is calculated as:
d(t) = w(t) + kF(t) (5-1)

whered(t) is the displacement applied at timjan(t) is the target displacement waveform,
F(t) is the applied force anklis an experimentally determined constant compg&an@Vith
this correction, solder in samples with differemtmber 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 eotcdpper, Equation(5-1) is used in
experiment as an idealised representation of theection made to the displacement for the
multi-joint specimen. In performing mathematicalmsiation the model should be

representative of the physical process being medelDuring the experiment, a loading
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profile can be programmed into the control softwaned feedback loops are then used to
compare the actual displacement of the equipmetit thiat programmed in. If they don’t

match, then the actual displacement is correctedaizh the programmed profile. During the
course of the entire experiment, constant correstexe made to match the input profile. For
the simulation to correctly match the experimet iiajor challenge is to model the loading
condition experienced by the solder joint corredilyt the problem is that to apply those
corrections in FEA simulations is difficult. To eme that the loading condition is similar

across the solder joints a correction factor isliagpo the modelling procedure to account

for the increased number of joints and this metisatescribed in the following.

The constantk in equation (5-1) is approximately 0.08 microns Newton based on NPL
experimental data. In order to perform the analgsis$ have loading regimes similar to that in
the experiments, the waveform in simulation wasustéid based on the compliance of

copper. The initial force magnitude seen from #sults of NPL is given by:
A=30+kN (5-2)

whereA (um) is the amplitude of the displacement wavefoonapply,N is the number of

joints in the sample and k is a constant.
The deformatiom\x is given by:

ax=FE (5-3)
EA

Assuming that the two different materials are cated as shown in figure 5-6, the total

displacement is given by:

ez Pl g Pl
EA EA

which rearranges to

AX = F[Z_L1+ij

EA EA, (5-4)
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From experiment it was determined tikat 32N, whereN is the number of joints. Equation

5-7 then becomes:

Ax = 32N EZ—Li + i] (5-5)
EA EA

This maximum applied displacement is thereforeatliyeproportional to the number of joints

in the sample. After substituting the various paetan values, the revised maximum

displacement for specimens with different numbesadfier joints are shown in Table 5-1.

Al A2 Al

«— | —>— |, —><+«— L —

Figure 5-6 Simplified structure of the specimen

Table 5-1 Calculated maximum displacement loadingf specimen

N 1 2 3 4 5 6 7 8

Ax(um) 244 | 488 7.32| 976 12.%014.65| 17.09| 19.53

dU_max(um)| 32.44 34.88 37.32 | 39.7 42.20| 44.65| 47.09 49.53

The above displacements in Table 5-1 are used gluhi@ finite element simulations. The
maximum displacement of the samples from experimemiatched quite closely the
numerical result in Table 5-1 with the suggestedremtion. In Figure 5-7, the load-
displacement curves in the experiment on a fourtjonodel are shown and maximum
displacement is about 0.04 mm or 40 microns whglvery close to the value of 39.76

microns shown in Table 5-1.
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Figure 5-7 Hysteresis loop for 4-joint samples.

5.2.1 Loading Condition

The displacement loading of 3® (before correction) was applied to one end of the

specimen as the other remains fixed (figure 5-8).
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Figure 5-8 Numerical model of the specimen and loading conditions.

The loading profile is as shown in figure 5-9. Aadiing cycle of 30 minutes with two 5-

minutes dwells at a strain rate of 216 at the maximum and minimum displacement
extremes. The displacement loading after correclovncopper deformation are shown in
figure 5-10.
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Figure 5-10 Corrected loading profile with compliarce correction

In the current experiments, solder joint shape dewate from the expected cuboid shape. In
order to understand the effects of geometry orstresss state in solder joints, three different
solder interconnect shapes are modelled: flat, eorand concave shapes (illustrated in
figure 5-11).
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Flat Concave Convex

Figureld Solder joint shapes investigated.

5.2.2 Material properties for FEA Simulation

The tests have been simulated using Finite ElerAeralysis (FEA) software ANSYS®
Mechanical APDL [144]. Figure 5-12 shows the maafedh sample with 6 solder joints.

Figure 5-12 Representative six joint model.

Since solder has high homologous temperature elvesom temperature, the effect of creep
is significant and should be taken into accourthim simulation. In this study the Garofalo’s

creep model is used to simulate the effect of ciaegplder specimens and the creep strain
rate equation is shown in Equation 5-6.

&, :cl[sinh(cza)]% exp{—%) (5-6)
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wherecy, C,, C3 andc, (see Table 4-1) are material constamtss the temperatures is the

effective stress ard] is the creep strain. The elastic material propertised for the

simulations are as shown in Table 5-2.

Table 5-2 E andv are Young's modulus and Poisson's ratio respectilye[18].

Material E (GPa) Y
Sn3.0Ag0.5Cu 50 0.4
Copper 120 0.33

5.3 Results and Discussions

In the tests, each sample was subject to cyclidimgauntil the load dropped to 50% of the
maximum supported load. Figure 5-13 shows howItlael changes for three five-joint
specimens. The variability in the rate at whicé kbad drops for samples of the same type is
mainly caused by the statistical nature of thegtagi process [154], variation in solder joint
geometry, voids and defects in the samples. Optiwarographs of the fatigue damage

produced in some of the five-joint (M5) samples sttewn in figure 5.14.
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Figure 5-13 Force drop (as % of maximum) vs. cyelnumber for M5 samples, i.e. five-

joint samples.
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(€)

Figure 5-14 : (a) Crack in the central joint of aM5 sample; (b) crack in the third joint
of a M8 sample (c) multiple cracks in an M5 sampland crack along the interface.

In the simulation, stress and strains are obtaiR&glre 5-15 shows the effective stress as a

function of time at the corner of one of the outestnsolder joints in an M5 convex sample.

122



It shows that the stress changes with time, whsckhiown in figure 5-15, and the stress is

highest just before the onset of dwell times ats30Q200s and etc.
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Figure 5-15 Von Mises stress at the corner of adge solder joint of a 5-joint model

Figure 5-16 shows the Von Mises and shear stresshdition in the M5 sample at t=2088 s.
The maximum stress is located at the solder-comperface of the outermost solder joints.
Because of the stress relaxation, the stress lavedolder joints exhibits much less
inhomogeneity than in copper. The shear stressnsentrated in solder joints but it is not
uniformly distributed. As the figure shows, the pep parts bend slightly under the loading
and deformation in the solder joint is thereforé mare shear and stress states are expected to
vary from one joint to another. At the outermosltdso joints, deformation occurs in the

direction perpendicular to the loading as well hseaof the bending of copper.
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(b)

(d)

Figure 5-16 (a-b) Von Mises Stress of specimendsolder and (c-d) Shear Stress XY

o,, of specimen and solder in a modelled 5 joint sampkg the start of the first dwell at

30 um displacement (in Pa). Displacement in imada-b) has been magnified 20 times

to make the deformation more prominent.

This stress/strain states in these solder joitsi@nilar to what happens in BGA solder joints
under thermal-mechanical loading when the packagereences expansion/contraction and
warpage as temperature changes. For reliabilitjuatian of solder alloys this similarity is

desirable because it makes the isothermal cycéitingg more realistic. Another interesting
phenomenon that can be observed is a diagonal &fzeal, in the edge solder joints in

particular.

The distribution of the accumulated creep stegifANSYS® output variable NLCREP) is a
measure of the damage in solder joint and it calmked to the solder joint lifetime through
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an empirical Coffin-Manson type lifetime model [15%he distribution of the accumulated
creep strain for the concave shape solder joirdbasvn in figure 5-17 and they give a failure
matrix for the solder joint. The path of highest@mulated creep strain is similar to the crack

path from experimental results as shown on theagraph images (figure 5-14).
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Figure 5-17 Accumulated creep strain at end of the third cycle

A typical accumulated equivalent creep strain vase function of time is shown in figure

5-18 for the first three cycles of loading.
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Figure 5-18 Accumulated creep strain over three cyes for five sample solder joint
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The increase of,c per cycle isA¢,. . Its values have been obtained in the simulat®the
damage indicator because it's often linked to tagidjfetime in reliability analysis in solder

joints. The value ofAg,.changes from one cycle to the next but from thedtlasycle it

becomes almost a constant. The higherAkbgthe shorter the life time.

Specimens with different number of joints have bemmstigated. The results suggest that
solder joints with concave shape will have less algenand hence longer lifetime than those

with convex or rectangular shape.
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Figure 5-19 1£,.cvs. number of joints in the sample for the rectanglar (Rec), convex

(Cvx) and concave (Ccv) solder joint shapes.

In figure 5-19, the values of the inverse of thendge, i.e. 1Ac,__, for each individual solder

ac’!
joints are plotted. The results show that outernsmdtler joints suffer more damage than

internal ones and will therefore fail first.
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Figure 5-20 The (inverse) damage for samples witla) even and (b) odd number of

solder joints. Higher value corresponds to longerfetime

Figure 5-20 also shows that in general, samplds avfterent number of joints have different
average damage. This is confirmed by figure 5-2&retthe average damage is shown for
samples with 1 to 8 joints. The result indicatest tmder the loading conditions that were set

out in this work, the single joint sample will bleet most damaged of all the multi-joint
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models and that the least damaged will be the M&psg while M4 and M6 have similar
results.
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Figure 5-21 Average damage in samples with N nureb of joints.

The experimental results for the number of cyckruired to reach 10%, 20% and 50% of
load drop from the maximum load, are plotted irufg5.22 against the number of joints per
sample. The relationship between the number otgaand the cycles to reach a pre-defined
failure is not that clear but it show that the smpith 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 drops: number of joints in sample.
Error bars on the 50% load drop data represent therepeatability observed from testing
on average 3 samples for each number of joints.

Using the time-lapse photography technique, 4 mdiiiflerent types of failure/crack
propagation mechanisms were identified in experisiémat have been carried out at NPL.
Type 1 consists of a crack that runs diagonallpssithe sample as in figure 5-14(a). Type 2
consists of a crack that runs parallel to the fata, as in figure 5-14(b). Type 3 consists in a
crack along or very close to the interface (figbr&4(c)). This is similar to what Lai et al
have found in their study [156]. Finally, type 4aisurface damage that causes the solder to

appear darker but without any visible crack.

The initiation of the crack was also not univocsdmetimes cracks initiated in one place,
sometimes in several places, with multiple cracksmng and combining as the sample
becomes more damaged (see figure 5-14(c)).

From these experiments, it was observed that giyevaids in the solder bulk aided the
propagation of cracks confirming the findings ofrias et al. [157]. Cracks propagated in all
joints almost simultaneously, with minimal changescrack propagation rate between
different joints. However, a tendency for the oytents to fail first compared to the inner

joints was also observed, which is consistent witd simulation results. Although the
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prediction of the experiment and finite elementlgsia are similar there were areas of
discrepancies. To this end X—ray images were takéine solder joints and they show a large
number of voids within the solder joints and theeals inevitably affect failure processes.
Modelling these effects may be carried out eitheexplicitly include voids in FEA models,

which is extremely time consuming, or by using ¢tau8ve models that incorporates the

voids distribution and density while the soldenjsiare still treated as single phase material.

5.4 Conclusions

The computer simulation work has shown that sglaiets experience both shear and normal
stress of appreciable magnitude under the presttdsling conditions. The stress states in
the multi-joint test samples are similar to thoeeBGA solder joints under temperature
cycling loading and solder joints are exposed ftedint stress states, both direct and shear.
The samples that have 5 solder joints are predicidiave the longest lifetime. The most
significant difference between the modelling reswhd the experimental results is that in
experiments, samples with one or eight solder soare not the ones that have the shortest
lifetime. This needs more investigation. In futwerk, lifetime models will be derived based
on experiments on the solder joint specimens sottleanumber of cycles to failure can be

predicted for the solder joints.

The results demonstrated that the simulation ptedie regions of likely failure and this is
verified by experiment. The influence of voids, athiaffects the strength of the solder, also

has a significant effect on the overall behaviduthe specimen.

Creep is modelled using Garofalo's steady stagpameodel. The model parameters are from
the literature and this may incur inaccuracy inr@delling because test conditions and alloy
composition may be different to certain degreesTésue 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 toefatiffee solders that can serve as drop in
replacements for SnPb solder. The Sn-Ag-Cu (SA&Gjary composition is the combination
of choice for many microelectronics applicationsd dmas been studied extensively by
researchers in industry and research institutidiough there is now a large body of
theoretical and experimental work on it the exacmposition used in electronics
manufacturing varies according to areas of apptinatnd supplier. In this work, the
properties of 96.5Sn3Ag0.5Cu (SAC305) alloy [15B911 which is one of the commonest
lead-free solder is studied. There have been mianles on the determination of the material
properties of lead free solder [160-163] and tlseilts have been used in computer modelling
of solder joints. However, the results of theseanal properties seem widely different partly
due in part to the experimental conditions, qualify the joints, specimen geometry
variations, loading conditions, and a variety dfestcontrolled and uncontrolled variables
(see Appendix C). Therefore it should be understbatlusing those material properties is an
approximation and it may not be suitable for thetipalar situation that is simulated. For
example, the material properties reported in mangies [164-166] where the tests were
performed using bulk solder, the results are gdiyermt applicable to very small solder
specimens as is the case in this work. This isinlpart to the microstructure in solder joints.
According to [167] a BGA created from SAC can haveingle crystal or between 8 and 12
grains this indicates therefore that the interaxtiof the large number of grains in the bulk
sample as compared to the test sample affect therialgproperties and may explain why
they will be different. For solder joints of similaize, microstructures may also be different
because of the variables in the fabrication pracssexample, because the formation of
intermetallics compounds is strongly dependent awlieg rate. It can be concluded that in
order to obtain solder material properties that banused to describe all solder joints the
material model has to include constants that desdhie effects of geometry, microstructure,

and possibly many other factors. Before a matenadlel can be developed using the laws of
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physics at the microscopic scale, a universal safterial model is bound to be in such a
complicated form that an unrealistically large n@mbf experiments have to be carried out
to obtain it. In order to solve this problem andwde solder data models for reliability
analysis, a change in the direction in this areavofk is needed. Instead of aiming at
universal material models, “bespoke” ones thaigaiiek to obtain and simple to apply can be
constructed for solder joints with particular typefsgeometry, microstructure, and loading
conditions for a particular purpose. This approasbuld enable industries which have
limited resources in research to develop the cépalmf modelling solder joints for
reliability analysis. In this work, inverse FEA ised to obtain solder material models for
reliability prediction of the solder joint isothealnmechanical tests described in the previous

chapter.

Engineering problems can often be described byigbast ordinary differential equations
(PDE or ODE) with unknown field variables. In magiplications, the independent variables
are solved and this type of analysis is calledwind”. In this type of analysis, the problem
domain is known beforehand and the solution to dmsct problem is to solve the PDE or
ODE subjected to the initial or boundary conditioMany numerical methods have been
developed over the years to solve these probleris as the finite difference method, the
finite element method, boundary element methodraagh-free method. With the exception
of the mesh-free method, all the above methodsvateestablished methods in the solution
of direct problems. These methods rely on knowimg inaterial properties, the geometric
configuration of the structure, the loading prafitee initial and boundary conditions. The
result set thus includes amongst other solutiorarpaters the stresses and strains in the
structure. A schematic demonstrating the differdmeteveen forward and inverse problems is

shown in figure 6-1.

132



Forward Problem: Y = SX ,\

(Smoothing operator on X ) ~

System formulated as a

transformation matrix S |
(smoothing operator) Output Y

Inverse Problem: Y = $*X

\J (Harshening operator on X)

Figure 6-1 lllustration of forward and inverse problem [168]

A “forward” solid mechanics problem’s main goaltéssdetermine the response of a structure
whilst all other parameters are known. In inversebfems, the response of the structure,
through experiments, is known (such as the disptace, velocity, force, acceleration, etc.)
but the loading profile, material properties, boarydconditions, or a combination of these
may not be known. These types of problems, unllie direct problems, are extremely
difficult to solve for many applications. The nauof inverse analysis is such that the
problem can be ill-posed, under-posed or over pfE@8] and in some situations there is no
solution. To illustrate the concept of inverse modelling asnpared 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 &e&oung’s modulust and lengthl

subjected to forces fand $ as show in figure 6-2. If the displacement of bize at nodes 1

and 2 are pyand y respectively, the governing equation is written as
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Figure 6-2 Displacement of a straight bar

EA _EA
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_EA EA ) (T
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(6-1)
kK —-kjju| |1
-k k ||u,| |1,
whereszl—A
The above can be written in matrix form as
[K{U} = {F} (6-2)

where [K] is the stiffness matrix, {U} the displacent vector and {F} the force vector.

For the direct problerk, A, | andf; are known, the only unknowns are the displacer{ight
To avoid singularity, if we apply a boundary comat u;=0 a unique solution for the
displacement is calculated to be

Sinceu, = 0
—ku +ku, = f, (6-3)
f2

u,=-2

k
If we consider the case now that through experiméme displacement,us known but the

Young's modulus E is to be determined, then fromu@ion 6-2) above we get
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(6-4)

Therefore the solution for the Young’s modulus gsine experimental results and the input
parameters is therefore determined. The simplioftythe above formulation makes the
solution straight forward without resorting to thee of special techniques/methods to arrive

at a solution.

To understand the case of ill-posed problems, densi simple continuous system equation
that governs the static state of the simple bablpro examined in section above
du(x) _ f,

dx EA ©9

The boundary condition for this problem is givendmguation (6-3) as shown in figure (6-2).
The conventional direct problem is to solve theabxisplacement u via the following

integral operation

u(x) = f Ef—de +G, (6-6)

where g is the integral constant to be determined by thendary condition equation (6-3)

Now, to estimate,fusing displacement u(x) measured at x that is)@rnal point in the bar.
In a practical situation of measurement, there lagllan error or noise that can be expressed

in the form of

m_ ,a noise _ ,a a H
u™ =u® +u™> =u® +u’esin@,,X)

. (6-7)
u™ = u’[1+esin@,;.X)]

where the superscriph stands for the measurement dadastands for the result being

analytical or exacte is the noise level that is usually relatively sieathan 1, andongis IS
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the frequency of the noise distribution along xtHe inverse analysis®is not known; only

u™is known. To view the error more clearly in grapsisplify the problem by assuming
1=1.0, EA = 1.0mnoise= 101, € = 0.01 (6-8)

which implies a 1% measurement error relativeufg), which is, in fact, a very good
measurement. However, the frequency of the measunedata is high, which is also very

common in the measurement errors.
Using the parameters given in equation (6-8), tteeesolution olu becomes
=X (6-9)
The simulated measurement is
u™ = u? +u™= = X1+ esin(107x)] (6-10)

which is plotted in figure 6-3 together with theaek displacement. It is shown that the

measured displacement is indeed very accurate.

Use of this erroneous result in equation (6-5)thar inverse predication of force can result in
a magnification of errors. This magnification ofarcauses the instability in the inverse
analysis procedure. To demonstrate this, substiégigation (6-7) into equation (6-5) to

obtain

du™ _ du?®
dx dx

fy

[1+esin@x)]+ uw, ecos, (6-11)

noise

X )=

0ise

f

where the superscript e stands for the estimatédeva herefore, 2 can be inversely

determined by

a

du : .
f, = EA—[1+esin@x)]+ EAu’e @, COSIT, e X
factor of magnification
fa
It can be clearly seen that the error in the invegslution is magnified drastically lyhoise

times. For parameters given by equation (6-8) usouation (6-12) yields
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f; = f7[1+0.01*sin(107x )+ 107 0.01*x cos(1/x

factor of magnification

. (6-13)

The results of the estimated force for the unietfaorce are plotted in figure 6-4. The
magnification of errors is clearly evidenced. Thiagnification is obviously caused by the

differential operation in the system equation.
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Figure 6-3 The displacement in a clamped uniform basubject to a force at the free end.
Comparison of the exact result (dashed line) and ehsimulated-measurement (solid line)
with 1% oscillatory error.
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Figure 6-4 Inverse solution of the force (dashedre) applied on the clamped uniform
bar using the simulated measurement of displacememtith 1% oscillatory error
compared with the true force (solid line).

6.3 Inverse FEA for the Determination of Solder Creep Rrameters

The aim of this work is to use inverse analysifirid solder properties, or more specifically,
the creep strain rate model parameters so thatthe-stress hysteresis loop that is predicted
using (forward) FEA matches that in the experiménat is described in Chapter 5. The
methodology can be summarised as the followingsstél) Carry out a test on solder joint
samples and obtain the force-displacement datégh#orequired period of time, (2) Process
the data to reduce the noise level, (3) CreateEh Rodel of the tests using the Garofalo or
Anand’s visco-plastic/creep laws for the strairerat solder, and (4) use inverse FEA to
identify the parameters in the strain rate modat tiptimise 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 estimatian to perform smoothing of the
experimental dataset to remove errors inherertienrésult. These errors that are inherent in
the dataset are due to but not limited to randawr&rsystematic errors, epistemic error, etc.
there is therefore a need for performing a smogtluperation to eliminate or reduce to a
minimum its effect on the dataset. The noise inetkgerimental results are generated due to
the correction been made by the equipment duriegctiurse of the experiment. A loading
profile is programmed into the equipment and usiegdback control the equipment is
constantly comparing its true position with that tok loading profile at any time and
correcting its position. This constant correctisrthe source of the noise as seen in figure 6-
5.

To address the issues of experimental noise irrdbelts, curve smoothing techniques are
applied to reduce noise artefacts. Curve smooth@uipniques are used to smooth the
experimental dataset in order to create an appm@enfunction that captures the most
important trend in the data, while leaving out ecasd other phenomena. After smoothing of
the data, an approximate function is fitted to $heoth data allowing for comparison of the
finite element result with that of the experiméntther analysis is thus performed using this
curve. There are several smoothing algorithms énliterature used by different researchers;
of these the most popular are the moving averaljersf and the Savitzky-Golay methods
[169], comparative plots using these methods amavshin figure 6-5 and a zoomed out
section is shown in figure 6-6. The approximatedveuwenerated 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 aplied to the experimental data
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Figure 6-6 Zoom of highlighted section
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Figure 6-7 A comparison between experimental dataral the approximate model

The differences between the various smoothing tgces used were minimal. A curve
smoothing method using Fourier transform (Appenéljxwas also applied but the result
obtained were not superior to that of the traddioourve smoothing techniques such as
filtering, moving average, Savitzky-Golay, etc. oligh the Fourier method produced a
smoother graph than the other methods, it underatts the output. This analysis is thus
performed using the Savitzky-Golay smoothing tegbai The approximated equation
generated from the smoothed data is used to generatching data points for comparison

with the data obtained by means of finite eleménutation.

6.5 Visco-plastic/Creep Models for Solder Alloys

The phenomenon of Visco-plasticity/Creep is disedss1 depth in section 2.4. The two

creep strain rate models that have been analyseepth by many researchers performing
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creep modelling are the Garofalo and Anand’s cmaeplels, which account for combined
visco-plasticity and creep strains in solids. TherdBalo’s creep model is easy to implement
as it only requires four parameters that have & wegresentation and scatter in the literature.
The Anand’s model has nine parameters and thessmpters have high variability in the
literature making their determination applicatioepdndent. Simulations using both models
will be performed using both models but particiganphasis will be on using the Anand’s

model.

6.5.1 Estimating Parameters of the Anand’s viscoplastic mdel

To model solder joint specimens using FEA, the Abawiscoplastic strain rate model can
be used to describe their viscoplastic/creep belayil70]. This model is commonly used
for large, isotropic, viscoplastic deformations fawlders [171-173]. There are two basic
features of the Anand’s model: firstly it does meguire the definition of an explicit yield
condition and no loading/unloading criteria. Sedgnd single scalas, is used as an internal
variable to represent the isotropic resistanceldstic flow. When steady-state plastic flow
occurs, the stress reaches the saturation valuevis@oplastic deformation behaviour, this
steady-state plastic flow happens when the pldlstve has become fully developed and its
rate equals the applied strain rate at the givempéeature and strain rate. The Anand’s model

is broken down into a flow equation, and three etioh equations:

The flow equation is given by:

Y
E =€= A{sinh(gﬂ ex;{ﬁj (6-14)
i s RT

The evolution equations are given by:

| 6-15
S:{houl——s*J 3 gr(l——?}}ép a> 1 19
S S

where
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For isothermal and constant strain rate test, sfiwsays greater than s. Therefore, the term

Si gr( 1- 3} is always positive. In order to define the modleg nine parameters (Table 6-
s

1) need to be obtained from experimental data.

Table 6-1 Parameter identification of the Anand’screep model

Paramete SAC305 Definition
s(MPa) 1 Initial value of deformation resistance
Q/R(K) 2 Activation energy/Universal gas constant
A(1/Sec) 3 Pre-exponential factor
& 4 Stress multiplier
m 5 Strain rate sensitivity of stress
ho(MPa) 6 Hardening constant
s(MPa) 7 Coefficient for deformation resistance saturatiatue
n 8 Strain rate sensitivity of saturation value
a 9 Strain rate sensitivity of hardening

Use can be made of the saturation stress measuegeriments. The relationship between

the saturation stress and model parameters cahthmed as follows:

S g[S ed 2
o = gsmh [(A exr{mn ] (6-16)

o/ n : m (6-17)
o =cs :E(ﬁexp(gjj sink* [[ﬁ ex;ég)] ]
LA RT A RT

og=cl§ c<l1
where c is a material parameter andared ac

-t [t S

143



N\
(&0 —Q
E,=&= A{smh(?ﬂ exp{ RT) (6-18)

whereé is the applied strain rate in stant strain rate tes
Therefore from

o =cs=ch, (1—3*)3 &, (6-19)

Integrating

1-a (6-20)
Rearranging and replacing, = cs,
1
o= 0_* _ [(0_* _ Cso)l—a + (a—l)(a* )—a Chogp :|1—a (6'21)

The relationship between stres3 &énd the deformation resistance variable (s) is:

g =Cs

c=Lsinh? & exp{gjm (6-22)
'3 A RT
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6.6 Parameter Estimation Methods

Various methods have been used by researchersiie parameter estimation problems.
Least-square, Levenberg-Marquardt algorithm, Caateigradient are examples of them. In
these techniques, the inverse problems are foreuliato parameter identification problems
in which a set of parameters corresponding to Haeacteristics of the structure and material
properties can be found by minimizing the errorction. In this work a simple least squares
method is adopted to determine the objective foncwhilst the parameters of the Anand’s
creep model are obtained by minimising the errawben the experimental results and FEA

simulations using genetic algorithm and conjugaselignt method.

In a test using cyclic loading profile, experimdrdata may be recorded over many cycles
but in nearly all of the references [171-173], oalgortion of this time series of experimental
data curve are used in the parameter estimatiocepsoand this therefore assumes that the
material behaviour during loading and unloading #re same. Numerous simulations
performed so far by this author have demonstratatl this is not exactly the case. Even
though a set of material data could match the éxmatal data during the loading stage, it
does not necessarily imply that it would be theiropm dataset for the unloading stage as
well. Since the purpose of this work is to obtdme data model that can produce damage
indicators (such as a plastic work per load cyth&t match those found in experiments,

experimental data from a whole load cycle needetaded in the inverse analysis process.

6.7 Traditional Parameter Estimation Method for Viscoplastic Model

Highlighted below is the conventional proceduretthas been used by a number of
researchers [174, 175, 176] to determine the nahtparameters of the Anand’s model for
solder alloys. The values of the nine parametestedi in Table 6-1 for solder alloys are

determined by the following procedure:

a) Determination of the saturation stresses under strain ratesé and
temperature3 from steady-state creep relation.
b) Nonlinear fitting ofQ/R, A, §/&, mandn in Equation(6-17)
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c) Determination ofsand&. The parametef was selected such that the constant

c in Equation(6-15) is less than unity, ai®ivas then determined from the
combined termg/&.
d) Estimate the values af h, andS,

In step d) the fitting procedure examines the mrfice of plastic strain hardening. From
evolution equations and the relationship between dttess and deformation resistance is

given by:

do _ oY )
E_cho(l J (6-23)

From Equation(6-15)

a (6-24)
o= dn (-S|} migf =3
s-{hﬂl s*j 0si gr{l S*j}ep
o=CsS

An alternative approach is to integrate the abapeagon to obtain:

=0 {(¢ -es) 7 s(@Yan (o)) T

The material parametesas h, , ands were fitted from the~¢ curves (especially the transient
state) with various temperatures and strain raethe fitting, the saturation stresses given in

step (a) were also used.

To determine the parameters of the Anand’s mod&rge body of experimental work are
needed at different strain rates, temperature @ading profiles. Usually the constants in the
flow function were obtained from the saturation eprestress, and then other evolution
parameters will be fitted in the other steps. Tésponse of the solder joint is then plotted on
a stress-strain curve. To determine the paramefetfse creep model used, the stress strain
curve has to be segmented to determine the eksticnelastic properties of the solder joint
using the flow function. This segmentation is pesbatic in itself as the point of

segmentation is dependent on the experience atidoskhe researcher. These multi-step
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methods require the manual partition of the defdiwnacurve into elastic part, evaluating

part and saturated part. This partition may intaedarrors, especially at low temperature and
high strain rate where the specimen will not reaaturation stress before failure. There is
also an added difficulty with the above methodhattthe experiments are very sensitive and
any spurious dataset will affect the entire analyBiue to the need for a large experimental
dataset there is a high probability that some efekperimental data may be inconsistent. It is
generally very difficult to identify spurious datahe large scatter in material properties of

lead-free solder is testament to this inherentaiffy in the method.

6.8 Inverse Analysis Methodology

The objective of the inverse analysis in this wisrko determine the Anand’s model material
parameters that minimises the difference betweeniteFi Element simulation and
experimental results for a predefined test. Ingrenfing the material parameters estimation as
demonstrated by Husain et al [124] a large bodgxgferimental work is needed. This as
explained in section 6.7 is partly responsible ttoe large variation in material dataset as
reported in the literature. To address this neadafdarge experimental dataset, we are
proposing determination of the material paramelgraising limited experimental data and
performing optimisation so that the best modellipgediction accuracy for a particular
guantity can be achieved with a limited amountathd

In this work, some of the creep law parametersaaseimed to be unknown and the aim of the
FE is to predict these parameters and therefaseaih inverse FE analysis. Since the form of
the creep law is known, this inverse analysis'lpaameter estimation™ problem rather than
a "function estimation” problem for which functiomsth unknown form need to be found.

Generally, most inverse analysis methods will ewalty become a parameter and/or function
optimisation problem. The widely used method dirfg a strain rate equation based on the
minimum strain-rate measurement can be regardech @#sverse analysis but FE is not used

in that case. The inverse methodology is discubsémlv and summarized in figure 6-8.

At the start of the procedure a set parametersafonaterial that represents closely the

material in the experiment are selected from abkelditerature. These parameters span the
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design space in the optimization problem in theeise analysis. The boundaries of the

design space are defined by choosing suitable uppklower limits for the parameters.

The deviation between computed observables andriexg@tal ones is expressed by the

mean square value (Equation 6-26):

np

W= (Fre(d)- Fug(d ) 11 (6-26)

i=1

whereF . and F,, jare the computed and simulated force respectiVélis “error function” is

the objective function that needs to be optimizethe inverse FEA analysis.
The inverse FEA procedure in the present work cigaprthe following steps:

* Obtain experimental load—displacement curves

* Smooth the experimental data and obtaining appratdarformula to represent
the data

» |dentify the strain rate model parameters that rsik@ngest impact on the FE
simulation results, and using these parametersadaables that need to be
estimated

» Use design of experiment (DOE) method to generdésigns” in the design
space spanned by the selected Anand’s parameters

* Run FE analysis using the strain rate model witlap&ters that are defined in
the DOE analysis for each “design”, and obtain idagblacement curves for
all the “designs”.

* The values of the objective functignare calculated for each design.

» Second order polynomial of the design variablefitied to they values to
obtain an approximate equation of the objectivectiom v in the design
space.

* Use optimisation methods to determine the optimuodeh parameters that

minimizey.
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* Run finite element simulation using the optimumagmaeters and compare FE

results with experimental results.

Define design space Define test specimen

(select variable parameters geometry, loading

and ranges) conditions and constraints
v V

Use design of experiment Carry out tests

method to choose a set of

designs N
V Smooth displacement-force

Use design of experiment data

method to choose a set of L

designs Obtain error functions Y
A4

Obtain force-displacement A 4

curve using FEA for all the Construct approximate

designs error function

)

Optimize error function to obtain the optimal parameters for the
constitutive law

Figure 6-8 Methodology for improving the constitdive law

6.9 Results

The results presented below are for the use ofuisco-plastic/creep strain rate models to

simulate the results from cyclic isothermal expenmts 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 &opn 4-19. This equation represents the

secondary creep strain rate as a function of stnedsemperature.

25 -
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displacement(m)

Figure 6-9 Comparison of force-displacement curvéor different values of

parameter C3

The Garofalo model has no hardening (strain or)ticoenponent nor is the formulation time
dependent. As shown in figure 6-9 however, the erpntal data indicate that hardening is
an important phenomenon in solder and any modelaiméts it could not provide a good fit
between experiment and FEA simulation results. aBse of this the modelled material
behaves almost with pure plasticity with the tarigér(or plastic) modulus of zero in the

plastic region. This obviously does not correspanith the experimental data and there is

150



therefore a need for a more representative moa@elviill 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, thectef of all the material properties on the
predicted Force vs displacement curves were iryesti. For example in figure 6.10, results
for three Young's modulus values are compared hagbtedicted curves are not sensitive to

the changes of E.

e o Mt sl
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O : K T T T T T T 1
0 0.000005 0.00001 0.000015 0.00002 0.000025 0.00003 0.000035

Displacement (m)

Figure 6-10 Effect of changing the Young's Moduls 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, sonve Istronger impact on the error function
vy than others. In this work, the parameters thaehsen chosen as design parametergnare
and¢. The designs that have been obtained using DolBadgicomposite with D-optimal)

and the error function values for these designdisted in Table 6-2. In the DOE analysis,

the 9 design points were selected using the Congasd D-optimal methods [177].
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Table 6-2 parameter optimisation and error

m g vy
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 secondrgodlynomial error function can be
obtained using the least square method:

v = 572.55 + 1381.7m — 1239.41940n% + 1250.1 + 639.98:2

The method 1 optimisation is based on gradient dbasethods, the options for the
constrained method is the modified method of fdasdirection whilst the unconstrained
method is based on the Broydon-Fletcher-Goldfararb method. The gradient calculation
is based on the forward difference. Method 2 isdam the genetic algorithm method using
the default parameters set in the software [17B¢ fesults indicated a slight variation of the
results obtained for the two parameters chosenleTéd3 shows the optimized parameters
and figure 6-12 compares the test results with dineulation results. In the figure 6-11,
Anand’s_optimise and Anand’s_optim2 are based an dptimised Anand’s parameters

shown in Table 6-3 and Garafalo is based on thaf@larstrain rate model described earlier.

152



Table 6-3 Optimised parameters

Method 1 Method 2
& 331 .3306
m 1.9 2
» 34.2 60.3
30 -
= Garofalo
= 20 - —— Anand_optimise
| Anand_optim2
- 10 -
£ e Experiment
S
s . 0 . ,
1-0.00004 -0.00002 (l) 0.00002 0.00004
Displacement (m)
-10 -
‘ |
=
-30 -

Figure 6-11 Comparison of experiment and simulatin results.

The optimised Anand’s model has also been usedotteira sample with 4 solder joints and
the results are compared with experiments in figf#2. It shows that much greater
discrepancy exists between the results comparddetgingle joint results. This is expected
and shows how constitutive models are dependentsample geometry and loading
conditions. If the Anand’s model has to be usedstonples with any number of solder joints
then the inverse analysis has to make use of tperigmental data from all the samples.

However, that would increase the accuracy of thrikition for a single joint.
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4 Joints Model
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Figure 6-12 Comparison of four joint results.

The force-time plots of the experimental and sirtiataresults are shown in figure 6-13.
Two samples were used and the results demonshateahte behaviour of the solder joints
under cyclic loading varied markedly from one sanpb the other. Furthermore, the
experimental results still have some marked diffeeefrom the simulation results. Instead of
the gradual decrease in force during the dwellydiselts from experiments indicated that the
force drops rapidly and then plateaus a few minitesthe dwell and remains at that level
until the loading /unloading phase resumes. Thdesdherefore is at a higher stress after the
dwell in the experiments as compared to that ofsinaulations. The relaxation time of the
solder joint is therefore quite short when comparethe simulation result. This observation

has highlighted a limitation of the Anand’s modetaeed further investigation in the future.

Figure 6-13 also demonstrates clearly why as stiastesction 6.5 fitting a segment of the

hysteresis loop results in parameters that arduligt representative of the complete cycle.
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Comparing the loading section of the experiments @amulation, one notice that sample two
matches the simulation better but in the remainde¢he loop sample 1 match the simulation

better. Therefore, matching a segment of the hgsiemwill inevitably introduce errors into
the analysis and hence different material pararaétefnand’s model.

30 -
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(]
o
)
50 -
=¢—Sample 1
=i—Sample 2
10
Simulatio

n

800 1000 1200

1400 600 1800 2000
Time (s)
-10 -
-20 -
-30 -

Figure 6-13 Comparison of force v time plot for e two samples and the simulation

result

There is a large variation in the quality of solgents produced because of the limitations of
the manufacturing techniques used. The incidena@idfs in the solder is a major reason for
the variations in the results seen for the solgecsnens. In the inverse method as described
in this work, voids are explicitly taken into acewbut the model parameters are implicitly
assumed to be applicable only for the solder sasnihiat have the same voids distribution
and density as that in the experiments from whiehparameters are obtained.
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6.10 Conclusions

The unified Anand’s creep model has been demoestrat be better than the Garofalo’s
model in predicting the inelastic behaviour of Ideek solder in cyclic loading conditions.
The determination of the parameters of Anand’s rhadidout resorting to segmentation of
the stress-strain curve is a major improvementsimgi different determination criteria to

analyse the material properties of lead-free solder

The inverse procedure described above providegar ingrovement to the general methods
of parameter determination for lead free soldeteBeining the parameters without resorting
to segmentation of the stress-strain curve redaaasjor source of error and hence the wide
scatter in published material properties data. Théthod also reduces the need for a very

large body of experimental work to determine straile model parameters.

The strength of the proposed method is that canistit strain rate equations can be
optimised for a test. The strain rate equatiohasyever, not expected to be accurate for

other tests where sample geometry or other comditzwe different.
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Chapter 7 Conclusions

Although solder joints material properties and perfance under tests and application
conditions have been studied for many years, angyrmgpes of general test equipment are
available for carrying out experiments on soldezcgmens, some major challenges are still
facing engineers and academia. One major issuehisabeen dealt with in this thesis is the
development of a dedicated compact vibration testhime driven by piezoelectric cells. By
using 3D CAD software and Finite Element analydig design and its several variations
have been characterised and the equipment was shkomwneet the requirements. The
equipment is capable of testing specimens of t@abi&zes of solder joint in microelectronics
applications. The equipment was made and validatiest were performed to determine the
equipment parameters. The design of the solderimpacwas also analysed in order to
determine the optimum shape, and the deformatiomhefsample was obtained to help
interpretation of test results and failure modehe Teveloped equipment can be used by
manufacturers to carry out rapid assessment ofesa@dmple performance under vibration
conditions and for research and development enginard scientists to gather material

properties data.

BGA is a widely used interconnect technology in timcroelectronics manufacturing
industry. The behaviour of BGA sized lead-free soldpecimen under isothermal test
conditions using the NPL IPTM (Interconnect ProjsriTest Machine) has been analysed. In
the industry, solder joints are often tested ungeiic thermal-mechanical conditions but
using isothermal testing does have convincing aidpes as discussed in Chapter 5. A multi-
joint specimen has been used in this work. It hesnbmodelled and the response of the
solder joints are analysed to determine the regafnfailure and determine whether they
match those from experiment. These models allowedntodelling of various number of
solder joint specimen in the sample and the diffees in response to static and transient
loading conditions. Despite the loading of the sk®being in shear, the response of the
specimen includes bending as well. The bendingstraries depending on whether the

specimen is undergoing tensile or compressive t@pdonditions. The regions of maximum
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stress concentrations are therefore at the coofdtse solder joints and these are the region
of likely failure of the package. This matches quitell with experiment but the failure does

not always start in this region because the unifiyrof the solder is hard to achieve.

The design of the test specimens led to the rethdtsthe stress state resembles that in BGA
solder joint under thermal-mechanical test condgiavhere thermal expansion mismatch

causes mixed shear and tensile stresses. Thigfyustifies the use of the isothermal test as
a tool for the evaluation of BGA solder joint perfance.

One of the major problem in obtaining solder propeata for computer aided engineering
is the wide scatter in the parameters of constitutnodels such as Anand’s combined plastic,
and viscoplastic strain rate model. In the studgatier joint using Finite Element analysis,
Garofalo’s creep strain rate model is often usedh\Whnly a few parameters, it is simple to
use but it does not capture the true behavioune@tblder undergoing creep deformation as it
doesn’t account for any hardening that the solderdcbe experiencing. This limitation of
the Garofalo’'s model is addressed to some extenthbByAnand’s model with its nine

parameters and among them is a hardening parathatexvolves with time.

In order to perform solder joint analysis using theand’'s model, a large test dataset are
needed to determine the material parameters. Shastime consuming process with many
challenges and the resulting model does not suisatler joint modelling because it is
difficult to separate the effects of geometry, mstructure, and variations in alloy
composition. It is inevitable that different expeénts result in significantly different results.
The method that has been proposed in this work aifiesited experimental dataset and uses
inverse FEA modelling techniques to improve Anandsdel for a particular test specimen
under a set of test conditions so that the modelptimised for the prediction of the test
results. The model is best used for solder joihtst fare similar to the ones used in the
experiment in all aspects. This method is relayivgliick and should be useful in many
applications. There is a non-linear relationshipMeen the model parameters in the Anand’s
model and care must be taken in choosing the paeasnthat will not negate the expected
response. Although all the parameters in the clonisi strain rate model can be treated as

variables in the inverse analysis, two materiabpeaters were chosen for simplicity. After
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minimising the error function, the new FEA resultstched closely with the experiment
results. BGA type solder joints under isothermatlicytest conditions and Anand’s or
Garofalo’s strain rate models are used as the s@es and the constitutive models in this
work but the methodology is general. It is evensias to use function rather than parameter
estimation in the inverse FEA analysis to find tbastitutive strain rate model.

This is a list of suggestions for projects thatlddollow on from the work presented in this

thesis:

* Use geometric optimization for specimen design akenthe stress and strain more
homogeneous in vibration test.

» Perform further work on the overall effect of piefrtric transducers to determine
the consistency of the generated loading profiléhensolder specimen.

* Investigate the discrepancies in the hysteresigpdofrom experiments and
simulations.

» Perform lifetime calculation for the multi-joint rdels and validate them.

* Use all parameters of the Anand’s model in the ligweanalysis and include the
effect of temperature.

* Use inverse analysis method to determine the fanctf solder viscoplastic

constitutive law
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Appendix A Smoothing Techniques

Recently a smoothing technique based on Fouridysisaof filtering was presented [164].
This technique was designed to smooth cooling cuemperature rates and heat transfer
coefficients.

The mathematical basis of this procedure is desdrliriefly below. If we assumed a finite
set of noisy data which is obtained through expenitror computation to be made up of data

pairs of real numbers, (y, fori=0,1,2....... ,2N, where 2N is the total numberdata pairs.
These data pairs are discrete values of a contsummisy functiory, =Y, t( ) which is

defined in the interva(t,,t, ) and for whichy, =Y, € s fulfilled for

t, -t
t =t,+i—= wherei = 0,1,2......... 2
2N

(0-1)
=t Yo=Y andtyy =t .y, =Y,
A periodic functionY, { )is constructed frony, t(3s shown below;
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Figure A-0-1 Fourier’s technique for curve smooting
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Principle of smoothing based on the Fourier analysi
Yo () =Y, (1) YL ()
where
Y. () =4(t)+ 5
e
f S 2N 0
ﬁo = ys _ﬁlts = yo_ﬁlto

Sarmiento et al [173] demonstrated thg(t) can be approximated by a truncated Fourier

series:

Yewm (t) =Y, () +Y_(t)

Yo () =B, + B1) +=2 +i[ak00{—q Qs"[ ﬂ

l\)
=~
N

Fori=0,1,2,......2N, k=0, 1, 2,........... Mang =t =T

The functionYF'M (®) can be used to calculate the smooth valued adnd G on the whole

<t <t

= = °f

mterval

This above procedure was used to smooth the expetah datasets from NPL. A
comparative was thus performed to determine whethevutperformed the traditional
methods such as moving average, Savitzy-Golay iitedrig. Although this method shows a
lot of promise, the traditional methods performedtdr than the above method. The analysis
performed in chapter (6) therefore only makes ude tlee traditional method.
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Appendix B Theoretical Data modelling using Leastguare method

To perform data modelling using the least squarehatk the general Garofalo’s creep
equation is used to demonstrate the concept. Ejavtith a model by defining Xas the
independent variablesy; is dependent variables vector of measured valégsis the
parameter array, the model is defined asYYX;, Pk). Using the Garofalo’s creep equation

with four material parameters;

, = . C
£(J,T,C) =C, sintf* (C,0) exp{—R—_“rJ
C=(cLc2c3cy’
ME)=X[e(onm.C)-4]

9 -0, k=14
oC

k

ZZ ag(jc,ﬁ ,C)

J

[s(q T ,é)—a] =0, j=14

This has to be solved numerically. Iterative methad be use€*** = C* + AC

The equation can be linearised by using the Taylexpansion & =C, .

Hom8)=¢(a 1) 222 e ey
] i
_0[0,T.C)
%= aC,
/\Cj:Cj—C}(
Therefore

£(0,.T,.C)=£(0,.T .C*)+ X JAC,
j

From above and substituting
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substituting A¢(a;.T;,C*) = (0, T, .C*) - ¢,
> LIAC -9AE(0 T CY) =0 j=1..4
i |
Y Y LIAC =Y JAE(a T.CH) =14
i | i
These set of linear equations of C are solvedi G

For M experimental measurement at a given stresk tamperature the error in the

measurements are given by

20 =33 [¢(0.7.6)-4,]

n=1 i

2

ag(a,T,é)
oC,

2;2—[5(0— T.C)-&]=0  j= 1.

0£(0, T.C|I N .
ZMZ%F(Q T ,C)—ﬁzgim}:o =1 :
The experimental result is given in the form of aacé-displacement curve. In inverse
modelling the force is can be expressed in the form
F=F(CEv,TtU)
where F is the force,
C creep material constant
T is the temperature
tis the time
v is the Poisson'’s ratio
U is the displacements
It is assumed that all the other material propsriee known, then
F =F(C)
The inverse problem then becomes an optimisatioblem with the minimisation of the

norm of the residual given by

A(C) = Z[Fi(ﬁ]) —B]
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Appendix C Parameters for Anand’s Model in Literature

The table below highlight’s the wide scatter ofitalde material properties for the Anand’s congive model.

Table C.1 Parameters of Anand's constitutive model

SO(MPa)] Q/R(K) | A(S-1) [& m ho(MPa)| §(MPa)| n o
SAC405[17] | 2157 | 10561 | 325 10 0.328 8.0E5 421  0.02|2.57
SAC305[18] | 45.9 7460 5.87E6 2 0.0949350 58.3 | 0.015 | 15
SAC305[19] | 2.45 6069 717.26 2 0.13] 1.46E10 2.9E7 0436 | 2.22
Sn3.5Ag[19] | 0.65 6542 344718 0.143 | 23241 | 26 0.0447| 1.46
Sn0.7Cu[19] | 4.43 5840 764.16@ 0.123 | 11656 | 26.4 | 0.043 | 2.33

SAC385[182]| 16.31 13982 49601 13 0.36 8.0E5 34.71.02 0 2.18
SAC305[183]| 2.15 9970 17.994 0.35 0.133 1525.98 3&.5| 0.028 1.69

SAC105[184]| 2.3479 | 8076 3.773 0.9950.4454| 4507.5 3.5833] 0.012 2.1669
SAC387[184]| 3.2292 | 9883 15.773 1.067/3.3686| 1076.9 3.1505| 0.0352 1.6832
SAC405[185]| 1.3 9000 500 1.5 0.308 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 1.0041549.45E3 | 1.1452 0.1158] 133.8025| 13.337 | 0.0402 0.108R
Sn3.5Ag[187] 7.72 1.41E4 1.63E6 1.61 0.13 5.87E4 11.99 0.01Yy 920
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 90.82.26E-10] 1.2965
Sn3.5Ag[189]] 39.09 8900 2.23E4 6 0.182 3321.15 17381 0.018 1.82

12480 4223 0.34 2.98E5 0.03 1.98
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