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Abstract

Microelectronic assemblies used in automotive, military and defense applications may be
subjected to extreme high and extreme low temperature in addition to temperature cycling
with intermittent prolonged period eforage. Field deployed electronics, unlike controlled
laboratory testing, may experience a variety of sequential thereohanical stresses
during its lifetime. The field environment imposed on the electronic system may be
influenced by ambient conditisrand usage profile. Variation in the ambient temperature
conditions, weather variations, usage location in addition to scheduled system usage or
downtime may result in wide variance in the resulting field profilhermally induced
stresses cahe prodeed in fabrication stage also. In an electronic packaging assembly,
one of the crucial parts affecting reliability the most is the solder joint, which actually bears
most of the stress gradients formed inside packages due to CTE mis®atety. critical

nature of the electronics systems necessitates thatdedaimage and reliability should

be assessed prior to any future redeployniEme. prognostic technique proposed in this
thesis is based on Physics of Failure based damage indicators of secointdmaginects.

Both the test vehicle and thermal conditions have been thoughtfully selected to ensure
relevancy to current packaging technologies and critical usage profiles. The impaet of iso
thermal aging and effect of mean temperature of thermal gydmvironment were
investigated and the information derived from these investigations were used to develop

the damage mapping and life prediction model. The damage mapping relationship deals



with finding a TimeTemperature combination required to reacladigular damage state
and the predictive model shows how microstructural growth rate is related to fatigue life.
The evolution of two different microstructural damage parameters were used in the process

of developing the life prediction model.

Apart from microstructure based parameter, a new prognostic tool based on shear strain

was presented, where shear strain evolution with number of thermal cycles undergone was
investigated with a view to finally correlate with life degradation. ful\-field optical

technique like Digital Image Correlatiomas used to investigatee evolution of shear

strain withnumber ofthermalcycles, which is a completely new approach to assess the

effect of thermal cycling duration on shear strain in real time. A quarter syynmedel

of package was built i n ANSY-Masteg Cahstitstivenu |l at e
Model to check the validity of experimental finding and at the same time to calculate plastic

work dissipated under a particular thermal cycling environment.

Finally popular life models like CoffiMa nsi on and Darveaux0s mode
with experimental data. A new model of Remaining Useful Life (RUL) prognostication

was proposed based on microstructural damage indicators. Also a new approacheto fatigu

life calculation was presented by correlating microstructural parameter growth and plastic

work dissipated.
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Chapter 1

Introduction

1.1Electronic Packaging Overview

Electronicpackaging is an art of establishing interconnections between various levels of
electronic devices, components, modules, and the sydfierglectronic packaging can
alsobe defined as an engineering and agrolviding signal and power connections to the
active compaents of an electronic circuit and pratieg that circuit adequatelydm
environments [2]Electonic packaging serves multifold function of providipgwer and
signal inteconnectionheatdissipation medanical support, and a secured gonment by
preventingcontaminatbn, mechanical damage, and élemagnetic interferencetc. But
asICsare becomingncreasingly more compleas prophesized io o r e 0[3], these w
functions are becoming increasingly difficuM o o s kalv statesthat the transistor
density on anC will double every 18 month#&\s an example,idt 971 I ntel 6s 40
had 2,250 transistors while in 20Ghe Intel Itanium 2 Processdrad 410 million
transistorsWith the increae in transistor densityumber ofinterconnections coming from

the chipis also increasingThe International Technology Roadmap for Semiconductor
(ITRS) 2007 Edition calls for a maximum interconnect countBD40 interconnects in
2007 to increase to 728867 interconnect by 2012 for cgerformance packagesigure

1-1 showsthe trend ohigh volume packge manufaturing technology4].
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Figurel-1: General Evolution of Electronic peaging density4]

1.2 Packaging Design

In general arelectronic pakagingcan be dividednto three levelsKigure 1-2); device

packaging, board packaging, and system packaging.
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Figure 1-2: Three levels of packaging: the device is packaged into a component, the
component isnounted on the board, and the board is installed into the subsystem chassis
(MCM = multichip modué, COB = chipor+board]5].

Each level of packaging provides similar functions but has a distinct purpose and design.
Device packaging protects the integrateccuit from corrosion and dissipates heat,
creating a component with an electrical interface and mechanical support for installation
and testing. The printed wiring board or substrate provides support and interconnection of
the device packages to creatiectronic sudunctions suitable for highdevel testing.
Box-level packaging allows for electronic interconnection between the circuit substrates,
and performs housing and interfacing (such as connectors or keyboards) to the outside

world. [5]

1.3Packaging Technology

Throughhole packaging was theost effectiveand popular technology at the early stage
of microelectronicsmanufacturing But with the advent VLSI (Very Large Scale
Integration)technologyandsoaringdemand oimore and more functionality with limited

3



space throughhole technology is at the edge of extinction now, and Surface Mount
Technology (SMT) has been evolved as a replacenhevention of sophisticated very
high volume manufacturing facilityalso triggerd this transition. Surface mount
technology allows direst attachment of packages on the board ttzoldgh jointsthereby
saveamore surface area for additional components and reduce the elquarasitic due

to shorter interconnect lengtNlow different versions of interconnection geometries such
as Pin Grid Array (PGA), Ball Grid Array (BGA), Column Grid Array (CGA) etc. have
been used depending upon the types of final us&ggure 1-3 showsthe evolution of
packagirg densities overre. In the late 19908)dustry introducedvafer level packaging,
which resultedin many revolutionary advances such as @board (COB),tape
automated bonding (TAB), and multichip modules (MCMs). These technologies represent

the next sten the evolution of packagin®].
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Figurel-3: Packaging Densities over Timé@| [
Ball Grid Array (BGA) and Chip Scaleackage (CSH)eing the mosprevalent package
types in portable hand held consumer electronics et most of the requi
microelectronics industryUsing CSPtechnology package size&an be shrink down to
silicon size ratio of 1.2, which s more and more miniaturization of devicdBGAs
havemultifaceted advantages by havir@pust balls at higher pitches instead rafgile
leads like QFP, along with elimination of -ptanarity issues and trulgmazingself
alignmentcapabilityduring reflow even if they are misplaced bya(Mue to this self
alignment capability, 8GA that is notproperly placedwill float back to its optimal
position on the solder landtueto surface tension forceBGA technology also helps
obtairing higherl/O count fa a given substrate area, reduction in size, weight and cost.

Due to its simplifiednanufacturing process it can extend to multichip modules likelB



Packaging Another very important advantage of BGA is it allows heat to flow freely

resultirg in better heat dissipation.

1.4 Plastic Ball Grid Array Packages

BGAs are available in different types, from plastic overmolded BGA (also called PBGA)
to flex tape BGAs (TBGA), high thermal metal top BGAs with low profile {PBGA)

and high themal BGA (HPBGA). Plastic Ball Grid Arrayis a type of BGA with plastic
molded body. Its size may ranffem 7to 50mm with ball pitches of 1, 1.27 and1.5 mm.
PBGA pin counts range from 16 to 2401lislta laminate based substrate package where
die is attached to the substratade of twemetal layer copper claBismaleimide triazene
(BT) laminate which hakigh glass transition temperature and is the most commonly used
resin for PBGA The inner conngtions are made either with wire bond or by the flip chip
interconnectionThe complete assembly is thever moldedand the solder ball is formed

to build the packagelt is a low cost and low profile packageée lead coplanarity allowed

by JEDEC standad s i s 0.006i nch f @Q08inch nfica |largerr
BGAG6s (1. 27mm t o, bdcass nhm larger PBGAepackages amore

susceptible to warpage than the smaller packages.

BGA
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Figurel-4: Schematic of a typic® BGA package

For the assembly of PBGA, general industry practice is to have stencil opening diameter
equal to PCB pad diameter which provides begsketting effect while doing stencil
printing. Normally 0.1 to 0.2 mm thick stencils are commonly usetijtlzan be thicker

for larger sized PBGASsThere are two types of pad configurations used for PBGAS,
Solder mask defined (SMD) and nealder mask defined (NSMD). Each design has its
own advantages and drawbacks. But the biggest issue for SMD isatipeeslyes formed

in the solder balls where stress concentrations can occur. Examples of these two types of

solder mask pads are Figurel-5.
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Figurel-5: A. Solder MaskDefined, andB. Non Solder Mask Defined [7]

1.5Reliability

ElectronicPackagesre delving more and more into extreme environment regime not only
due to ambient temperature profile imposed, but also direteased power densiind

mo r e tb galdfy screasing miniaturizing trends bunch of reliability issues arose
due tothe extreme environmentspme of them armentioned below.

1. Packagenaterials can be erped to high temperature or temperature fluctuation due to
high powerdensity devices or extreme ambient environments.

2. Thermallyinduced stresses whidtcur due tdarge mismatchem the coefficients of
thermalexpansion of the various materials in the package

3. Stressesan also occur due to mechanical loading caused byetiteof the product
containingthe package or due shock andvibration.

4. Packages maalso be exposed to moisture and corrosive environments.

An electronic package an assembly differentcomponents like silicon die, copper pad,

substrate, mold, solder joint etc. from materials ranging from metals to polymer or resin



sandwichedtogetter. Each materialwidely varies in their physical and mechanical
properties likeCoefficient of Thermal ExpansionCTE) , Youngds ®odul us
rati o ( 3gveradevicestartsWpeeation & exposed tgurroundings, change in
temperatureinduces thermalexpansion mismatches among different components of
packages, thereby creamglic shearing loads on the soldeteirtonnects (BGA joints),
eventually leading téatigue failure.The majorrole player in this regard is the difference

of CTE between silicon die (2.5ppfi€) and substrate (20ppfi). The stiffer silicon die
lowers the effective CTE in the substrate region, which increases the CTE mismatch
between the printed circuit board and the substrate. This increased CTE mismatsh cause
more stress and deformation in the presence of thermal loads and this stress and
deformation is in turn taken up by the solder ball, leading to a shortened fatignfethiée
interconnect [8 Cracking most often occurs in the neck of the solderardllalso at the

lower side of the solder balWhere the ess concentration is higApart fromthat, de
fracture, severing of interconnections, wire bond failure, delamination of material
interfaces,encapsulant crackingtc. are some of other types obmmon failure to be
named.Extensive research has been going on to find the way to reduction of stress on
solder joints to improve reliability,ogne ofthem are developingubstrates with matching

CTE thereby minimizingCTE difference in substrate apdckage using underfill that
strengthen solder ball during shearing degieloping substrate with compliant top layers
that can absorb some stress.

Solder Joint failurdnas emerged to be onkthe predominant failure mod&hereforejn

this thesis tarmamechanical reliability of solder jot has been studied.



1.6 Soldering Alloy

Anything with lead has inherent toxicity plems. It is hazardous both personal safety

and environment. Lead poisoning can occur when lead enters body through inlwalation
ingestion, even with dermal contact. Even it can leach into drinking water if not disposed
properly. To restrict its usage Restriction of Hazardous Substances (RoHS) directives was
adopted by European Union in February 2003. Due tortbws industry ha to move from
Tin-Lead soldeto lead free option although SnRas been used more than thousand years
for some of its advantages like low melting point, better wettability and malleability,
availability and cost. In the course of extensive researchddtie best substitute for SnPb,
SAC which is ain, silver, and coppealloy, emerged as better options until nG&AC

alloys took the largest market share in industry due to their low melting temperatures and
superior mechanical and solderability prdjgs. Despite all itbenefits and higimarket

share, SAC alloys stiire not a perfed®b-free solder replacement due to some noticeable
shortcomings like:

(1) SAC alloys have higher melting points than eutectid®n

(2) SAC alloys are prone to excessgrewth of intermetic compounds at the interface
between solder joints and copper pad, which can cause reliability prd@iethts 11;

(3) SAC alloyshave higher material costs

1.7 Performance Characteristics of Solder Alloys

Any alloy must pass through some stringent performance screening to be qualified to be
used as solder alloy in industfyable 1-1). First,it must hae low melting temperature

which can directly affect the other components of an electronic package and also the entire

manufacturing process and cost involveécond, itshould meethe expected levels of

10



electrical and mechanicptoperties Third, it should be abld¢o adequatelywet PCB lands.
Also it should offer better reworkability and ease to inspectiast, it must be economical
and not significantly increase assembly cost. A summigogrformance characteristics of
solcer alloys is listed iTable1-1[12]. Manufacturabilitydescribe$o what extena solder
alloy suitescurrent electronics grkaging practices. Reliabilitg the dependaliil/ of
solder jointunder service conditionThe thumb rule for selecting a potentRbfree
alternative soldering materials is ensure that theroperties of the alteative solders are
superioror at least comparabte SnPb solders.

Tablel-1: Performance Characteristics of Solder Alloys

Manufacturability Reliability

Melting/liquidus tenperature Electrical conductivity
Wettability (of copper) Thermal conductivity

Cost Coefficient of thermal expansion
Environmental friendliness Shear properties

Availability and number of suppliers Tensile properties

Manufacturability using current processg Creep properties

Ability to be made in balls Fatigue properties

Copper pickup rate Corrosion resistance
Recyclability Oxidation resistance

Ability to be made into paste Intermetallic compound formation

In 1997 The National Center for Manufacturing Science (NCMS) developed-fapass

criterion for deferent candidate alloys as shown in following table:

11



Table1-2: Passdfail criteria used by NCMS [13]

Solder Property

Definition

Acceptable Levels

Liquidus
Temperature

Temperature at hich
solder alloy is completely
molten.

<225C

Pasty Range

Temperaturelifference
betweersolidus and
liquidus

temperatues; temperature
range where the alloy is
part solid and paitquid.

<30°C

Wettability

A wetting balance test
assesses the force resultir
when a copper wire is
immersed in and wetted b
a molten solder bath. A
largeforce indicates good
wetting, as does a short
time to attain a wetting
force of zero and a short
time to attain a value of
two-thirds of the maximum
wetting force.

Frnaee 300 ¢ N

t0<0.6s and#s< 1 s

Area of
Coverage

Assesses the coverage of
the solder orCu after a
typical dip test.

>85% coverage

Drossing

Assesses the amount of
oxide formed in air on the
surface of molten solder
after a fixed time at the
soldering temperature.

Qualitative
scale

Thermo-mechanical

Fatigue

Cyclesto-failure for a
givenpercent failed of a
test population based on g
specific soldefjoint

and board configuration,
compared to eutectic
SnPb.

Some percentage,

usually>50%

12




Coefficient <2.9x10°°C
of Thermal

Expansion

(CTE)

Creep Stress required at room >304MPa
temperature to caudailure
in 10,000 minutes.

Elongation Total percent elongation o >>10%

material under uniaxial
tension at room

temperature.

1.8Sn-Ag-Cu (SAC) Series Alloys

In the long search of Pb free ahatives, scientists came out withnember ofviable
candidatesuch as SiZn, SrCu, SnBs, Snln, SnAg and various other systems. But until
now there igo best choice which can better sealeapplications. However, the BAgi

Cu (SAC) seriesame out to béhe mostpromising replacemenBut in case 0SAC also
not a single composition works for all application. While one is good for thermal cycling,
ends up poorly in drop and shock regirapdthere are different versions 8AC alloys
which have ben experimented and adopted electronicsmanufactures for wide range
of usagesNCMS and iNEMI led the early research endeavor on SAC alloys.oDut
different compositionavailablethe mostpopular versionsre[14];

-Sn+3.9%Ag+0.6%Cu (INEMI recommended)

-Sn+3.5%Ag+0.7%Cu

-Sn+3% Ag+0.5%Cu (JEITA recommez)

Due to ongoing researehlarge varietypf SAC and nofSAC lead free versions emerged.
Each version suites a specific usage profile. So the entire spectrum of doompcen be

grouped into some few distinct families as;
13



1. The neateutectic tinsilver-copper alloys (SAC305, SAC387, and SAC405). These
alloys perform well in thermal cycling, while showing comparable performance in
drop and shock resistance. Other important qualities include shininess for automatic

and reasonaé reflow performance.

2. The second group is low silver alloys such as SAC105 and SAC0307. These alloys
are well suited for drop and shock performance. The {oéfdeith less silver is

decreased thermal cycling performance and also high melting point.

3. To improve the properties of the second family of alloys, additional metallic
constituents are added in small amounts. This kinds of alloys constitute the third

group. These are generally identified as SACX in industry.

4. Another group of alloys worth considieg, butdoes noffit into above categories
can be described as r@AC alloys. Such as BiSnAg (Indalloy® 282) which has
favorable properties for many applications. Its liquidus is 140°C, noticeable
improvement if compared with SAC alloy having liquidugpproximately 220°C.
It is especially suitable for temperattgensitive applications or for attaching
additional components after primary board assembly. However, BiSnAg alloys do

not have acceptable drop shock performance for mobile prgdistts

1.9 SAC Phase Diagram

Finding out the eutectic melting temperat.
focus since the time it stands out to be the only viable alternativeRt. Shddition of Cu

in SAC system helps lowerirtgemelting temperature and ingringwettability[16]. The

melting point of near eutéc SAC alloys is 217 °Apwer than the melting temperature of

14



the binary eutectic 96.588.5Ag at 221 °CMiller et al. in1994[17] first discoveredhe
eutectic composition of SAC series allaysng DTA The eutectic point was 4.7 wt.% Ag
and 1.7 wt.% Cu in the ternasystem with a melting temperature of 217°C. In the year
2000,Loomans and FinelB] came out with a refined versiontbis with 3.5 wt.% Ag and

0.9 wt.% usinghermal analysisfomonovariant S¥fCu and SpAg binary eutecticsThen
Moon, et al. [19 confirmed thatby using thermal analysis, simulated DTA curves and
thermodynamic calculations. THimal version ofmelting point of the ternary system is
2172 +02AC wi t h déviaton. Ehe resalting D ternary phase diagram of

SAC sysem isillustrated inFigure1-6.

Binary Eutectics

Ternary Eutectic -

Binary Eutectic

Figurel-6: Typical 3D Ternary Phase Diagram [20]
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The contours on the top surfacerigure1-6 (shaded area) repregasothermal lines and
thelowest point wherall the isothermal lines convezgis the eutectic point of thernary

system. The eutectic reaction can be writsn

LY AS$n + CySrs + Sn (Matrix)

The entire ternary phase diagram is a fusibthreebinary phase diagrams of &g, Sn

Cu and AgCu. Figure1-7 shows the top view of the ternary phase diagram where the red
boundary region represents the near eutectic region or the % amount of Ag and Cu needed

to form near eutectic composition.
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Figurel-7: Top View of SfiAgi Cu Ternary Phase Diagram [21]
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In SAC alloys, the formation of intermetallic compounds between the primary elements Sn
and Ag, and Cu affect all the propertiestbé alloys [22 There are thre@ossible
intermetallic compounds that may be formedz®&wgforms due to the reaction between Sn
and Ag as shown ifrigure 1-8 (a) and C@Srs forms due to the Sn and Cu reaction as
shown inFigurel-8 (b), but CuSn will not form at the eutectic point unless the Cu content

is high enough fothe formation of CgSn at higher teperatures. & according tdVa et.

al. CusSn is not presen bulk specimeng22]
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Figurel-8: Binary phase diagram (a) Shg and (b) ShCu. [23]

1.10Mechanical Propertiesand Failure of Soldering Materials

Reliability of solderjoints are heavily influenced byelectrical, thermal and mechanical
properties of the joinfThe relevant solder properties are crucial toréli@bility issue in
electronics packagindgrailures on solder jointscan be classified into threelectrical,
mechanical, ocorrosioninduced But thefatigue and/or fracturenduced failure is the

most dominantong which leads tounexpecteddevice or service shut down without

17



showing any prior symptonirhis kind of failure, usually known ashermemechanical
failureis the result of inheremhismatch ofCTE (coefficientof thermal expansiogmong

the varioussomponents likenetals, polymers, compositetc. Heatgererated every time

an electronigroductis powered on make the entire assembly to contract or expand un
uniformly and finally develop thermal stre¥¢hereveran electronic assembly is subjected
to tempeature changehe solder joint is subjected to shearing to compensatedd@ TE

mismatchmainly between substrate and dis,shown irFigure1-9.

in equilibrium
|

’L:ai‘
p
cooling / \ heating

a TCE of B> TCE of &
. p
—  relative - _
shrinkage -— e;:l:::ien ) —

Figurel1-9: Cyclic Stress Induced by CTE Mismatch [24]

The governing factorsnfluencing reliability the moshave been identified as the CTE
mismatd, the range ofemperaturevariation,solder joint distribution and geometiand

the solder alloy elastiplastic and creep constitutive relationships.
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1.11Tensile Properties
Whenever an electronic package is on, its solder joints are subjected to shear deformation.
This shear always accompanies tensile loadinghasvnin Figure 1-10 as aresult of

substrate or PCB flexing.

Normal Temperature, T

? Q Low Temperature, T

T,<T

High Temperature, I
T,>T

Figurel-10: Solder Joints Subjected to Tensile Loading due to Substrate Flexing

Therefore, the information about various tensile properties of solder jointyikde
strength, ultimate tensile strength and elastic modulus ayeime@ortant in determining
the extent of tensile deformatioa solder joirt can sustain prior to failuré typical
engineeringstressstraincurve of Pbfree solders is shown ifigure1-11 along with 8

important mechanical properties of solder matsrial
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Stress

00z Strain

Figurel-11: Typical StressStrain Curve of Pifree Alloys [25]
1.13Creep

Creep is time dependent deformation when a material is subjected to stress for a prolonged
period of time, but theoretically it can occur at any temperature above absolute zero. But
Creep failure becomes a significant factor at a particular temperati@e aaHomologous
temperature defined as 0.5 of melting temperature. As common solders are low temperature
alloys, development of creep becomes significant evensudizero temperature.
Temperatur@nd amount of loadre dominant factors in credpor most materials, creep
develops in three staggwrimary, secondary anértiary creep. A typical creep curve for

solder is showmiFigure1-12.

S
= Rupture
g
“ |Primary 4
cree -—
- _p_/ Tertiary
— Secondary creep creep

Initial stram
(elastic + plastic)

t (time)

Figurel-12: Creep Curve under Constant Stress/Load and Temperature [26]
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The creep rggonsebegins with an initial instantaneous strain, which consistdastic or
time-independenplastic deformation as soon as the condtzad is applied27, 28]. The
creep deformations thestcur whichtypically aredivided into three regions or stages as
discussed below:

Stage | (Primary Creepln this stage, the creep strain ratielqt) decreasegapidly over
time due to straihardermng, Strain Hardemg (happen at low temperature or less than
0.4Ty) is the strengtheningof a metal byplastic deformationBefore Strain or work
hardening, the lattice of the material exhibits a regular, nearly eieéegbattern As the
material isstrained more and oneit becomes increasingly saturated with new dislocations
(Dislocations are areashere the atoms are out of position in the crystal strugtui@ch
prevent new dislocatiorfeom nucleating (a resistance to dislocatformation develops).
This is caled work hardeningyhich manifests itself as a resistance to plastic deformation

and results in decreasingeep strain rated(U ). d t

Figurel-13: Creation and propagation of dislocation [29]

Stage Il Secondary Creep @teadyState Creep In this stage, the creep strain rate is
relatively stable (linar part of the curve) as strdiardening and recovery softening reach

a dynamic balanceAt higher temperatures, the strésstrain curve becomes flat which

21


http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Plastic_deformation

means the stin hardening rate is close to zero. In hardening, flow stress increades due

dislocation storagewhereas in softening flow stress decreases duelidtmcation

annihilation resulting fromcross slip and/or climb of dislocations.

Offsetb

Figurel-14: Macroscopic deformation of a cube produced by glide of (a) Edge dislocation
and (b) Screw dislocation [30]
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Figurel-15: Climb of Edge dislocation and Cross Slip of Screw dislocation [31]

Stage Il Tertiary Creejy Tertiary creep is characterized by an accelerated creep rate,

which may be caused bsarious weakening metallurgical instabilities sushl@calized
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necking, corrosion,inter-crystalline fracture, formation of microvoids etc32].
Eventually, at the endf this stage, rupture occurss most of the solder alloy have low
melting temperature, they are subjected to creep even at normal operating conditions due
to high homologous conditiorfs 0.5Tm) Therefore stress leveis very influential factor

in dictatingcreg deformation mechanism. At lostress leve, creep takes platg lattice
diffusion and gain-boundary diffusionDiffusion creep occurs through diffusion of atoms
within a grain.As thestress risesreep phenomena dictated by dislocation which is a
motion of dislocation through gliding in slip plan&dditionally, grain boundary gliding

also contributes tollehese stages mentioned abo88][

1.14Fatigue

Solder joints in electronic assemblies are often subjected to cyclic loadings due to
temperature fluctuation or ewff cycles This thermal fatigue is the most detrimental effect

a manufacturer has to consider to project its operational life Ejpéiguefailure usually

occurs at stress levels lower than the matea | 6 s y i e | drespangibie $osa Fat i
large percentage of fares of engineering materialgatigue failureis expedited by
localized stress concenti@s. As the thermal cycling is ging on micro-cracks will
initiate at the spots of high stress concentration. This newly generated crack tips themselves
act as stress raisers and make situation more suitable for crack propddpsicontinuing
process reduces cross sectional arearand more to such a point where it can no longer
support the applied load¢ulminating in a sudden and catastrophic faildree fatigue
damage is cumulative, and theaterials will not recover after load removahis kind of

failure is brittle like andnvolves very little plastic deformation. Themee threestages for

a fatigue failure to fully develop and occ32].
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Stage 1: (Crack nucleatiornce initiated, fatigue crack propagates along high shear stress
planes (45 degrees).
Stage 2When stresgtensity increases due to crack growth or higher applied stress, slips
starts to develop in different planes close to crack tip, but in this stage crack propagates at
90 degrees to applied load while it isdiégreest stage 1This stage has two steps:
Step I: Slow propagation along cryspddneswith high resolved shear stress and it has
flat fracturesurface.
Stepll: Faster propagation perpendicular to applied stress. Craoksdoy repetitive
blunting
And sharpening process at crack tip. It shosugyh fracture surface [34].
Stage 3At stage three crack growth become unstable. Here crack growth is controlled by

static modes of failurg85].
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Alternating stress ‘

) A
Slip Bands form along
maximum shear stresg
giving rise to surface Step |

extrusion and intrusioH

Vo

Step I: Slow propagation along crystal pianes witn nign resoivea snear stres
Step Il: Faster propagation perpendicular to applied stress

Figurel-16: Stages of Fatigue Failure [3]

1.15Fatigue Life

TheAmerican Societ for Testing Materials (ASTMjefines fatigue life by Nthenumber

of cycles to fail at specified stress lev@blderjoint geometry, pad geometrjzd@rmal load
amplitude and its history, solder microstructure, surface finish etc. hafaipd effect on
fatigue life.The fatigue life formulae used can be divided into two domains namely, high

cycle fatigue and low cycle fatigue depending upon the stress level.

1.15.1High Cycle Fatigue
In this case stress does not exceed yield stress limib@nds at relatively large cycle

numbers (N > 1¥). Deformationincurredis primarily elastic and fatigustrength is
descrbed by stresbased parameter¥ibration loading can be described ashigycle

fatigue. Miner's rule or he PalmgresMiner linear damagéaw [38] is one of the most
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widely used cumulative damage theomésch attempts to determine the proportion of life
consumed by stress mgal at eacimagnitude and form a linear combiioak of their
aggegate

kK n Eq. 1.1

where k is the number of s tigtheghsstressdevedihs i n
isthenumber of cygl & appl ihedfdeis dstplyassimed e a't
to be 1 fordesign purposes and is experimentally found to be somewhere between 0.7 and

2.2.

1.15.2Low Cycle Fatigue
Characterized by small cyaeimbers (N < 1%) andcausedy high stressSince the stress

is high, plastic deformation occur§hermally induced fatigue is of this type asttain
basegarameters are normally used to predict fatigueTife. most widelyaccepted theory

for low cycle fatigue is the CoffiManson relatio39].

qOTHZQ( 2f|\)c

nGis the pl ast i gbisanempgiricahcorstarpKnawn as the fatigustility

Eqg. 1.2

coefficient; Nt is the fatigue life or number of reversals to failused C is an empirical

constant known as the fatigue ductility exponent.

1.16Digital Image Correlation

Digital image correlation (DIC) is a digital image and numerical computing based optical
metrology which gives full field displacements and strain by comparing the digital images
of specimen surface before and after deforomatit was first developed by a group of

researchers at university of South Carolina in 1980s. Ibéas widely used to quantify
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the deformations and associated strains and to locate the most Vielséesbof electronic
packages because of its numbtadvantages, such as, it needs less surface preparation as
compared to Moiré method, it does not need any coherent light source like laser, and it
offers a wide range of measurement sensitivity and resolution depending upon the
resolution of image capting device. Also it is a contactless method covering a wide range

of loading conditions and geometries and does not need isolated environment for
application like interferometric method. In case of displacemegd@surementt can go
upto0.0Lkpixelaccuecy (i .e. 1 em with 1 Mpixel camer
of strain. It can even go up to nanoscale accuracy if coupled with optical microscopy,
scanning electron microscopy etc. DIC is a pattern tracking method based on subset of
pixelswhich gplies a mathematical correlation algorittmrobtain kinematic irdrmation

from digital images aguired during deformatio.he corelation works by matching small
square subsets of the nrdaformed imagé¢o locations in the deformddchage There are

three very important components of DIC algorithm, namely, matching, interpolation and
shape function. At first, a square subset centered at ponydp from the reference image

is chosen, then its corresponding location in deformed image is tracked. To evaluate the
degree of similarity Zero Normalized Sum of Squared Difference (ZNSSD) is used. The

location of deformed subset is detected at the placehwWiaive the lowest value of ZNSSD.

f-f g; -9
a (f; f) \/a(g -9)°

a
e
Csnssp=aee % Eq.1.3

27



Wherfée i6s t he referengbei smdgtor mednsmageandt

used to correct for illumination change and offset and also it is the most noise proof

algorithm.

AOI: Area of interest (shaded hy red)
Sub set: Marked b y vellow, P(xg,y¢): Subset center

Figurel-17: Subset matching in DIC

Now a point of interest in the deformed subset may locate between pixels i.e. in subpixel
locations. So the intensity at these subpixel locations should be provided prior to calculate

the similarity criterion using ZNSSD equation.
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Figurel-18: New location of pixel after deformation

Various subpixel interpolation schemes is used such as, cubic polynomial, cubic B spline,
quintic B spline interpolation etc. A cubic B spline curve is constructed by using different
cubicpolynomial curve between each two data points, in other words it is made of number
of cubic polynomials glued together. The shape of the interpolating curve closely follows
a given sequence of points which are called control points. The reason for cloudBsmng
polynomial is that it is the lowest degree polynomial which supports inflection point and
also it always show smooth rather than wildly fluctuating shape shown by other higher
order polynomials. Gbic B-spline curvess actually a blend of several cubic functions
where three continuity conditions are assumed at the junction of a pair of cubic curve which
are: (a)Positional ContinuityC°) i.e. thefunctional value at thend point of segmerit i 6

is the same as theasting point of segmerd + 1 6 ,angéntia) Corftinuity@): i.e. no
abrupt change in slope occurs at the transition between segniaid segmend + 1 6 ,
and (c)Curvature Continuity(C?): i.e. no change in curvatued the transition between

segmat 6 iari segmertd + 16 Each segment can be written in the following form;

y(x)=a (x %) Bx x)? c& x)- Eq.1.4

Now if there are m number of segments, we have 4m unknowns. Now applying the above

three continuity conditions and assuming the curvature of the beginning and ending portion
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of the total curve to be zero (Natural spline) and then solving,fbr @ andd;, following

recursive formula can be written;

Eq.1.5

Wh e riis thai?®derivative atxand @ b, canddc an be written i, as an

We can write this recursive formula in the form of a system of lieeprations as

following;

& 1 %“1 G & Ypr MYy

g 41 Rl 11 W2y

¢ 141 g6 |

e U =5 | Eag.1.6
é o 1h% g a

e u ) )

¢ R A

€ Mmaly (Ym Ym g Yy o2

Now due to deformation the subset size and shape which is originally a square in reference
image may change in deformed image. Thus a neighboring pointy@é&round the subset
centerP(xo, o) in Figurel-17c an be ma p p3)dy usingtappro@iaté shape

or mapping function. Normally first order mapping function is used which allows
translation, rotationshear, normal strains and their combinatiofisis transformation

from undeformed to deformed using the first order maggimction is known as Affine

Transformation, which can be written as;
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1yige d ty oM U Eq.1.7
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where( %,y ,)T is deformed space and >§-|3-/t uislefromed spa

In the above equatiprot 6 i s point and it i's included

Depending upon the value of a, b, ¢ and d all kinds of transformation like translation,

scaling, shear, refection, rotation and their combination can be mapped.

1.17Prognostic Health Management System

Prognostics Health Management (PHM) is the interrogation of system state and the
assessment of product survivability in deployed systems usingesiructive assessment

of underlying damaged-ere, health is defined as the extent of degradairodeviation

from an expected normal conditip#0] The goal of proactive fault monitoring ispicotect

the end user fronunexpectedfailure and downtime androvide advancedilert of
impendng failure in due time to helporrective measures to be taken prior to failGnreer

the past decadextensiveresearch has been conducted in PWith a view to providing
adwance warnings of failure, enabling forecasted maintenance, impraystem
gualification, extenishg system le, and diagnosinghtermittent failuresPHM has been

implementedo deteciand interpet the parameters indicating

1 Performance degradation, such as deviation of operating parameters from their

expected values

1 Physicaldegradation, such a&screases ielectrical resistance or threshold voltage,

crack developmentorrosion, interfacial delamination, or
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1 Changes in a lifeycle profile, such as usage duration and frequency, ambient

temperature and humidity, vibration, and shpt§

“
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Figure 1-19. Approach for PHM for Thermmechanics, Shock and Vibration
Environmentg41]

PHM techniquesdepend on the observation of precursor variablesnables self

cognizant systems capable of assessing their owatimeaperformance under actual usage

conditions and adaptively trigger riskitigation actions to virtually ehinate unplanned

failures[41]. Detecing fault in the system and computirgsidual life at any given point

is thecore functionof any PHM techniquelypical fault detection involves interrogation
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of sysem state for pysics of failure based damage proxies or leading indicators of failures
which provide information abouthe current damagestateor impending failure These
damage proxieare therused in PHM modedevelopment whiclredirectlyandindirectly

relatedto the overall life of the system.

1.18 Thesis Layout
This dissertation is sequentiatiyvidedinto the following chapters:

Chapterl: Introduction to Micreelectronics packaginfgindamentals, its reliability related
issues like solder alloys, mechanical properties, reliability models and experimental

techniqus used to extract reliability metrics.

Chapter 2Discussion on existing literature on topics discussed in Chapter 1.

Chapter 3Discussion omuantifying the effect of isethermal aging omeliability through
microstructual investigationand development of@éamagemapping modeio probeiime-

temperature combitian pertinent to a particular damage state.

Chapter 4: Discussion on quantifying the effect of mean temperature of thermal cycling
on reliability through microstructural investigation, and development of a combined life

predicticn model based on microstructural damage accrual rate.

Chapter 5: Discussion on implementation of Digital Image Correlation which is more a
reattime methodas compared to microstructural investigatido,seethe effect of mean
temperature of thermal cycling on reliability. Evolution of shear strain field mean
temperature waswestgated, and the overall trend was thalidated by building and

simulating a noflinear finite element model of a package.
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Chapter 6: This chapter shows furthemplementation of Digital Image Correlation in
investigating evolution of shear strain field with number of thermal cycles undergone, and

also the effect of aging on fatigue reliability at the same time.

Chapter 7: Hee constants of conventional life models like Coffifansion formula and
Darveauxds Energy based model were deter mi
model outcomeA newer model based on microstructure damage state was proposed and

all the model owdome then compared with experimental life results derived through

accelerated life testing.

Chapter 8 This chapter summarizes all the findings of this study and proposes some

additional works to be done in future studies.
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Chapter 2

Literature Review

2.1Package Reliability

In the early 1950s, reliability problems came to focus as industries and researchers
confronted the unreliability issue of some BiBforce componentsElectronics industries
started booming in the late 1950s, and along with itecaranibld of reliability problems.
To delve deeper and to knock the root of these probleimse i Bhysics o Failu@
emerged in the early 1960s [42].he major reliability issue with BGA package is the
thermal mismatclarising from large differerecin CTEbetween chip and printed circuit
board(PCB) which induces shear in solder baticording to Sye3], packages designed
with perimeter arrays, thicker BT substrates, and an increased pad singpesnmore
reliability to withstandunder thenood envirmment,becausén case of perimeter arrdlye
impact d the die is lessened and thicker BT substtetps abate the CTE mismatch
between the die and the PCReliability is also greatly influenced by die si].
Ghaffarian showed that the alter diehas positive impact opackagdife. Furthermore,
larger pitched ball grid arrays tend to outperform the fine pitch ball grid aBagdley
[45] showed that HASL finisimproves reliability if compared tonmersion nickel based
finishes. Oxidabn of the nickel through gold layeausepoor solderability resulting to
bad connection between the solder ball and copper $atling [46] showed the
superiority of HASL padinish over Palladium based pédishes in thermal testing on
BGA's. Mawer [47] showedthat betterreliability can beachievedwith NSMD or non

soldermask defined copper padResearch was also done dwe teffect of underfill on
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package reliability Elkaday [48] showedthat the underfillimproves the life of the
packagedyy investigating the impact of underfill on thermal performance of smaller
perimeter array package&ccording to Pyland [48ow CTEand higher Ybung's modulus
underfill improves reliability of a super BGAChiang [5Q reportedthat a bettereliability

of package can be achieved B 2flow processs ball stanaff height can be increased
by 2" reflow. Approximately2X increase in characteristic life reported by hinunder
thermal cycling due to significant reduction in equivalent plastic searrgy density and
Von Mises stress in solder joitccording to Charlefs1], increase in fatigue life can be
attained by fabricating solder joints with large fillets and lower st#hdieight. Large
fillet helps reducestress concentration and lowenrsdloff height inbeases rtecross

sectional area amurevents early stress buildup.

2.2 Thermal Cycling Reliability of SAC Solders

Thermal Cycling Reliability andhe failure mechanism of solder joints under thermal
cycling testhave attracted the most attention fraeaearcherdMatin [52] andMattila [53]
foundthat themal fatigue cracks always ocaumside the bulk solder of the joint close to
the interfaces regions. The propagation of the thermal fatigue cracks, and thdérefore
reliability of the solder joint, relies on the mechanical and microstruptagerties of the
bulk solder [54 The thermal strain andnechanical strain combined afevated
temperature during thermal fatigue process induces recrystallizationhigttie strained
region of the bulk solder finallyeading to the development of the cracks in the
recrystallized regionso§-55]. Because the recrystallization behavior of Sn grains in Sn
Agi Cu solderss dominated ¥ thermal strain [569], better thermateliability can be

obtained in SihxAgi Cu solderdoy keepingthermal strain smaller. Ongay to suppress
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thermal strain in SrxAgi Cu solders can be an existence of larger number of figBrAg
IMC dispersoidsn the bulk solder since their presence haigsrove the yield strength
and elastic modulus of tHaulk solder{56, 60-61], which in effectsuppresssthe plastic
deformationsignificantly. One of the most detailed studies on thermal fatigue failure rate
of Sri xAgi Cu solderjoints was onducted by ®rashima et al[56]. He found that
increasing Ag content increases the fatigue resistance of SAC solder. Thus, the number and
dispersion morphology of the ASn IMC particles strongly affects the mechanical
propeties of the SAC soldeRecrystallizatiorbeing adominating phenomenan thermal
cycling is actually a transformatiarf Sn macregrains in grains of smaller size ghly
stressedones Crack is initiated &the interface of these recrystallized tin graars] then
propagate$62]. Matin [52] hasfound that the fatigue damage within solder initiates at
grain boundaries (the intrinsic thermal fatigue contribution) and also takes the form of
persistent slip bands (the mechanical fatigue contributld@)also found by correlating
the observed damage and the calculated stress fields that three crucial factonsriggit:
thermal mismatches caused by Sn anisotrdprmal mismatch between Cu and solder,
and the mechanical constraints posed by the Cu on the soldered joim. IScation and
severeness of fatigue damageletermined by the combined effect of these three factors
Xu [63] performed-40°C to125C thermal cycling test on his test subject. $towed
significant changen grain size during th thermal cycling testndicative ofdynamic
recrystalliation During thermal cyclingthermal stresg induced by CTE mismatch in
every temperature cycle and causefder deformationDuring the temperature ramygp

from -40°C t012%C (for SAC, Tm is 217 C or 490K, 125 C=398K0.8Tm),dynamic

recrystallization occurred, new grains formed and the stress is released. Then, the next
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temperature cycle canad new deformation startéefore the enlargement of the grains
from previous deformatianArfaei [64] observed similarities the failure mechanisms of
a variety (BGA, CSP, QFN) of Pb free SAC solder jointsol were subjected teariety

of thermal cycling regimes. Solder fatigue was observed in athefsamples, with
evidence of crack propagatiaiong grain boundaries atcrysallized regions of the

sample.

2.31sothermal Aging reliability of SAC solders

It is known that the microstructure changesdatically during thermal agirf§5]. During
aging, twometallurgical processes take placeatder joints: (agoarseningf the eutectic
structure in the bulk solder (b) Kirkendall voiding insSa layer Figure 2-1 shows, the
pristinemicrostructure of a SB8.0Ag-0.5Cu (wt.%) solder alloy with distinctive region of
b-Sn dendrites, which appesaas a rounded gnai microstructure, aneutectic zones
decor at iSn grains, hwhich fare a mixture of small 389 and CsSrs IMC
precipitates. Once a thermal aging sz is applied, the eutectic zones begin to evolve to

accumulate larger IM@recipitates[66]
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As-assembled, no aging J o, LI | 150°C/1080hrs

Figure 2-1: Sn-3.0Ag0.5Cu (wt.%) (SAC305) bulk microstructure before and after

isothermal aging:(a) as assembled, unaged(l@nafter aging at 150C for 1000 h [6§

Li et al [67-68] studied microstructure of flgghip packaging with SAC387 solder joints
being agedat different temperatuse According to him, he facetlike morphology of
interfacial IMC (Cu,Ni3}Srs remained unchanged during aging, but its thickness increased
considerably by &olume diffusion mechanism. ExistenceAgzSnIMCs were found to

be eithemplatelike or lamellaike phases os ma | | par ti cInéendri@gio und t
the bulk solder amh thentheseplate and lamella A¢pn phases broke up into small parts
and then caozened into pebblkke phases.Another important feature of aging
microstructure is the formation of Kirkendall voids at the solder/Cu interface which has
been reported fomany yearsFirstly, the interdiffusion of Cu and Smand secondly the
asymmetry of diffusion of these two materials Iéadoid in solder joints. There are two
steps for this process. (1) Cu atheave the Cu pad and diffussvards the solder, which
generateyacancies near the Sn layer. (2) S&éeacanciegshencoalesce into voids with
time and higher temperatui@hiu et al. [69reported tests of badrid arrays (BGAs) with

SnAg-Cu solder balls with Cu paleingthermaly agedat 100°C, 125°C, 150°C, and
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175°Cfor 3, 10, 20, 40 and 80 days. They found extensive Kirkendall voids at the interface

of solder joint to Cuwbstrate. The voiding process was activated even 4C1ad after

10 daysof agingat 125C the drop performance degrad@d%. Higher temperature will

generate more voids during the same aging .timease of hermalstorage the most

prominent effect is interfacidMC formation Most of the investigations f@redicting the

IMC layer growth in sall joints either is based othe oned i mensi onal Ficko
assumes a power law. For thelid-solid interaction, the kinetics of IMC growth often

folowFi ckod6s | aw,

_ 0.5 Eq. 2.1
d=d, {Di) 9

Whered is the thickness of IMC layer at aging timedjgthe initial IMC thickness after
reflow; D is the diffusion coefficient of a specific IMC atom species at a certain aging
temperatur@ndt is the isothermal aging tim&he diffusion coefficient D igiven by an

Arrhenius expression

= ex
PR T

Where D is the diffusion constant of a specific IMC atom species{@l temperature);
Q is the activation energy for the growth of a specific IMC lay€s;is the Boltzman
constant; and T the absolute temperaturEhe growth kinetis of the IMCs was analyzed
and revealed to followdiffusion principles. It was found that €2 was formed at the
solder and Cu interface during reflow, but the most imporitsfitience onthe layer

thickness was attributed isothermal agingAs shown inFigure2-2, with the increase of
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the aging timethe size of thanterfacial CySrs increased and its morphology was changed

from scalloplike to needldike and then to rodike. [70]

fusion of CugSn;s
tips

Figure2-2: () Interface of SAC305 solder after soldering Ifiterface of solder after 500

hours ofthe aging (c) Interface of solder after 1000 fsoaf the aging [7D

The chemical composition of interfacial IMCs and their effect on reliability also can be
greatly influenced by surface finish tyg@ne of the most commonly used surface finishes

on the @ckage side is electrolytic Ni/Au plated over Cu. Electrolytic Ni/Au involves quick
dissolution of Au during ball attachment and reflow process and is associated with Ni
dissolution and diffusento the solder material, which causes a difference in thialini
microstructire, with needleshaped IMCs ahe interfaceActually Ni layer prevents rapid
reaction between the solder and the Cu layer, which is under the Ni layer and the gold

prevents the oxidation of the underlying nickel layer, thereby enhasaiagrability.
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Packages with electrolytic Ni/Au as a substrate firmshcompared to OSshow IMC
growth by consumption of Cu and/or Nihigh reside in the solder balln@he other hand,
when there is no Ni at the packagjde interface, a continuous flow of Cu from the board
and packagesides is observed\i/Au surface finishshows better reliabilitywhich is
expected due to the existence of Ni in the solder jointsarbtitk solder region near the
packageside interface, which increases the initial hardness and provides more crack

propagation resistancg/l]

2.4 Packaging Architecture

Darveaux et al.12-73] and Syed [7}in their effort to characterizihe impact of design
and material choice on solder joint fatigue life for fine pitch BGllgntified some
influential factors likedie size, package size, ball count, pitch, mold compound and
substrate material, test board thickness, pad configuratibmpad sizedifferent testing
profile effects etc. Thesindings can be summarized as;

- The row of joints near the die edge failed first under most of the test conditions.

- Fatigue lifewent upto 6X as die size was reduced,

- For a given die size, fague life showed 2Xncreasdor larger packages with more solder

balls.

- Mold compounds with higher filler contesthowedreducel fatigue life by up to 2X due

to higher stiffness and lower thermal expansion coefficient.

- Tape based packagsisowed almost similar degreelwdard level reliability to laminate

based packagefsoptimized
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- As compared to 1.6 mm thick boards, 0.9 mm thick test boards st2®#ebbngerfatigue

life due tolower assembly stiffness.

- For CSP applications, NSMI24t board padsutperformed SMD pads lmp-to 3.1X life

improvement

- In case of thermal test profilegdter ramps and larger range will result in higher stresses

and more creep in the solder.

In an attempt to study unddre-hood reliability of smalle PBGA packages (15 and 17
mm) Suhling et al. [4breported that increased BT substrate thickness and NSklDgra
enhance the reliability, @ underfill by strengthening solder jointsan make smaller
components to meet the typical automotive thermal cycling requirent@msaian [79

found that a failure shift from solder joint to package may occur more often for
miniaturized CSP packages. He also found that increasing the maxtyaling
temperature has more damaging effect than dsorgthe minimum temperature, and also
fatigue rather than creep, is considered to be main damage mechanism belwif ohe

the absolute melting temperature while studyacgelerated thermal cyctirtest methods
used in current industry to characterize the interconnect reliability of BGA and CSP

asemblies.

2.5 Constitutive relations for Solder
In electronic packages, thermal mismatch induced stresses can result in extensive plastic
deformation asolder joints, which is responsible for the loycle thermal fatigue failure

of solder materials. An expression for the straaswyrgosed by Yang, et al. [T:6
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o o A ~ A Eq 2.3
0 u o a
G = %8t %o 1geBpys
E C =
where G is the st r ensdslys of@lasticity; m ik the reciprocal iofn ; E

the strainhardening exponent;1Gs the reciprocal of the strength coefficietE is the
steadystatecreeprate which is a function of the applied stress;is the amplitude of
primary creep strairand Band G are material (deformation mechanism) constants for the
creep responsdhe four terms on rightandside ofthe above equation (Eq. 2.8re the
elastic, plastic, time dependgmimary creep, and steadyate creep strain components
respectively. This relation iglso commonly known as the classical elaptasticcreep
corstitutive equation whiclhas beerextensivey investigatedfor electronicsolders It

serves as thieasis for constitutive modeling of the material behavior tfesaalloys.

2.6 StressStrain
Tensile strength decreases significantly with decreasing strain rate and increasing test

temperature as indicatdy the twoequations below [77, 78];

. C% Eq. 2.4

U= -UT+ Eq. 2.5

Nose, et al. 719 performed a parametric study of tensile strength irPBrsolders as a
function of chemical composition, strain rate and temperature. The tensile strength was

described as:
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Where G i s t hUEstheestmaniratepT issthe test temperature (°K); and A
m, andn are all functions of the weight percent ratio of Sn in the alldfey found that
both elastianodulus and yield strength increase with increasingdditeat.Pang, et al.
[80] developed a modified Rambe@sgood model to describe ttemperature and strain
rate dependent stresfain curvegor SAC387. The Ramber@sgoodmodel for elastie

plastic behavior can be expressed as:

Eq. 2.7
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The modified temperature and strain radépehdent Ramber@sgood Model can be

described as:
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WhereT = ' andU = |
Tm-Ty 2

In these relations, a andace temperature coefficientsand d are strain rate coefficients;

Tr and(E, are reference temperature arterence strain rate respectivély; is the melting
temperature of SAC387 (217 °C); angaan d arei the hardening exponent astdess

coefficient at the reference temperature and strain rate.

2.7 Creep Model
Two constitutve creep modeldbecame the most popularamely, tle Harper andDorn
power law mode{Harper and Dorn 1957) and Garofalgpkrbolic sine modgB1]. These

relationships can be expressed as:

1 3-Q Eq. 2.12
U= A'% %p
¢

‘EJ: @ s n)f% U%:TQ

Eq. 2.13

—

In these expressiontEi s t he secondary creep sltsraai n r a
temperature independent parameter; R is the universal gasntpfista temperature in

Kelvin; A and C are material dependent constants; n is the sxpssent; and Q is the

activation energylhese models only talsteadystate creemto considerationand do not

include aging effects or other phenomeRaat is why i is a matter of debate thatether

the Dorn and Garofalo lawsan be reasonably applicaleactual solder jointsvia and

Suhling R2] have evaluated the creep parameters in the two models for vétimus

containing and Plfree solder alloys and found large discrepasdn the creep data for
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solderalloys of the sam chemical compositionThis can be explained by variation in
specimen desigriestingmethod andtorage time and temperature beftive creep test.
The more important thing to note is thhe creep behavior of bulk solder significantly
differs fromreal solderjoint due to the effects of microstructure evolution, intetatiic

compound formation, antbnstraint due to different methods of assembly.

28Anandds ViMsdelopl asti c

Almost all thesolder alloys popular in industries have low melting posich as 18%&€

for SnPb, 217C for SAC 305, 22& for SAC105 etc. This feature of solder alloy renders
the solder joint to operate at high homologous temperature even-zatrgubnvironment
and creefpbecomes very significant. There are some constitutivéetsavailable ranging
from elasteplastic model which divides total strain into three different components namely
elastic strain, time independent plastic strain and time dependent creepostnadified
RambergOsgood Model in which the hardening camdt and stress coefficient are
modified to be temperature and strain rate dependRower Law Creep constitutive
eqguation as described in previous section is also frequentlyBisetthe time independent
and time dependent inelastic strains are verycdiffto separate realistically as both of
these two strain arise from similar mechanism due to dislocafiverefore a unified
plastic/creemonstitutive relation is highly desirabléhich can combine creep and plastic
strain components under a unifiste variablewhich was first proposed bizé¢ Anand
Viscoplastic modelnitially proposed by Ananeét al[82] andsubsequently developed by
Brown, et al. 83] for the ratedependent deformation of metalskagh temperatures. Since
then this modehasbeen applie@éxtensivelyto describe the viscoplastic behavior of solder

alloy. Viscoplastic materials are those which show rate dependent inelastic behavior or in
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other words these kinds of materials undergo time dependent plastic deforiftagiomain
difference between raiadependent plastic and viscoplastic material models is that the
latter exhibit not only permanent deformations after the application of loads but continue

to undergo areepflow as a function of time under the influence of the applied.load

.—:.-: = = al
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|
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5 - - | |
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Figure2-3: (a) Viscoplastic material behavior) (@&ffect of strain rate on Stre&rain (b)
Stress Relaxation and (Cyeep
The paramers in the unified constitutiveodel can be determined in a direct method by
combining both ratelependent and ratledependenplastic strains into viscoplastic strain
and plastic flow termsThis model has two distinctive features. Bysthis model needs

no explicit yield condition and no loadingfeading criterionPlastic strain is assumed to
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take place at all nonzero stress values. Secondly, this model employs a single scalar as an
internal variable to represent isotropic resistato plastic flow offered by the internal state

of material. The internal variablds denoted by s, which is isotropic resistance to
macroscopic plastic flow developed due to strengthening mechanisms like dislocation
density, solid solution strengthenirggain size effectsetd. hi s def or mati on r €
is proportional to equivalent stress 06U06.

d=c¢c . s Eq. 2.14

Where c is a material parameter and a constant which can be defined as;

gl o 3
c=lsinh'l‘:éﬁé?T u \
3 i€ A u . Eq. 2.15
& g .
Where(Ri s the inelastic (plastic) strain rat

multiplier of stress, A is the prexponential factor, Q is the activation energy, R is the
universal gas constant, and m is the strain rate sensifitigyfollowing equatia is called

flow equation which accommodate the strain rate dependence on stress.

Eq. 2.16

In the above equation temperature dependence is incorporated by Arrhenius term and the
stress andtate dependendg introduced by simple ndification of hyperbolic sinedrm
proposed by Garofalo to model steady state plastic flow or secondary creep.

The evolution equation for the internal st
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g Eq. 2.17
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ho is the hardening/softening constant, a is the strain rate sensibivityardening
/| softening. s* is the saturation value of

sensitivity for the saturation value of deformation resistafiter integrating we get,
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Wheres is the initial value of s at time t = 0

Rodgers et al[84] hasshown the validity of Anand model in simulatiSgAC alloy by
showing the close match between the results derived from experiment and ANSYS.
Amagai[85] reportedthe value ofeight of the nine Anand constants necessary for FEM
simulation.Chang et al[86] presented Anand constarfor SAC 305 an€hen et al[87]

presented Anand constants for Sn3.5Ag lead free solder &liey.et al. B8] have
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investigated the limitationsf the Anand model. Hexplainedthat since the Anand model
doesonly account forsecondary creet can only beexpected to perform well under the
conditions of high strain rateading such as shock and ditegting, in which creep is not
able to play asignificant role. Also, the Anand model may notdfective in predicting

the noticeable strain hardening observed in compression tests.

2.9 Fatigue Life Prediction Models

Different researchers proposed differBatiguelife prediction modelsnd the aplication

of these models vastly vary based upon the assumptions i.e. the way the physical and
metallurgical aspects of the alloy are taken onto accdurdre are two approach&s
model fatigue high cycle fatigue (HCF) and lowycle fatigue (LCF).n HCF, stress
reversalsare considered to be within teasticregime and doasot exceed the yield point,
butfor LCF, plastic deformation and creep becomes the dominating fehaeget al. §9
have conducted a thorough reviefsolder fatigue models. Thegentified 14 models in
the literature, which were developdxdsed upon various assumptioms;luding the
manner in which the physical and metallurgicgdeags of fatigue are taken indacount.
According to the fundameritdamage mechanisms, tieesiodels can be classified into
such categories as straszsed, plastic straibased, creegtrainbased, energpased, and
damagebased. The characteristics of the 14 identified fatigoelats are presented in

Table2-1.
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Table2-1: Summary of Solder Joint Fatigue Modi9)]

Fatigue Model Model Class Parameters Coverage Applicability
Coffin-Manson Plastic strain Plastic strain Low cycle fatigue| All
Total Strain Plastic + elastic Strain range High and low All
strain Cycle Fatigue
Solomon Plastic shear strair| Plastic shear straif Low cycle fatigue| All
Engelmaier Total shear strain | Total shear strain | Low cycle fatigue| Leaded &
leadless, TSOP
Miner Superposition Plastic failure & | Plastic shear and| PQFP, FCOB
creep failure matrix creep
Knecht & Fox Matrix creep Matrix creep Matrix creep only| All
Shear Strain
Syed Accumulation of | gbs energy and Implies all PBGA, SMD,
creep strain energy mc energy coverage NSMD
Dasgupta Total strain energy| Energy Joint geometry LLCC, TSOP
accounted for
Liang Stress/strain Energy Constants from | BGA and
energy density isothermal low leadless joints
based cycle fatigue tests
Heinrich Energy density| Energy Hysteresis curve | BGA
based
Darveaux Energy density| energy Hysteresis curve | PBGA, leadless
based
Pan Strain energy Strain energy Hysteresis curve | LCCC
density density and plastig
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energy density

Stolkarts Damage Damage Hysteresis curve | All
accumulation &

damage evolution

Norris & Temperature and | Temperature Test condition vs.| All

Landzberg frequency frequency use conditions

It is evident from the above table ha@hear strairplays the central role in developiag

major chunk oimost popular fatigue models, and it is obviasshear strairtontributes

the most indefining solderjoint deformation and failure mechanism durititgeermal
cycling. Previously strain gages were used to measure strain, but due to exponential trend
of interconnect miniaturizatiorpdical techniques like Moire and Digital Image Correlation

(DIC) became théandiest tooto capturein-situ displacement and strain.

2.10Digital Image Correlation

Park et. al. [9Ddetermined thermal deformation of solder ball by DIC technique and then
correlated with Sn grains, grain boundaries and larger intermetallic precipitates to study
the roleof different grain orientations and larger primary intermetallics in the failure
mechanismNguyenet. al. [9] used DIC to characterizihe mechanicaproperties of

actual SAC105, SAC305, and SAGASolder joints. Sust. al. [92 used DIC to measure
thermal deformation of Solder ball as a test case to address the effect of the influences of
the computer vision system, specimen surface conditiorpfoplane deformation and

rigid body translation and rotation to evaluate the noise effacts@sure accacy. Zhang

et al.[93] used DIC to measure thermal deformation of Solder ball to illustrate how stress

and strain distribution in electronic packages are influenced by locationdafr dulls.
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Pendseet. al. [94 used DIC to derive solder strain déatedetermine slder joint fatigue

life.

2.11 Prognostic Health Management System

Built- In-Self Test (BIST) circuit, which includes onboard hardware and so&war
diagnostic, has been used faror detectio and fault location [95 BIST is areactive
failure detectiorprocess which generatéslure dataand thesean be correlatedtshow
exactly when the failureccurred.lt eliminatesinteraction with external autoneat test
equipment (ATE)and providesno r e r oshpesd d faiiliit ef shé crcuitry. But

very seriously lacking any estimatessystem level reliability otte remaining useful life

of thesystem. Severaksearchef6-98] revealedhat BIST can be prone to false alarms
and can result imnnecessary costly replacememgtqualification, delayed shippingnd

loss of system availabilityFuseswithin circuits protects components form excessive
current and voltage transients. Thermostats is such an example which shut down the system
whenever criticatemperature threshol@achedCanaries can be used as prognostic cells
deviceswhich are located witthe actual circuitrgxperience similar stresses as the actual
component Although they have similar operational environments and sirdéanage
mechanisnilike actual compondas, these prognostic canaries are designed to fail faster to
facilitate advanced warnirand ultimately thigailure of the canary devices can be used to
estimate the the to failure of actual producta@ary componentseated on printed circuit
board ha been used foprognostication by failing Bere the actual component [PBut
fusesand canaries caprovide limited insight into theemaining use lifeof the system.
PHM gproach presented here is based onfgtere-space of the electrongystem

without existence of any maehadicators such as cracks or delaminatiorenéble the
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estimation of priodamageby interrogation of the system stafen eledronic component
operating inharsh environment is subjected to both temperature \argatis well aging

for during usdlife. A mathematal approach has been proposed in this thesis to model
damage state, time and temperaturatditate life prediction across different temperature
profiles and package geometriBgeviously, Lall et. al[100-112 have developed leading
indicators of failurdike phase growth rate of solder interconnects, growth of intermetallics
compound between solder and copper pad, nostress at chip interface, amterfacial
shear stresses whidiave been experiemtally identified as indicators to failure. This
methodology does not need anknowledge of priorstress histories and enables
interrogation of system state using theentified damage preursors andcan be
implemented prior to appearance afyanacreindicators of damagelhis prognostics
approach can be extended from single environment to multiple environments cdogition

guantifying the physical degradation contributed from each of these environments
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Chapter 3

Damage PreCursor Based Assessment of Impadaif High

Temperature Storage on Reliability of Lead-free Electronics

3.10verview

Electronic systems nyabe subjected to prolonged antkermittent periods of storage prior
to deployment or usag®erior studies ave shown thideadfree solder interconnects show
measurable degradati in the mechanical propertiesen after brief exposures tagh
temperature. In this papea,method has been develoded the determining equivalent
storage time to producelenticd damage at a differenemperature. Field deployed
electronics, unlike controllethboratory testing, may erpence a variety of sequential
thermemechanical stressafuring its lifetime. The fieldenvironment imposed on the
electronic gstem may bénfluenced by ambidronditions and usage profiMariation in
the ambienttemperature conditions, weatheariations, usage locatiom addition to
scheduled systemsage or downtime mangsult in wide variance in theesulting field
profile. There $ need for tools and techniguesguantify damage in deployed system
absence of macrimdicators of damage whout knowledge of prior streskistory.
Previously, leading indicatorsf damage have been used to quantify the acthexdcho
mechanicatianage under stely-state and cyclic temperatuggposure in leadfree solders.
[100-10€. Equivalence baccrued damage under multigleermal aging environments is
new. The presenteflamework is targeted towaschigh reliability applicationsuch as
avionicand misgie systems which may have lopgriod of storage prior to field usage. In

this paper, dramework has been develop&investigate the system stated estimate
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the remaining useflife of solder ball subjectet a variety of isothermalgng conditions
including 60°C,75°C and 125°C for perigdof time between-tveek and 4veek. Data on
damage prcursors has been collected amblyzed to derive phigs based damage
mapping relationships for aginylathematical relationships have beeerivedfor the
damage mapping to various thermal storagevironments to facilitate determining
appropriate timeemperaturecombination to reach a particular level aindagestate.
Activation energy for theelading indicators of failure Blso computed. Speaifdamage
proxies examined includéie phasgyrowth indicator ad the intermetallic thicknes$he
viability of the appoach has been demonstratedl&adfree test assemblies subgetto
multiple thermal aging aB0° C, 75°C and 125°C. dnage mapping relationships are

derived from data Is®d on the two separate leadindicators.

3.2Test Vehicle

In this study, CABGA36and CABGA 256 packages soldered to glegexy laminate
board assemblies were used. TARBGA36 package is 6mm xm in size, with 36 1/O,
at 0.8mm Pitch. The CABA256 package is 16mm x 16mmsize, with 256 1/0O at Or@m

Pitch. Package interconnegtere made of Sn3Ag0.5Cu solder in both cases.
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Table3-1: Package features

CABGA 36 PBGA 256
Solder Sn3Ag0.5Cu Sn3Ag0.5Cu
Package Size (mm) | 6x6 16x16
I/O Count 36 256
I/O Pitch (mm) 0.8 1
Ball Diameter (mm) | 0.48 0.48
Mold thickness (mm) 1.5 1.5
PCB Thickness 1.55 1.55
Pad (board) NSMD INSMD
Pad (package) SMD SMD
Board Finish ImSn ImSn
Package side substrajElectrolytic NiAu |Electrolytic NiAu
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Figure3-1: Test Vehicle
The ball height after reflows 0.3mm for CABGA36and0.32 forPBGA256. Theprinted

circuit board thickess was .55 mm in both cases. Package attributes are shown in

Table3-1. The printed circuitboard was a doubleided FR406 material. The printed

circuit board pads werbBlon-solder mask defined (NSMD) with immersion Tinish.
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Figure3-1 shows the CABGA 36 and CABGA 256 package respelsti All test vehicles
were subjected to isothermal aging at 60°C, 75°C and 125°C fiousdengths of time.

The test board is a JEDEC foifiactor test board with corner holes. Each test package has
four daisy chain patterns corresponding to the four quadrants. Packagessanbled at

in-house surfacemount facility of CAVES.

Figure3-2: Stencil Printer
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3.3 Approach for Interrogation of Damage in Thermal Aging

In operationakénvironmentslectronic systems may be stora&ter manufacture for a finite
period prior to deploymenDuring the storage period, the systems may be exposed to a
finite time-period of thermal aging at extreme low or extréngh temperatures in ddion

to thermal cycling. Oncdeployed, the systems gnae exposed to further thermaging
along with intermittebhthermemechanical cycling du® power oroff cycles orambient
temperature excursiong&xtended exposure to elegdttemperature aging maeduce
thermemechanical reliabilityin cyclic environments. In thipaper, a damage mapping
method has beepresented basemh the underlying failure physs to relate the damage
accruedunder steadgtatethermal aging with a particulaombination otemperaturand
storage timeT o achieve this goal, micrstructural evolution of damage has been measured
first. In this step, board assemldibave been subjected to singieesses of thermal augj.
Samples have been withdrayariodically and crossectioned. Damage proxies studied
include the phasgrowth paameter, rate of change of phagewth parameter per cycle
and the intermetallic thicknesln this thesisAgsSn and CeSrs have been termed as Phase
and IMC respectively. BS was done to ascenmaihe constituents of these two damage

proxies we used as shownHkigure3-5 andFigure3-6.
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Figure3-6: EDS plot of IMC.
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Thephasggr owt h parameter i s [EqSB4Prevousiy ihasdeeb y
shown that the rate @hange in phase growth paneter [d(InS)/d(InN)] is validlamage
proxy for prognoscation of thermomechanicaldamage in solder interconnecsd
assessment of residual lif£00-109. The damage prox[d(InS)/d(InN)] is related tdhe

micro structural evolution of damage by the followeguation:

-E
S= g4 -904 al exp@

where, g is the average grainesat time of prognosticatiogy is the average grain sizé o

Eqg. 3.1

solder after reflow, t is theeriod of aging, S is the pba growth parameter, parametars
and b are the coefficienhd exponent respectively. It @ticipaked that, longer periodf
aging at higher temperatuvell result in higher accrugthermemechanical damage in a
shorter time. Test samples haveen withdrawn and crosectioned at periodic intervals.
Images of polishedasnples were taken und8EM at750x magnifi@ation. . Growth rate
of CusSns and AgsSn phases was observed. Phase size&sured usingnage analysis
software N-MAQ. The quantitative measucé AgsSn phase size was determined from a
48pixel x 36Qpixel rectangular region selecteain the SEM images Figure3-7 shows

the mapping of image.
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Figure3-7: Image Mapping

Growth of InterMetallic thicknessduring thermal aging has been studied as another
leading indicator of failure in bulk solder. From past studies it has been established that
growth of intermetallic thickness is used as a damage precursor for computation of
remaining useful life J00-109. The interfacial intermetallic layers are formed between
solder and copper, and some precipitates appear near the interface of the IMCs/solder as
shown inFigure 3-8. Trend analysis of intermetallic thickness growth indicates that IMC

thickness changes with the square root of aging time,

n -E Eq. 3.2
y(O =y t'exp(—=

A)
KgT
where y(t) is IMC growth thickness during agingjs/the initial thickness of intermetallic
compounds, k is the coefficient standing for the square root of the diffusivity at aging
temperature, t is aging timeaHs the activation energy,&Ki s Bol t zmannods
(8.617x1® ev/K) and T is aging temprature inKelvin. The exponent value, n = % has

been used in the above equation, which reveals a diffgsiotrolled mechanism during

aging. A similar kind of relation can be derived for thermal cycling also.
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Figure3-8:Image of | MC gr owt h

3.3.1 Damage Mapping Relationships for Phase Growth
In terms of phase growth, the relation between phase growth and aging time can be

represented as;

_E gblexpégrl)

9p \4 bo A B
(—)*-1 t expf—— &t Eq.3.3
% o To%kgT &
&
Where i s the normalized pbase ¢ghewtcltoepér ame

gr owtbh ,i sO h-ghowth expoaentekis the activation energy,8ds the Boltzmann
Constant, T is the temperature in Kelvin. The normalized phase growth expressioerhas be

rearranged as follows:

b Eq. 3.4
Sh=gyt?
INSH = Ina0 +tb [Nt Eqg. 3.5

Where,
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bO = blexp(K
B
Using Eqg. 3.6 Activation energy was calculated. By using Eg. 3.3 and Ethe&rélation

between aging temperature (T) and aging time (t) for a particular level of damage state in

terms of phase growitan be developeas shown below,

a Ea
INSp - Ing JgegK—
Eq. 3.7
Int = & B f
b a- EB
expee-——=
1 KT

_|

|-00: On

3.3.2Damage Mapping Relationships for IMC Growth

The intermetallichickness based proxy has been related to aging temperature and aging
time using the following normalized IMC thickness equation,
Eq. 3.10

P R kfo%xp( )
Yo KgT

E Eqg. 3.11

Y=k \/—Wherelb k_Lexph
B

Using Eq. 3.11, activation energy of IMC growth veasculated. Slightly rearranging Eq.

3.10, a damage mapping relation for IMC can be derived as shown below,
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3.4Leading Indicators for Thermal Aging

A set of packages was subjected to aging at 60°C, 75°C and 125°C and were withdrawn
after a periodic timénterval of X week or 16&hours increments. The samples were cross
sectioned, polished. The same joint was examined in eachsgctsn. Phase grdivand

intermetallic growth was studied using images takeSBW at each time interval.

3.4.1PhaseGrowth Damage Proxy

The image analysis software has been used to measure the average ph&se 3i3e.
represents the evolution of phase growth in thermal aging based on experimental data. The
test data has been used to derive the parameters for normalized phaseeguaiitn
Micrographs of phase structure are showirigure 3-9, Figure 3-10 and Figure 3-11 for

CABGA 36 and CABGA 256 packages at 60°C, 75°C ap8°Crespectivelyat a time

interval of 168 hours.
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X750 10um Yo o i 10um

Figure3-9: SEM images of Phase Growth in (a) PB&36 and (b) CABGA 36 at different
time intervals at 60°C (Magnification 750X)

The phase coarsening in the microstructure is clearly visible by comparison of 672 hour

microstructure with €hour microstructure.
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Figure 3-10: SEM images of Phase Growth in (a) PBGA 256 and (b) CABGA 36 at
different time intervals at 75°C (Magnification 750X)

@)

Figure 3-11. SEM images of Phase Growth in (a) PBGA 256 and (b) CABGA 36 at
different time intervals at 12& (Magnification 750X)
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Figure 3-12 and Figure 3-13 show the plots of normalized phase growth at different
isothermal agig temperature arat various time intervals for PBGA 256 and CABG®& 3
respectively. The graphs for the higher temperature have higher normalized phase growth
values. The increase in normalized phase growth parameter cornekdtewith the
underlying phsgics, sincehigher temperatures will produce more phase growth in an
identical period of timeThe equation parameteo$ Eq. 3.3have been derived based

statistical fit of the experimental data.

In(Normalized Phase growth), In$,

-2 0 2 4 6 8

In(Aging time), In(Hour)

Figure3-12: NormalizedPhase Growth @ versus Aging Time (t) for PBGA 256
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In(Normalized Phase growth), In$,

In(Aging time), In(Hour)

Figure3-13:. Normalized Phase Growth{Srersus Aging Time (t) for CABGA 36

Table3-2 showsthe values for the phase growth coefficient and the phase growth exponent
for the CABGA 36 and the CABGA 256 packages. Values indicate thahtiee growth

coefficientincreases with aging temperature

Table3-2: Normalized Phase Growth Coefénts and Exponents for the PBGAG25

Temperature
InS, =Ina, +byInt
PBGA256 CABGA36
& bo & bo
60°C 8.9E4 0.24 7.95E4 0.23
75°C 1.34E3 0.29 1.1E3 0.29
125°C 3.5E3 0.65 2.8E3 0.64
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Ina,= -2772.4(1/T)+1.32

Ina,
N

-8 T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003¢

1/T (Kelvin™)

Figure3-14: In(ap) versus Aging temperature for PBGA 256

Ina,=-2579.4(1/T)+0.6

Ina,
N

'8 T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003t

1/T (kelvin™)

Figure3-15: In(ap) versus Aging temperature for CABGA 36

The coefficient term changes with temperature of exposure because of the underlying

agglomeration of phases proceeds at a faster pace at a higher temperature. The activation
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energy of the coefficient term has been compuyefiting the data to Equation@ Figure
3-14 and Figure 3-15 show the relationship between lg)(@and (1/T), where T is the
absolute temperatur&lope of the fit of In(apversus (1/T) is KKg, where E& is the
activation energy; Ki s B ol t z stemin86471030e0/K). The Activation energy

of phase growth is calculated 0.22eV for CABGA 36 and 0.24eV foBBA 256.

N Inb,= -2157.3(1/7+4.98

'2 T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003¢
1T (Kelvin™1y

Figure3-16: Plot of In(ly) and Aging temperature for PBGA256
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Inbg= -2120(1/T)+4.88

Inbg

-1 A

'2 T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003¢
1T (Kelvin1)

Figure3-17: Plot of In(ky) and Aging temperature for CABGA36

The exponent term palsochanges with temperature of exposUree actvation energy

of the exponenterm has been computeg fitting the data to Equation 3.&lope ofthis

fit is Er/Kg, where E is the activation energhased on exponenKgi s Bol t z mann
Constant (8.617x18 ev/K). The Activation energlgased ormphase growtlexponent is

calculated as 0.18eV for CABGA 36 and &YSfor BBGA 256.

Table3-3: Activation Energy of Phase Growth

Ea (ev) Eg (ev)
CABGA 36 0.22 0.18
PBGA 256 0.24 0.19
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3.4.2Intermetallic Thickness Damage Proxy

The image analysis software has been used to measure the average intermetallic thickness.
Eq. 3.10represents the evolution of intermetallic growth in thermal aging based on
experimental data. The equation parameters have been derived based on experimental
measurements of the intermetallic growth from cresstions. Micrographs dMC for

60°Care shown irFigure3-18, for 75°Cin Figure3-19andfor 125°Cin Figure3-20 for

both CABGA 36 and CABGA 256 packages at a timeerval of 168 hours. Thiacrease

in thicknessin the microstructure is clearly visible by comparison of 672 hour

microstructure with €hour microstructure.

X1,000 10um 10um

Figure3-18 SEM images of IMC Growth in (a) PBGA 256 and (b) CABGA 36 at different

time intervals at 60°C (Magnification 1000X)
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X1,000 10um X1,000 10um

(b)

Figure3-19: SEM images of IMC Growth in (a) PBGA 256 and (b) BXAA 36 at

different time intervals at 75°C (Magnification 1000X)

X1,000 10um X1,000 10m

(b)
Figure3-20: SEM images of IMC Growth in (a) PBGA 256 and (b) CABGA 36 at

different time intervals at 125°C (Magnification 1000X)
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Figure3-21andFigure3-22 show the plots afiormalized intermetallic growth at different
isothermal aging temperature and at various time intervaBB&A 256 and CABGA G
respectively. The graphs for the higher temperature have higher normalized intermetallic
growth values. The increase in notim@d intermetallic thickness parameter correlates
with the underlying physics, since the higher temperatures will produce more intermetallic
thickness due to higher diffusion rates in amteml period of time. Eq. 3.1for IMC

growth under thermal aginhas been fit to experimental data. The equation parameters

have been derived based statistical fit of the experimental data.

N

w

N
1

[N
1

Normalized IMC Growth, Y

0 5 10 15 20 25 30
Aging Time®> t°° (Hour)

Figure3-21: Relation between Normalized IMC Growth (Yn) and Aging Time (t) for
PBGA 256
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Normalized IMC Growth, Y

0 5 10 15 20 25 30
Aging Time®>, t*° (Hour)

Figure3-22: Relation between Normalized IMC Growth (Yn) and Aging Time (t) for
CABGA 36

Table3-4: Normalized IMC Growth Coefficients

Y = klexp%f—'?‘rgo Pkt
¢ B ~
Temp. ko(CABGA 36) ko(PBGA 256 )
60°C 0.028 0.03
75°C 0.039 0.042
125°C 0.13 0.14
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Ink ;=-3183(1/T)+6.02
2 o
xC)
= 0
-2 4
_4 T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003t

Temperature in Kelvin™ (1/T)

Figure3-23: Plot of Ink and Aging temperature, T for PBGA 256

Ink
o

-4

Ink ;=-3208(1/T)+6.02

0.0000 0.0

005 0.0010 0.0015 0.0020 0.0025 0.0030 0.003¢
Temperature in Kelvin™ (/)

Figure3-24: Plot of Ink and Aging temperature, T for CABGA 36
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The activation energy has been computed by fitthegexperimental data according to Eq.

3.11.Figure3-23 andFigure 3-24 show the relationship between ¢rdnd (1/T), where T

is the absolute temperature.

Table3-5: Activation Energy for IMC Growth Coefficient

Ea (ev)
CABGA 36 0.28
PBGA 256 0.27

Slope of this fit is &/Ks, where & is the activation energy;d s

Bol tzmannos

(8.617x165 ev/K). The Activation energy of IMC growth is calculatei0.28&V for both

CABGA 36 and PBGA 256.

3.5Damage Mapping

In this section, a method for damage mapping has been developed using the data gathered

on the test ghicles. Temperature and time combinations required to achieve a specified

value of normalized phase growth have been calculated. The damage accrued can thus be

sustained in a shorter time at a high temperature or in a longer time at a loperakire.

Now re-visiting Eq 3.7,

KB
eX
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This equation shows relation between aging time (t) and aging temperatui@ @)

particular value of damage state)(Be. normalized phase growth value.

Figure 3-25 shows the relation between aging temperatures and required aging time in

hours for a particular value of damage state in terms of phast¢hdiar both the CABGA

36 and CABGA 256 packages.

50

- PBGA 256
= CABGA 36

40

30 -

20 -

In(time),In(hours)

10 A

40 60 80 100 120 140

Temperature (°C)

Figure3-25: Iso-phase growth plots of Aging temperature (T) vs Aging time(t)

Now revisiting Eq 3.12

N

Eq. 3.12
O

a0 0:0:0: 0

OB B B B Y
>
1-00: O
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This equation shows relatiobetween aging time (t) and aging temperature (T)for a
particular value of damage staten)iYe. normalized IMC growth valué€igure3-26 plots
this relation i.e. the temperature and time combinations required to achieve a specified

value of normalized IMC thickness.

30
— PBGA 256
— CABGA 36
@\ 25 A
S
= Y, =1
£ 20-
~~
(]
=
=
£ 15 \
10 T T T T T
20 40 60 80 100 120 140

Temperature (°C)

Figure3-26: Iso-IMC growth plots of Aging Time, In(T) vs Aging Temperature

Figure 3-25 and Figure 3-26 revealed that CABGA 36 and PBGA 256 showed almost
similar performanein terms of reliability. Although PBGA 256 has larger chip size than
CABGA 36, its effect on shear strain was compensated by larger baltcftameight in
PBGA 256 Figure 3-25 and Figure 3-26 also bears an implication of using a unified
damage mapping model as damage mapping plots for both gackbgost mergefbr
both of the damage proxy usethe following tables showthe validity of the unified

damage mapping model. Here a single model was used to calculate the aging time required
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to reach a particular level of damage at a particular agmpedgature and then compared
with experimental value. Average error was calculated and it was found to be within

tolerable limit.
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Table3-6: Validity of damage mapping model based on Phase Growth

PBGA 256 CABGA 36

InS: (D%r;eﬁt) (Elgf‘)ehr_ E({,/roc)’r InS: (D-I%;tr;?‘it) (El::.n)ehr. E(g/f)’r

-5 186 . 1638 11.25-.9 2009. 168 | 24.

60°C |-5 . 281. 336 16. 1-5.§ 290. 336 | 13.
-5 . 526. 504 4. 51-5. 525. 504 4 . 2

-5 . 758. 672 12.8-5.¢ 884. 672] 31.

-5 145. 168 13.55-.2 158. 168 5.5

75°C |4 . 384. 336 14. 3-5. 250. 336 ]| 25.
-4 498. 504 1.11-4. 4 480. 504 4. 6

-4 . 540. 672 19.39-4.94 582. 672 ] 13.

-2 . 157. 168 5.9 2-.E 180. 168 7.6
125°C |-1 . 426. 336 26. 9-2. 329. 336 1.8
-1. 47 8. 504 5.0(-1.9 480. 504 4. 6

-1, 670. 672 0. 2(-1.¢ 764. 672|13.
Average Error 11% Average Error 12. 7%
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Table3-7: Validity of damage mapping model based on IMC Growth

PBGA 256 CABGA 36

INYs (D-I;gefit) Time | Eror |y (T[;rgé (TEi:;)e) Error

h, | Exp)hr (%) | ofigbr | hr (%)

0.3 106.61 168 36.54 [ 0.276| 105.34 168 37.3
6°Cc |0.3 296.] 336| 11.8§0. 4| 328.| 336| 2. 2:
0.1 622. | 504 23.90. 6] 525. 504 4 . 3]
0.8 865. ! 672 28. 4§0. 7] 869. 672 29. 3
0.4 105. 168 37.30. 4] 107. 168 35. 8
7&°c |0. 1 292.] 336| 13.d40. 7] 299. 336 10. 9
0.9 493. ! 504 1.910. 8 467. 504 7. 272
1.1 687. 672 2.2(1.0 673. 672 0. 2(
1.§ 171. ! 168 2.311.6 160. 168 4 . 34
129¢c 2.1 380.1 336| 13.42.4 344.| 336 2.54
3.4 534.4{ 504 6. 0] 3.0 533. 504 5. 7¢
3.4 632. | 672 5.943. 4 694. 672 3. 37
Average Error 15.2%8% Average Error 12%

3.6 Summary and Conclusions
A damage mapping method has been developed based on the underlyinglpdmsesics

leading indicators to relatging time and temperature needed to reach a particular level

of damagaunder accelerated steadtate thermal storag€he method has been developed

with two different packagescluding the CABGA36 and the B&EA256 packages.
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Analysis results indicate convergence of damage mapping relationships for the two
packagearchitecture examined for the failure mechanisms of solder joint faluse
activation energy of formation of both of the damage proxies were calculated and found to

be within acceptable rangehich also supports the validity of the damage proxies.used
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Chapter 4

Study of Effect of Mean Temperature of Thermal Cycle on
SnAgCu Solder Joint Reliability

4.1 Overview

Electronics in a variety of applications such as automotive underhoedgine, on
transmission, higiperformance computing, military, ardefense applications may be
subjected to prolonged exposure to high temperature in addition to wide cyclic temperature
extremes. Further, the mean temperature of the thermal excursion may vary based on
application. Prior, studies have revealed that keadfmaterial properties degrade with
prolonged exposure to high temperature. Furthermore, prior exposure to high temperature
aging has been shown to reduce life by as much as 50% during thermal cycling. The effects
are most pronounced in the widely u§&thgCu based alloys including SAC105, SAC205,
SAC305 and SAC405 solders. Thus, prior data suggests that the cyclic life for leadfree
assemblies cannot be considered without considering mean cyclic temperature. However,
the current, closed form life prexdion models for leadfree secotalel interconnects do

not provide any method for quidssessment of effect of mean temperature on the
expected life under thermal cycling. In this paper, a new model has been developed for the
assessment of the effecttofh e t her mall cycl ebébs mefaofat emper
leadfree assembly. Threall-grid arrays including CABGA 14£BGA 256and PBGA

676 have beenubjected to three thermal cycling conditiansluding -50°C to +50°C,

0°C to 100°C, 5fC to 150C. The temperature difference of all the thermal cycling

profiles has been kept the same while the mean temperaturebéas varied
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Microstructural indicators including phase growth in solder interconnects, intermetallic
thicknesshas been measured.dddition, a separate population of the parts has been cycled

to failure under each of the three conditions. Predictive model has been developed for
mapping the cyclic damage for leadfree electronics subjected to mean cyclic temperatures.
Model predictiols have bee correlated with experimental &bull failure distributions in

order to quantify the model accuracy and precision. The ability to assess the effect of mean
cyclic temperature on the thermal fatigue reliability will allow reliability assessafent
leadfree electronics using prior accelerated test data for any mean temperature and thermal

cycle magnitude.

4.2 Test Vehicle

In this study, three different leadfree assemblies with CABGA 144, RBBGAand PBGA

256 packages have been used. The paskagefultarray configuration and Sn3Ag0.5Cu
solder interconnects. The ball diameter for the 144 1/O, 256 I/O and 676 I/O BGA is 0.3,
0.32 and 0.48 mm respectively. Package attributes are showabia4-1. The printed
circuit board was a doubkided FR406 material. The printed circuit board pads wese

solder mask defined\SMD) with immersion tirfinish. Figure4-1 shows the packages.

All test vehicles were subjected to thermal cycling environments ranging from3@C

to 50°C, TC2: 0°C to 100°C and TC3: 50°C to 150°C for various ntsrifecycles. The

test board is a JEDEC forfactor test board with corner holes. Each test package has four
daisy chain patterns corresponding to the four quadrants. Board assemblies were assembled
at inrhouse surface mount facility of CAVE3. The reflowofile used for assembly is

shown inFigure4-2
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Table4-1: Package features

Board A Board B Board C
Solder Sn3Ag0.5Cu Sn3Ag0.5Cu Sn3Ag0.5Cu
Body Size
(mm) 27 mm 17 mm 13mm
Package Type Plastic BGA Plastic BGA CABGA
I/O Count 676 256 144
I/0 Pitch(mm) 1 1 1
Ball Height(mm) 0.48 0.32 0.3
Matrix 26 X 26 16 x 16 12 x12
Pad (board) NSMD NSMD NSMD
Pad (package) SMD SMD SMD
Board Finish ImSn ImSn ImSn

BoardA

THERMAL CYCLING BACRD

BoardC

Figure4-1: Test vehicle
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Figure4-2: Reflow profile

4.3 Approach for Interrogation of Damage in Thermal Cycling

Packages in operational environments may be exposed to various ranges of thermal cycling
due to power owff cycles or ambient temperature excursions. This makes mapping of
accelerated test datadperational environments very challengitrgthis paper, a damage
mapping method has been presented based on the underlying failure physics to relate the
damage accrual rate amongst different thermal cycling test conditions havingisdme

varying meartemperature. The approach has been developed in three steps.

4.3.1Micro-structural Evolution of Damage
In this step, three sets of board assemblies have been subjected to single stresses of thermal
cycling. Samples have been withdrawn periodically andssectioned. Damage proxies

studiedinclude the phasgrowthparameter anthe intermetallic thickness parameter. The
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phasegr owt h parameter i s rEqg@.l ewounstyatthasbeen sy mb
shown that the rate of change in phase growtarmpeter [d(InS)/d(InN)] is a valid damage

proxy for prognostication of therrmmechanical damage in solder interconnects and
assessment of residual liféJ0-109. The damage proxy [d(InS)/d(InN)] is related to the

micro structural evolution of damage thetfollowing equation:

s=¢t ¢t an Eq. 4.1
ns=Ing* -g,%) ma biN
dinS

——=Db =Phase growth accumulation r
dinN

where, g is the average grain size at time of prognosticatiesilte average grain size of

solder after reflow, N is the number of cycle, S is the phase growth parameter, parameters
a and b are the coefficient and exponent respectively. It is anticipated that, higher number
of cycles at higher mean temperature wabult in higher accrued therameechanical
damage and result in a higher slope of the phase growth parameter versus number of cycles.
Test samples have been withdrawn and esessioned at periodic intervals. Images of
polished samples were taken undeiVs& 750x magnification. . Growth rate of #&n

phases was observed. Phase size is measured using image analysis sofiivs@e Nhe
guantitative measure of ABn phase size was determined

rectangular region selected from the SEM igmfigure4-3 shows the mapping of image.
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Figure4-3: Image Mapping

Growth of InterMetallic thickness during thermalycling has been studied as another
leading indicator of failure in bulk solder. From past studies it has been established that
growth of intermetallic thickness is used as a damage precursor for computation of
remaining useful life J00-109. The interfazial intermetallic layers are formed between
solder and copper, and some precipitates appear near the interface of the IMCs/solder as
shown inFigure4-4. These intermetallic layers have been identified to consist ¢BrCu

and CdSns phaseskEq. 4.2shows how IMC thickness is related with number of cycles.
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Figure4-4: IMC formation

-Ep Eq. 4.2
y(t) =yg N" exp—— )
KgT

where y(t) is IMC growth thickness during cyclinge ¥ the initial thickness of
intermetallic compounds, k is the coefficient of IMC growth, N is number of cycless, E
the activation energy, Ki s Bol t zmanndos CewKyandTiismdas . 617

temperature of cycling range in Kelvin .

4.3.2Damage Mapping Relationships for Phase Growth
The relation between phase growth and number of cycles has been normalized with respect

to the initial phase size, as follows,

. 4
S =P § -1 abNbO
ggo 0 Eqg. 4.3
& L Ep 8
5-E, 6N“16XF§%B%3
= a expe—2 :
A R
¢'B &
e
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Where i s the normalized pbase ghewtcloepdar ame

gr owtiéh ,i so bt-grosvth pxpoaente Eand E is the activation energy based on
phase growth coefficient and exponent respectivetyiskthe Boltzmann Constant, T is
the mean temperature of cycling range in Kelvin. The noreighase growth expression

from Eq. 4.3has been rearranged as follows:

b Eqg. 4.4
Sh=gN? \
InSn = Ingy +yInN

3- Ep Eq. 4.5
0" A% T
¢ B
a- = Eq. 4.6
b, = b,expe—=
0 1 é:a(BT

Here a is the temperature dependent phase growth coefficient ared tbmperature
dependent phase growth expondraking a natural logarithm d&q. 4.5andEq. 4.6 the

relationship has been reduced to that siraight line,

3 EA Eq. 4.7
InaO = Ina1 e A
&gl

AE Eq. 4.8

_ B
InbO = Inb1 %(_T
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By plotting experimental values of normalized phase growthwgh respect to number
of cycles (N) the values of coefficient and exponeridg 4.4have beerromputed. The
intercept (In@) and slope () have been plotted with respect to meéamperature to
calculate the Activation energy of phase growésed orcoefficient () and Activation

energy of phase growth basedexponent (k) respectively.

4.3.3Damage Mapping Relationships for IMC Growth
The intermetallic thickness based damage proxy has been related to mean temperature of

cycling range and number of cycles using the following normalized IMC thickness

equation,
y b
Yn=-"F 1 kN0
Yo Eq. 4.9
InYp =Inky b4nN
Where
&-E, Eq. 4.10
kO:klexpae—
KT
B
A E Eq. 4.11
Inb, = Inb, 2B
0 "1 &K T

Here lp is the temperature dependent IMC growth coefficient ands liemperature
dependent IMC growth exponent. The experimental values of normalized IMC thickness

(Yn) have been plotted with respect to number of cycles (N) to compute the coefficient and
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exponent foilEq. 4.9 The intercept (Ink and slope (& of Eqg. 4.9have been plotted with
respect to mean temperature to calculate the Activation energy of IMC gfowth

coefficient (&) and Activation energy of IMC growth for exponeng)Eespectively.

4.3.4LevenbergMarquardt Algorithm

The relationship between the phase growth parameter and time is nonlinear because it
contains terms with fourth power. Inversaution for interrogation of systestate which

requires solution for N or t is challenging for damage evolution in suctimesr systems

of equations. Levenbefigarquardt (LM) algorithm, an iterative technigue that computes

the minimum of a noittinearfunction in multidimensional variable space, has been used

for identifying the solution in the prognosticatiorighborhood [11314] . Let a be
assumed functional relation between a measurement vector referred to as prior damage and
the damage parametegctor, p, referred to as predictor variables. The measurement vector

is the current values of the leadimglicator of failure and the parameter vector includes

the prior system state, and accumulated damage and the damage evolution parameters. An
initial parameter estimate pnd a measured vector x are provided and it is desired to find

t he parameter vector p, that best satisfies
distance or squareglr r &r ,will hf Up)Xr Xx As s u meethetefon The g ( p)

minimizer parameter vector, p, and the least square error function has been represented as,

2 Eq. 4.12
)

LT

=34 (g p

Fi(p)= J() 9(p! Eq. 4.13
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Fi)= 6] 30)48 g 0og" O Eq. 4.14

Where F(p) represents teb j ect i ve function TfJor, tJhep)s guwsa

Jacobian, and FO6(p) is the gradienvaye and F
starting at fApo and with direction Aho is
Fp+Uh¥ F@e¢p) URZF Eq. 4.15

Where U d4enghéd $trem point fApod in the desce
ihdo is the descehfrt' (di)r e<ctO o.n loff rmFd pudh fhh
showing that in this case the function is station&ipce the condition for the stationary

value of the objective function is that tF

descent direction is computed from the equation,

AT Hyn= -J ¢ Eq. 4.16

Il n each step, Nelw,t oain dnegh, hondpeu-sece Ghulh srdri icmtt e
gaussnewt on. The value of U is found by line
Marquardt algorithm is a hybrid method which utilizes both steepest descent principle as

well as the Gausslewtonmethod. When the current solution is far from the correct one,

the algorithm behaves like a steepest descent method: slow, but guaranteed to converge.
When the current solution is close to the correct solution, it becomes a-Ibawsm

method. The LM méiod actually solves a slighariation of Eq. 4.16 known as the

augmented normal equations.

QAT 3+e 1 )=hT Eq. 4.17
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The term €& is call ed 8 sensutedthat abefficignt magix ip ar am
positive definite, and this ensures that h
small, then the step size for LM and Gadk=mwton are identical. Algorithm has been

modified to take the equations of phag®wth and intemetallic growth under both

isothermal aging and cycling loads to calculate the unknowns.

4.4 Analysisof Results

Board assemblies A, B and C were subjected to cyclin§G&CC to 50°C, 0°C to 100°C

and 50°C to 150°@nd were withdrawafter a periodic timénterval of 250 cycles. The
samples were cross sectioned, potted and polished. The same joint was examined in each
crosssection. Phase growth and intermetallic growth was studied using images taken by

SEM at each periodic interval.

4.4.1 PhaseGrowth Damage Proxy

The image analysis software has been used to measure the average ph&sg 4i3e.
represents the evolution of phase growth in thermal cycling based on experimental data.
The test data has been used to derive the paranmetersrmalized phase growth &q.

4.3 Micrographsof phase structure are showrFigure4-5, Figure4-6 andFigure4-7 for

CABGA 144, PBGA 256 and PBGA 676 respectively.
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Figure 4-5: SEM images of Phase Growth in CABGA144 at different cycles at 750X
magnification (a) for50°C to 50°C (b) 0°C to 100°C and (c) 50°C to 150°C.
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Figure 4-6: SEM images of Phase Growth in PBG& at different cycles at 750X
magnification (a) for50°C to 50°C (b) 0°C to 100°C and (c) 50°C to 150°C.
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Figure 4-7. SEM images of Phase Growth in PBGA676 at different cycles at 750X
magnification (a) for50°C to 50°Q(b) 0°C to 100°C and (c) 50°C to 150°C.

Figure4-8, Figure4-9 andFigure4-10show the plot of normalized phase growth parameter
(Sn) with number 6 cycles (N) in loglog scale for CABGA144, PBGA 256 and PBGA

676 respectively, which clearly reveals that phase growth is highsolder joint with
higher strain levelith higher value of phase growth accumulation rate (@ti$N). As
CABGA 144 packag has largedie size than PBGA 258he solder ball under die shadow
region will undergo more strain in CABGAI4 as compared to PBGA 238ut this is not

the case in case of PBGA 676. PBGA 676 has larger die size than PBGA 256 but still its
phase growttaccunulation is less than PBGA 256, which can be explained by beneficial
effect of joint heightPBGA 676 hasnuchlarger stanebff height than both CABGA 144

and PBGA 25@s revealed by

Table4-1, and DNP formula says that shear strain is inversely proportional to joint height,
and also relatively higher number of I/O count of PBGA 676 bapne of the cause of

this interesting findig as same level of thermal load is now applied on much larger number
of solder jointsBoth the coefficient and exponent term change with mean temperature of

cycling range because the underlying agglomeration of phases pratee@dster pace at
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a highe temperaturelable4-2 showsthe value of phase growth coefficieng)(and phase
growth exponent or phase growth accumulation rajefdb CABGA144, PBGA 256 and

PBGA 676. This tablelearly shovg that both phase growth coefficienpband phase
growth exponent or phase growth accumulation ratg #ébe increasing with mean

temperature.
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Figure4-8: Relation between Normalized Phase Growth (InSn) and Number of Cycles
(InN) for CABGA 144
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Figure4-9: Relation between Normalized Phase Growth (InSn) and Number of Cycles
(InN) for PBGA 256
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Figure4-10: Relation between Normalized Phase Growth (InSn) andbéu of Cycles
(InN) for PBGA 6B
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Table4-2: Normalized Phase Growth Coefficients and &xgnts

S, = aN"

Temp. NS, =lna, +b,InN

CABGA 144 PBGA256 PBGAG676
& bo a0 bo & bo

50°-150° C
(Tm = 3.6E-4 | 0.984 | 3.2E4 0.96 3E-4 0.924
373K)
0°-100° C
(Tm= | 1.17E4 | 06 | 1.07E4 | 055 | 9.3E5 | 0.52
323K)
“50°-50° C
(Tm = 36E5 | 031 | 3.04E5 | 028 | 23E5 | 0.28
273K)

-7.5
® CABGA 144
¢ PBGA256
-8.0 1 A  PBGA676

-8.5 1

('E? -90 1
o

~ -9.5
-10.0 1

-10.5 1

-11.0 ‘ ‘ ‘ ‘ ‘
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.003
UT(K™

Figure4-11: Plot of Ina vs. inverse of mean temperature of cycling range (6 phase

growth

The activation energy has bessmputed by fitting the data &q. 4.7 Figure4-11 shows

the relationship between Injaand (1/T), where T is the mean temperature in Kelvin scale.
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Figure 4-12: Plot of phase growth accumulation rgt#nSn/dInN) vs. inverse of mean
temperature of cycling range (1/T)

The activation energy of the exponent term has been computed by fitting the Bgta in
4.8. Figure 4-12 shows the relationship between Ig)(land (1/T), where T is the mean

temperature in Kelvin scale.

Table4-3: Activation enegy of phase growth

Ea (Activation energy base( Es (Activation energypased
on growth coefficient) on growth exponent)
CABGA 144 0.2ev O0.1lev
PBGA 256 0.2 ev 0.11 ev
PBGA 676 0.22ev 0.11 ev

Table4-3 showsthe Activation Energgalculated based dsothPhase growth Coefficient

and Plase growth Exponen# separate set of Board A, B and C packages are subjected to
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cyclic environment and #ir characteristic life (63.2%) were calculated by plotting percent
failed with respect to Cycle to Failure which is called Weibull gtagure 4-13, Figure
4-14 andFigure4-15show the WeibulPlot for CABGA 144, PBGA 256 and PBGA 676

respectively

- CABGA 144
u 99 /
m 295 W/rr / TC3
u 90 T vTC2
1 8070 1 F TC1l
i 60 ;
; 50 ¥
i 40 o |
v 30 ‘
e 4
20 /
£
a 10 4
i
1 5
u Eta Beta "2 n/s
r 3135 4.979 0.953 7/0
e o 5726 5.853 0.988 7/0
8775 10.12 0.975 7/0
1
1000 10000 100000
Figure4-13: Weibull Plot for CABGA 144
PBGA 256
C
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i 40 !
Z 30
20 7
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é 10 f
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Figure4-14: Weibull Plot for PBGA 256
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PBGA 676
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Figure4-15: Weibull Plot for PBGA 676

Table4-4 contains the Characteristic life of all the test vehicles we used for three different

cyclic environments.

Table4-4: Characteristic life

CABGA 144 | PBGA 256 | PBGA 676
50°-15¢° C 3135 3475 4178
0°-10C° C 5726 6202 7353
-50°-50° C 8775 9691 10828

The Phase Growth Accumulation Rate (gld8IN) vs. Characteristic life has been platte
in Figure4-16 to get a relation between solder joint accrued damage (considering Phase
Growth Accumulation Rate as a proxy to solder joint accrued damage) and Characteristic

life (Ni).
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Figure4-16: Plot of phase growth accumulation rate (dinSn/dInN) vs. Characteristic Life

(Nf)

The relation between Characteristic Life and Phase growth Accumulation Rate as derived

from the data fit are shown able4-5.

Table4-5: Relation between Phase Growth Accumulation Rate and Characteristic life

CABGA 144 Ni = 3300(dInS/dInN)? 9T

PBGA 256 | Ni = 350qdInSy/dInN)05

PBGA 676 | N = 410qdInS/dInNy®3

In Figure4-17, all data from CABGA 144, PBGA 256 and PBGA 676 were fitted in one

single plot to develop e@ombinedpredictive model.
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Figure4-17. Predictive model usinBhase Growth as a damage proxy

The equation we derived from the datashibwn inFigure4-17 is as follows

. -0.89 Eq. 4.18
N, =350 pdins, 0
C dinN =
The Characteristic Life for all three test vehicles was calculated &sjng¢.18and then

compared with our experimental findings as showhahle4-6 to show the validity of the

predictive model derived.
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Table 4-6: Comparison of experimental results and results from predictive model using
Phase Growth as a damage proxy

CABGA 144 PBGA 256 PBGA 676

Error Error Error
Exp. | Predict. Exp. | Predict. Exp. | Predict.
(%) (%) (%)

50°-

150C 3135 3532.69| 12.69| 3475| 3600 3.6 | 4178 | 3725.13| 10.84

0°-

100°C 5726 | 5476.24| 4.36 | 6202| 5916.11 | 4.61 | 7353 | 6186.54 | 15.86

-50°-

50°C 8775|9843.17| 12.17| 9691 | 10639.35 9.79 | 10828| 10912.74| 0.78

4.4.2Inter-Metallic Thickness Growth Damage Proxy

Eq. 4.9represents the evolution of IMC thickneg®wth in thermal cycling based on
experimental data. The test data has been used to derive the pesdonetormalized IMC
growth of Eq. 4.9Micrographs of IMC thickness are shownFigure 418 for CABGA
144, in Figure4-19for PBGA 256, and ifrigure 420for PBGA 676.Figure4-21, Figure
4-22 andFigure4-23showthe plot of normalized IMC growth parameter) With number

of cycles (N) in loglog scale for CABGA144, PBGA 256 and PBGA 676 respectively,
which clearly reveals that IMC growtiso follow the same trend like phase grovizbth

the coefficient and exponent term change with mean temperature of cycling range because
the underlying agglomeration of IMC proceeatsa faster pace at a higher temperature.
Table4-7 shows the value of IMC growth coefficient gkand IMC growth exponent or
IMC accumulation rate @ for all the testsamples Again this tableclearly shows that
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bothIMC growth coefficient (k) and IMC growth exponent or IMC accumulation ratg (b

are ingeasing with mean temperature.

1250Cycle

X1,000 10zm X1,000 10um X1,000 10um

(@) (b)

Figure 418 SEM images of IMC Growth in CABGA144 at different cycles at 1000X

magnification) (a) for50°C to 50°Q(b) 0°C to 100°C and (c) 50°C to 150°C.

-} 1250Cycle -, | 1250Cycle . Wioopcycle | 1250Cycle

X1,000 10m X1,000 10um X1,000 10um

(@) (b) (€)

Figure 4-19. SEM images of IMC Growth in PBGA256 at different cycles at 1000X

magnification) (a) for50°C to 50°Q(b) 0°C to 100°C and (c) 50°C to 150°C.

111



|250Cycle

S

[ 750Cycle W soocycle  [750Cycle T

1250Cycle 12509yc|e"‘

1,000 10um

()

X1,000 10zm X1,000 10zm

Figure 420. SEM images of IMC Growth in PBGA676 at different cycles at 1000X

magnification) (a) for50°C to 50°Q(b) 0°C to 100°C and (c) 50°C to 150°C.

In(Normalized IMC Growth), InY p

0 2 4 6 g
In(Number of Cycles), InN

Figure4-21: Relation between Normalized IMGrowth (InYn) and Number of Cycles
(InN) for CABGA 144
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Figure4-22: Relation between Normalized IMC Growth (InYn) and Number of Cycles
(InN) for PBGA 256
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Figure4-23. Relation between Normalized IMC Growth (InYn) and Number of Cycles
(InN) for PBGA 676.
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Table4-7: Normalized IMC Growth Coefficients and Exponents

Y, =k,N™
InY, =Ink, +b,In N
CABGA 144 PBGA256 PBGA676
Temp. I, bo ko bo ko bo
(dInY/dInN) (dIinY/dInN) (dinY/dInN)
50°-15C° C | 0.0069 | 0.91 0.0063 | 0.88 0.0055 | 0.855
(Tm =
373K)
0°-10* C | 0.0035 | 0.52 0.0029 | 0.5 0.0024 | 0.48
(Tm =
323K)
-50°-50° C | 0.0017 | 0.28 0.0012 | 0.26 0.00093| 0.245
(Tm =
273K)
4.5
® CABGA 144
€ PBGA256
'50 A PBGA676
5.5 .
EO -6.0 x
-6.5
-7.0
'75 T T T T T
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.003

UTK™

Figure4-24: Plot of Ink vs. inverse of mean temperature of cycling range (16f)MC

The activation energy of IMC thickness grovithsed on coefficierttas beercomputed

by fitting the data t&q. 4.10 Figure4-24shows the relationship between Ig)(&nd (1/T),

where T is the mean temperature in Kelvin scale.
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Figure 4-25. Plot of IMC accumulation ratddinY./dInN) vs. inverse of mean

1T (K'Y

temperature ofcycling range (1/T)

The activation energy based exponent term has been computed by fitting the ddagin

4.11 Figure4-25 shows the relationship between Ig)(nd (1/T), where T is the mean

temperature in Kelvin scale.

Table4-8: Activation energy for IMC growth

0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.003

Activation Energy(Ea) based

on coefficient

Activation Energy (E) based

on exponent

CABGA 144 0.124ev 0.1ev
PBGA 256 | 0.15ev 0.11ev
PBGA 676 | 0.16ev 0.11ev

Table4-8 show the Activation Energyased onMC growth Coefficient and IMC growth

exponent respectively.

The IMC Accumulation Rate (dinwdInN) vs Characteristic lifeT@able 4-4) has been

plotted inFigure4-26to get a relation between solder joint accruechalge (considering
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IMC Accumulation Rate as a proxy to solder joint accrued damage) and Characteristic life

(N).
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Figure4-26: Plot of IMC accumulation rate (dim¥linN) vs. Characteristic Life (N

The relation between Characteristic Life and IMC Accumulation Rate as derived from the

data fit is shown iTable4-9.

Table4-9: Relationbetween IMC Accumulation Rate and Characteristic life

CABGA 144 Nr = 2975dInY/dInN)?#°

PBGA 256 | Nr = 3197.1(dInY/dInNy°-

PBGA 676 | Nr = 3824(dInY/dInNy°7

In Figure4-27, all data from CABGA 144, PBGA 256 and PBGA 676 were fitted in one

single plot to develop @dmbinedpredictive model.
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Figure4-27. Predicting model using IM@s a damage proxy
The equation we derived from the data fit showRigure4-27 is as follows;

sy D87 Eq. 4.19

(0]
N :3232.4% 3
f cdinN Q

The Characteristic Life for athree test vehicles was calculated udititg 4.19 and then
compared with our experimental findings as showmable4-10to show the validity of

the predictive model derived.
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Table4-10: Comparison of experimental results and results from predictive model using
IMC Growth as a damage proxy

CABGA 144 PBGA 256 PBGA 676
Error Error Error
Exp. | Predict. Exp. | Predict. Exp. | Predict.
(%) (%) (%)
50°- -
3135 | 3512 3475 | 3606 | -3.77 | 4178 | 3698 | 11.49
150°C 12.02
0°-
5726 | 5713 | 0.23 | 6202 | 5913 | 4.67 | 7353 | 6127 | 16.67
100°C
-50°- R
8775 | 9787 9691 | 10475 | -8.08 | 10828 | 11033 | -1.89
50°C 11.52

4.5Damage EquivalencyRelationships

Damage accrued from the two different thermal cycling environments has been
equivalenced based on two damage proxies including normalized intermetallic thickness
and normalized phase growth to get Damage EquivalBetationships shown ifable

4-12,

Table 4-14 and Table 4-16. Table 4-11, Table 4-13 and Table 4-15 show the damage
mapping relationship for CABGA 144, PBGA 256 and PBGA 676 respectively obtained
by plotting Normalized Phase Growth or Normalized IMC Growth parameter with respect

to number of cycles. Then tbe Damage mapping relations for any two test conditions are
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equivalenced to get Damage Equivalency relationship which actually shows the
relationship between number of cycles or time required under any two test caition

reach a particular damage state

Table4-11: Damage mapping relationship for CABGA 144

Phase Growth | IMC

50°-15F C | Shtcs= Y ntcE=
(TC3) 0.0003M1cX%8 | 0.006N 13>

0°%-10¢° C | Shte= Yntc=
(TC2) 0.00011Ntc>8 | 0.003N7c 52

-50°-50°C | Shrei= Yn1c1=
(TC1) 0.00003®rc:%% | 0.001N1c.%%

Table4-12. Damage Equivalency relationship for CABGA 144

Phase Growth IMC

N1c3=0.3N71c226! | N1ca=0.4MN1c2°"3

NTC2:0.14\ITC10'517 NTC2:0-25\ITC10'54

Table4-13: Damage mapping relationship for PBGA 256

Phase Growth IMC
50°-15C¢° C | Shtc= Y ntcE=
(TC3) 0.00032N7cs>% | 0.006N7c 88
0°%-10C | Shre= Yntc=
(TC2) 0.00010Ntc*%® | 0.002Nrc*
-50°-50° C | Shrei= Y ntc1=
(TC1)
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0.0000 110284 0.001Ntc10-26

Table4-14: Damage Equivalency relationship for PBGA 256

Phase Growth IMC

Ntc3=0.32Nrc22°7 | N1ca=0.4INtc’>7

Ntc2=0.IN7c1?°% | Nrco=0.1MNrca’>?

Table4-15: Damage mapping relationship for PBGA 676

Phase Growth IMC

50°-15(¢° C (TC3) | Shte= YntcE
0.000N1cX9% | 0.0058N ¢85

0°-100° C (TC2)| Sirc= Ynte=
0.00009B7c2°%2 | 0.0024N 1048

-50°-50° C (TC1)| Shtci= Yntci=
0.00002B7c1%278 | 0.0009N 112245

Table4-16: Damage Equivalency relationship for PBGA 676

Phase Growth IMC

N1c3=0.28MN1c2”%° | Nrca=0.38N1c’ %

N1c2=0.0MN71c1°°28 | Nteo=0.1N1c2>!

In this paper both Phase growth and IMC growth are considered as damage proxy.
Thereforethe damage equivalency relationship obtained using both these damage proxies

should be same.Table4-12, Table4-14 and Table4-16 reveal the convergence of the
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damage equivalency relationships from two separate damage proxies which singports t

validity of the correlation.

4.6 Prognostication
The prognostic model predicts the | ife con

has been subjected to in a thermal cycling environment based on the real time grain size
measur ement 6g0. So this algor i ofegomtionr i es t
shown in Eq. 4.2Q@hrough number of iterations and stops when evedue reaches

particular threshold and final solution corresponds to this minimum error. Thinean

normalized phase growth equation has to be solved for the 4 unknowNs &j2 and g

To solve for four unknowns, four equations are needed. To obitase systemsf

equatiors we used grain size measurements at four cycle cewti@avn in Eq. 4.20.

G, b 0
22;# 0- 1 ta( N)°
ey, 0 ¢
& t
Cg L o
%M\l g-]_ B:a(N epl\)b
£ % 2y
Eq. 4.20
o % o
e N+2 D 6-1 H:a(N 2 N)P
@ g, 0
& -
€s 4 g
a9 0 <
CeN+3 M 0-1 EQ(N 3p|\)b
% g 6
g 0 =

LevenbergMarquardt algorithmteratively minimizes the error in the solution space and
selects the final solution corresponding to the minimum error. For prognosticatign usin

IMC growth as a damage proxg. 4.21is used which is obtained after simplifyiigj.
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4.9, In this equatioryo (Initial IMC Growth), k (IMC Growth Coefficient), b (IMC Growth
Exponent) and N (Number of Cycles) are four unknovinerefore four equations are

needed to solve this as showrEq. 4.22

Yp=yq KNP Eq. 4.21

Yp=Yo ko
yp+2[p N=Y O'k(N ZCpth

Yprapn=Y ok(N 30N3

Eq. 4.22

0

Error

3o ke oda 85 0
L N

500
400

300
200 $

100 - 3 - ;
Nzun
300 " i

Figure4-28: 3D plot of Error vs No. of Cycles and Normalized Phase Growth for CABGA
144 for temperature cycle 50150’ C
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In Figure 4-28, Figure 4-29 and Figure 4-30, 3D plot of Error vs No. of Cycles and
Normalized Phase Growth by using LM Algorithm are shown for CABGA 144 for

temperature cycling range of 5015, (° - 10, and-50° - 50° respectivey.

Figure4-29: 3D plot of Error vs No. of Cycles and Normalized Phase Growth for CABGA
144 for temperature cyclé 0100 C
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Figure4-30: 3D plot of Error vs No. of Cycles and NormaliZzéhdase Growth for CABGA
144 for temperature cyckd(® - 50° C

In Figure 4-31, Figure 4-32 and Figure 4-33, 3D plot of Error vs No. of Cycles and
Normalized IMC Growth by usindM Algorithm are shown for CABGA 144 for

temperature cycling range of 5015, (° - 10, and-50° - 50° respectively.
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Figure 4-31: 3D plot of Error vs No. of Cycles and Normalized IMC Growth for
CABGA 144 fortemperature cycle 50 15¢° C

Figure 4-32. 3D plot of Error vs No. of Cycles and Normalized IMC Growth for
CABGA 144 for temperature cyclé 0100 C

125



0.1

0.05§

-0.05..
0 300

: 400
1 : 500
200 600 N

Error

Figure 4-33: 3D plot of Error vsNo. of Cycles and Normalized IMC Growth for
CABGA 144 for temperature cyct&(® - 50° C

Table 4-17, Table 4-18 and Table 4-19 show the comparison of results obtained from
experiment and prognostication. The convergence of both the resultstesliolar

experimental approach.

Table4-17: Comparison of results obtained from experirmgerd prognostication for 50
15¢°C

50°-150C

Phase Growth IMC growth

N (Exp.) | N(Prog.)| N (Exp.)| N(Prog.)

250 236 250 242

500 477 500 521

750 730 750 730
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Table4-18 Comparison of results obtained from experiment aogjnostication for ©-
100 C

0°-100°C

Phase Growth IMC growth

N (Exp.)| N(Prog.)| N (Exp.) | N(Prog.)

250 265 250 276

500 510 500 520

750 775 750 770

Table4-19: Comparison of results obtained from experiment gioginostication for50°
i 50°C

-50°-50°C

Phase Growth IMC growth

N (Exp.) | N(Prog.)| N (Exp.)| N(Prog.)

250 265 250 241

500 532 500 482

750 735 750 771

4.7 Prognostics Performance Evaluation
Prognostics is an emerging concept in condition based monitoring system, desired to

predict remaining useful life to avoid catastrophic failures. Using concept of prognostics
and physics of failure, we can predict remaining useful life based on evolfijiwoxees
that will indicate probable future failure. Successful prognostics model should not only
predict remaining useful life accurately but also it should have the precision in predictions
and high confidence bound. The model should be passed througiest evaluation
criterion on using different parameters so that it can be implemented into critical

applications where accuracy of prediction matters most. Currently there are no set of
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standard parameters defined for evaluation of devdlppsgnostis model [11% In this

thesis,two separate prognostication models based on two leading indicators of failure viz.
phasegrowth and inteimetallic compound growth of second level solder interconnects

have been proposed and implemented for the life pgrediof electronics. The sole

purpose of evaluating various performance metrics was to relatively compare the two
models and see which leading indicator of failure accurately predicts life. Fosethen

different performance metrics viz. accuracy, segi, Mean Squared Error (MSE), and

Mean Absolute PerceatageuEacyr i MA®E)yve Ua
cumulative relative accuracy (CRA) have beempated. These parameters have been

being used by past researche [115116 also to compare performance of different

prognostics metrics.

4.7.1Average Bias

This method averages prediction errors made at all subsequent time step$ aftir
under test (UTT). This method is then extended to establish ovexalbler all UTT. In
this form variability in prediction and presence oflieus is neglected [1]5Average bias

Bi can be calculated by,

1 EOP | Eq. 4.24
B =, "& {0 (]

! =P
Where,

?=EOP- P+1
2 is cardinality of the set of all time indices at which predictions are made, EOP is End of

Prediction is earliest time index, i, after prediction crosses failure threshold, and P is time
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index at which first prediction was matl§ prognostic modeld()is the error between

predicted and true RUL at time index i for UT[LL5].

4.7.3Mean Squared Error (MSE)

In simple average bias calculatiawer prediction and under prediction cancel out each
other So it might not reflect actual accuracy and precision of model. To avoid this, average
of the square of prediction error for multiple UTT is calculated, which is known as MSE.

Derivative of MSE is root measguare error (RMSE) [1]15

/ Eq. 4.26
MSE:%.él(qJ (¢
=

4.7.4Mean Absolute Percentage Error (MAPE)
MAPE is unitfree accuracy measure only fiation scaled datg117. MAPE weights

errors with RUL and averages the absolute percentage error inuttiplenpredictions

[115].

MAPE(i) =

~ |

g 1009 ( Eq. 4.27
EAN0

Where, () in true RUL at timettgiven that data is available up 16 UTT.

4750 accuracy
It is essential to know whether the model predictions are within the spduifiedf error
bound at given time. Time instances are defined as percentage of remaining useful life after

first predicionwas made [115. Tohe uldt ve has been plotted
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at all three different temperature cycliognditiors asshown inFigure 4.34, Figure 4.35

and Figure 4.36br CABGA 144 package. It is a normalized plot of Remaining Useful Life

(RUL) Vs Life which is compared against the ground truth and the error bounds. In this

case the ground truth is the experimental data obtained from accelerated testing shown by

blue line in the plots and + 10% error bounds are imposed shown by red and green lines. It

should be noted that the selection of error bounds is application specific and typically

tighter bounds are imposed as the criticality of the system increases.
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The main i-alecaurtwe splfoar Ut he two model s was n
point but to compare the relative performance of the models visually. It is clear from the
plots that in case of IMC, overshootingside the error bounds are more than that of Phase

growth damage proxy although still relatively it remains close to the blue line. It helps
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conclude that the prognostication model developed using {gnasgh parameter as the
leading indicator of failureerforms better than the prognostication model developed using

IMC for the current field conditions.

4.7.2 Sample Standard Deviation (SSD)
Precision in predictions is as important as accuracy. SSD calculates variability in prediction
by measured spread efror with respect to sample mean of the error. This metric is

restricted to assumption of normaltdisution of errors [11p

Eq. 4.25
A1 (4 )32 |
s(i) =4 =L

n-1

Where, M is sample mean of error.

4.7.6Relative Accuracy
Rel ative accuracy f eax cpurevdei,cth wtn her esiwa |z
level. The time instant is described as a fraction of actual remaining useful life from the

first prediction point.

ol Eq. 4.28
N r*(ta) r(t g
o % (te)

Wheret_ =P+a ( E OR) and ') is the RUL estimation for thé"lUTT at time T as

determinedrom measurements [1]L5
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4.7.7Cumulative Relative Accuracy (CRA)
CRA aggregates the accuracy levels calculated at multiple time intervals. I€CRA

normalized weighted sum of relative prediction accuracispettific instances [115

crA=2 4 wil R
aE o

Eqg. 4.29

Where, w is a weight factor as a function of RUL at all the time indices. In most cases it is

desirable to weight the relative accuracies higher when closer to end of life.

Table4-20: Comparison for Prognostics Metrics forréa Thermal Cycling Conditions.

Prognostic 50-150°C 0-10C°C -50-50°C

Parameter| PG IMC PG IMC PG IMC

1 | Average

Bias 0.53 0.98 -0.14 0.15 -0.25 -0.94

2 SSD 53.16 66.72| 109.69 138.15 106 219.26

3 MSE 3473.8 6688.4| 13719.2| 19297.13 12579.15 66382.65

4 MAPE 10.07 1254 10.31 12.42 5.69 12.73
5 RA

(&=0] 0.967 0.99 0.95 0.92 0.98 0.95
6 CRA 0.019 0.018| 0.0089 0.0087| 0.00642 0.0059

Table 420 shows comparison of prognostics models based upon parameters discussed
earlier. Algorithm maintains highere | at i ve accuracy at a=0
life) for all three temperature ranges. Higher RA is always desirable. Both leading

indicators based prognostic algonith show comparable performance.
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4.8 Conclusions
Using three different packages, effect of mean temperature of temperature cycling on

package reliability was investigated. A damage mapping method has been developed based
on the underlying physidsased leading indicators to relate the damage accruab rigte
consumed under three differgatnperatureyclic environmerd A Predictive Model has

also been developed using the failure data of all three packages analyzed. Convergence of
both Damage Mapping relationships and Predictive Model using two @apnagies and
convergence of Prognosticated Values and Experimental Values of damage indicators

established the validity of our approach.
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Chapter 5

DIC Based Investigation into The Effect of Mean Temperature
of Thermal Cycle on The Strain State inSnAgCu Solder Joint

5.10verview

Field deployed electronics, unlike controlled laboratory testing, may experience a variety
of sequential thermmechanical stresses during its lifetime. The field environment
imposed on the electronic system may be infleenby ambient conditions and usage
profile. Variation in the ambient temperature conditions, weather variations, usage location
in addition to scheduled system usage or downtime may result in wide variance in the
resulting field profile. Thermally inducd stresses can also be produced in fabrication
stage alsoThe CTE mismatch between the chip, substrate and printed circuit board (PCB)
produces this thermally induced mechanical stresses. In an electronic paclszgimiply,

the crucial part affecting riability the most is the solder ball which actually bears most of
the stress gradients formed inside packages due to CTE misniias.safety critical
nature of the electronics systems necessitates thatdedaimage and reliability be
assessed priootany future redeploymento satisfy this need extensive research based on
in-situ thermal deformation measurement mostly using Digital Image Correlation (DIC)
and Moiré Interferometry was done, not necessarily aimed at investigating the effect of
different thermal loading condition. In this studyd different test vehicles, BGA 144 and

256 with two different solder alloys namely as SAC 305 and SAC 105 were used in this

study under three different test conditions-IEHIPC, 0-100°C and -50-50°C. The

tempeat ure <cycling range i s carefully <chose
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temperature to reveal the effect of mean temperature on package reliability. DIC was done
on pristine packages under three different temperature conditions with different set of

padkage size to show how strain amplitude varie$wiean temperature.

5.2TestVehicle

In this study, two different leadfree assemblies CABGA 144 and RB&Awith two
different SAC alloys namely SAC105 and SAC305 have been used. The packages are full
array configuration and the ball diameter for the 144 1/0O and 256 1/O is 0.3 and 0.32 mm

respectively. Package attributes are showRigure5-3.

Table 5-1. The printed circuit board was a doulided FR406 material. The printed

circuit board pads were solder mask defined (SMD) with immersion silver firighre

5-1 shows the packages. All test vehicles were subjected to theratialgognvironments

ranging from TC1:50°C to 50°C, TC2: 0°C to 100°C and TC3: 50°C to Ta0rhe test

board is a JEDEC forffactor test board with corner holes. Each test package has four
daisy chain patterns corresponding to the four quadrants. Board assemblies were assembled
at inrhouse surface mount facility of CAVE3. The reflow profile used dssembly is

shown inFigure5-3.

Table5-1: Package Attributes

Board A Board B Board C Board D
Solder Sn3Ag0.5Cu Sn3Ag0.5Cu Sn1Ag0.5Cu Sn1Ag0.5Cu
Body Size (mm) 17mm 13 mm 17mm 13 mm
Package Type PBGA CABGA CABGA CABGA
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I/O Count 256 144 256 144
I/O Pitch (mm) 1 1 1 1
Ball Diameter (mm) 0.32 0.3 0.32 0.3
Matrix 16 x 16 12 x 12 16 x 16 12 x 12
Pad (board) NSMD NSMD NSMD NSMD
Pad (package) SMD SMD SMD SMD
Board Finish ImSn ImSn ImSn ImSn

NSF CAVE-3 AUBURN UNIVERSITY

O

A—

NSF CAVE-3 AUBURN UNIVERSITY
E+
o_ 0
1 F+
o
F-
G+
o o

G-

~
Nt

THERMAL CYCLING BAORD —~ 256/144

Figure5-1: Test vehicle
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Figure5-2: X-Ray Image of Test Vehicle
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Figure5-3: Reflow profile
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5.3DIC Working Principle

The basic principle of DIC is the tracking (or matching) of the same image points located
in the two digital images of the test specimen surface recbefeceand after deformation
[118]. The test specimen sade must be covered with a random speckle pattern in the

DIC technique, which serves as a carriedeformation information [11:921].

RN

ey ,'\“:-’” : .:- .-'.\‘.n'_ o

AOI: Area of interest (shaded by red)
Sub set: Marked by yellbw, P(xg,y¢): Subset center

Reference image Deformed image

Target subset - -
c ent e epxdyd

Reference SLbset
centered atPgxyo) &

Correlation coefficient

Figure5-4: DIC working principle
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As can be seen froffigure5-4, in orderto compute the displacements of a point of interest
P(x0Yo0), a square reference subset of NXN pixels centered at the point of interest P from
the reference image is chosen and used to track its corresponding location in the deformed
image.To accurately track the position of the reference subset in the deformged, isna
criterion must be established to evaluate the similarity or difference between the selected
reference subset and the target suli®esliding the reference subset in the searching area

of the deformed image and computing the correlation coeffi@ergach location, a
correlation coefficient map is obtained as schematically illustratedrigure 5-4.
Subsequently, thematching procedure is completed through searching for thevadadk

of the distribution of correlation coefficient using certain optimization algorithm. Once the
correlation coefficient extreme is detected, the position of the deformed subset can be
detemined. The differences of the positions of the reference subset center and the target

subset center yield the-plane displaementvector at the point P. [122

The correlation coefficient is computed between the reference subset and target subset. For
asquare subset containing n (=NXN) discrete pixels, leiyf{xand g(fy i§ denote the

gray values of the ith pixel of the reference subset and the target subset, respectively. For
avoid complexity, both f(xy:)) and g(%y iare substituted bydnd g beyond this point.

The most widely used formula to find degree of correlation is Normalized Correlation

Coefficient (NCC)[122]

af.o. Eq5.1
C - 1~
NCC [ 2, 2
a fi ag;
The VIC 2D software which we used implements Normalized Sum of Squared Difference

(NSSD) as a correlation criterion which is same intuitively but has difference in
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implementation scheme. While our goal is to maximize in case of NCC, it changes to
minimizaton in case of NSSD that is to minimize the difference between the reference and

deformed image.

a
CNssD™ a: i i
5%/ (2 \/égiz Eq5.2

5.4 Experimental Procedures

As the ball under die shadow is the most crucial spot to investigate, all the packages were
sectioned and polished until the half section of the first row of balls under die shadow
showed up. Very fine polishing paper was used to get as smooth surfassiatep Then

the polished surface was first black painted and then given a very thin layer of gold
sputtering to facilitate DIC. Then these speckled samples were thermally cycled in an
environmental chamber. A Nikon ED camera with reverse stack lens sedsto get
magnified image of desired solder ball at different stage of thermal cycling. Board
assemblies A, B, C and D were subjected to cycling@ftC to 50°C, 0°C to 100°C and

50°C to 150°C For the inplane (2D) DIC measurement, the speckled esestoned
surface of the solder joints was projected onto the camera through the glass window. The
sample surface was magnified by 50mm reverse stack lens mounted over 200mm primary
lens. Image resolution is 1920X1080 pixels. 1 mm actual physical lerrgiirésented by

390 pixels in magnified image rendering 1 pixgbagximately equal to 0.00256mm.
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Figure5-5: Experimental Setup
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Figure5-6: Gold sputtered Ksectional imagef sample
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Figure5-7: Stages of image acquisition in thermal cycle

In this experimentmages were taken at stage 1 and 2 as showigure5-7. Then DIC
was done using image 1 as a reference and imagal&formed image. DIC anallysvas

done by VIC 2D software.
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5.5Experimental Results

As we are only interested with solder ball, in all the following contour plots we only
investigateshear strainat the interfacefacomponent and solder balhd inteface of PCB

and solderball. These two interfaces are the most crucial spots revealgulelious

researches due to global mismatch of coefficient of thermal expansion

RMS of Shear
Strain at all the
points on this
line, ey

Report Max. of
E> Eaxy and oy

RMS of Shear
Strain at all the
points on this

line, g,y

Figure5-8: Location whereshear strain are measured

Root mean squaid shear strain values at each pisiéliated on the lines denoted by upper
and lower layewas calculatetb investigate where the maximum shear strain occurs. Only
the maximum shear strain value was reported. The following figures shoarttoeir plots

of shear straimistributionon a sdder joint under die shadow regiofigure5-9, Figure
5-10, Figure5-11 andFigure5-12 show the skar strain contour for CABGA 256 (SAC
105), CABGA 144 (SAC 105), CABGA 144 (SAC 305) and PBGA 256 (SAT5)3

respectively.
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Figure5-9: Shar strain contours for CABGA 256 (SAQ3)
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Figure5-10: Shear strain contours for CABGA 144 (SAC105)
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Figure5-11: Shear strain contours for CABGA 1{48AC305)
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Figure5-12: Shear straiontours for PBGA 256 (SATS)

Table5-2: Summary of experimental results

Shear StraifiRange(qe.y)

CABGA 256 CABGA 144 CABGA 144 PBGA 256

(SAC 105) (SAC 105) (SAC 305) (SAC J5)
50
150C 0.005 0.0042 0.0039 0.0037
0-
100°C 0.004 0.0033 0.0028 0.0025
-50-
50PC 0.0033 0.0027 0.0021 0.00198

148




0.0055

o050l | ¢ CABGAL44 (SAC305)
e = CABGA144 (SAC105)
< 00045]| ¢ PBGA256 (SAC305)
> s
2 0.0040-

&

—  0.00351
< T

& 'S 0.0030-
- O

S = 0.0025-
c C

n =

0.0020

0.0015 - - - . .
260 280 300 320 340 360 380

Mean Temperature, T ( K)

Figure5-13: Shear StraifRangevs Mean Temperature from Experiment

It is obvious fromTable 5-2 and Figure 5-13 that shear strain increases with mean
temperature of thermal cycling. Thermal cycling at higher mean temperature means aging
at higher temperature and creep increases with high level ofah&rading. This can
explain higher magnitude of shear strain at higher mean temperature although temperature
difference is the same for all three temperature conditions. SAC105 tends to be more
ductile than SAC305 as we see for same level of thermalrgazbndition and same
package architecture SAC105 solder ball undergoes higher level of displacement and shear
strain which supports the notion that SAC105 is more vulnerable in thermal fatigue than
its counterpart SAC305. One of the most detailed stutiegbermal fatigue failure rate of

Sni xAgi Cu solder joints was conducted by Terashistaal.[56] who found that
increasing Ag content increases the fatigue resistance of SAC solder. Higher Ag containing

alloys contains higher number of &8n dispersoid on bulk Sn matrix which in turn inhibit
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coarsening of alloys rendering it to be more fatigue resistant. Furthermore, higher Ag
containing solder alloys have smaller Sn grain structure. This means that during
temperature cycling there will lsxhance of stress buildup at the grain boundaries. Also,
since the starting grain sizes are smaller, overall impact of grain coarsening will be small.
Both of these would also result in improved temperature cygedormance 123.
Another interestingifding supported by this experiment is shear strain dipery on
package geometry. Shear stralmws decreasing tendency with decreasing die or chip
size. This is a valid consequence as the larger the die size the more the die shadow solder
ball will undergo shear strain according to DNP formula (Distance from neutral point).In
case of SAC 305 PBGA 256 has smaller die size thaB@&® 144 and in case of SAC

105 CABGA 256 has larger die size than CABGA 144 as revealeBidpyre 5-2. The
following Weibull plot also strengthen our experimental findings in whicllS0C, O

100°C and-50-50°C are denoted byC3, TC2 and TC1 respectively.
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5.6 Finite Element Analysis Results

Threedimensional nosinear finite element modeling was used to calculate the strain
energy density accumulation in solder joints. The solder material was modeled as a
viscoplastic solid, the printed circuit boards as orthotropic linear elastic soltiearest

of the materials as linear elastic solids. The quarter symmetry model was used with mapped
finite element mesh. Solder ball materials were meshed with VISCO 107 materials and all
other package materials are meshed with SOLID 185 elements. @hergonodel has
symmetry boundary condition along the symmetry line i.e. zero X displacement in X faces
and zero Z displacement in Z faces of the full package and the bottom corner most node

is given zero Y displacement to resist rigid body movement.

152



ANSYS

ELEMENTS R15.0
MAT NUM Academic
JUN 20 2014
09:05:38

Figure5-16: Quarter model of CABGA 144
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Figure5-17: Quarter Model with boundary conditions
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Figure5-18: Material used in model

154



N

»)

S

Hencammendet mes only

&

3 0.0067mm
0.0187
mm

0

0.0187
mm

ﬁ\ 0.0067mm

v

Figure5-19: Solder ball mesh scheme

(Do) anmeraduay,

Time (Sec)

Figure5-20: Temperature profile used in simulation
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Figure5-21: Temperature distribution during simulation for580°C
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