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Abstract

Leadfree neareutectic SPAg-Cu (SAC) solder system has raisedreasingattention

in the electronics industrgince thehazardous effects of SnPb soldebse of the
critical considerations for the reliability of an electronic prodsithe fatigue failure of
interconnected solder joints. Numerous studies have investigdigdeipropertiesof
SAC solder materials using large bulk sampées]later themore realisticindividual
solder joins. However solder joints in BGA components would suffer from more
complex situatiomand thusmake the fatigue life of the component diéetfrom the
individual solder joints.This dissertationincludes two types of test vehislethe
individual solder joint and theustomizedsolder joints in BGA assemblyrhe latter
test vehiclehas3x3 solder jointsnterconnected between two substedterepresent a

realistic chip

The first study othe regarchfocusel onthe reliability of SAGbasedndividual solder
joints. Low-temperaturesolder (LTS) alloys have recently receivednsiderable
attention becauseof their inexpensiveprice and the reduced defects in complex
assembliesThe shear and fatigue properties of individual solder joints were tested
using an Instron micromechanical testing systéfwo LTS (Sn-58Bi-0.5Sb0.15Ni

and Sr42Bi) with low melting temperatures weexaminedand compredwith Sn
3.5Ag and S¥8.0Ag-0.8Cu3.0Bi. The surface finish was electroless nickeimersion

gold (ENIG) during the testSn-3.5Ag solder with gganic solderability preservative
(OSB surface finish was tested as well, for comparisirear testing was conducted
at three strain rates, and the shear strength of each solder alloy was measured
constant strain rate was udedthe cyclic fatigue experiment$ he fatigue life of each

alloy was determinetbr various stress amplitudeghe failure mechanism in shear and



fatigue tests were characterized ussegnning electron microscopy/eneigjgpersive
spectroscopy(SEM/EDS. The resultsrevealed that SR3.0Ag-0.8Cu3.0Bi had
superior shear and fatigue properttempared totheralloys butwas more susceptible
to brittle failure.The shear strain rate affected the failure modes 68.8Ag-0.8Cu
3.0Bi, Sn58Bi-0.5Sk0.15Ni, and S#2Bi; however,Sn3.5Ag was found to be
insensitive. Several failure modes were detected forEBAgin both shear strength
and fatigue test$or Sr3.5Ag solder alloythe OSP surface provided better interfacial

toughnesshanthe ENIG surface finish.

In the second part of the resegrcastomized sandwich test vehicles with 3x3 solder
joints connected between two substratese manufacturednstron Micromechanical
Tester is used to test tI®AC305 solder jointsising both the stresscontrolled and
straincontrolledmethodsat room temprature. The testing was conducted at a constant
strain rateof 0.05s!. Four stresses and four strain levels of the solder alle§.®hg-

0.5Cu (SAC305) were examined using organic solderability preservative (OSP) and
electroless nickeimmersion silver ENIG) surface finishes. The work per cycle and
plastic strain range were computed based on a systematic recording of thstistiness
(hysteresis) loops of each sample. A novel approach based on inelastic work is
developed to calculate the fatigue lifeeoBGA assembled test vehicle. The results of
the stressontrolled and strahgontrolled tests indicated that the OSP surface finish
outperformed the ENIG surface finish. Regardless of the testing process and surface

finish, the CoffirManson and Morrowreergy models were acceptable for SAC305.

The third study investigatethe fatigue performance of some other mialoying
solder alloys besidesn-3.0Ag-0.5Cu (SAC30h These leadree solder alloys arSn
3.5A¢-0.7Cu3Bi-1.5Sb0.125Ni $AC-1), Sn3.41A¢0.52Cu3.3Bi (SAGQ), and
Sn0.92Cw2.46Bi (SACR). The fatigue performancef these solder alloys was



comparedconsidering the effestof surface finisks (OSP and ENI{ and testing
approaches (stregentolled and straircontrolled. The SEM and EDS were utilized

to determine the microstructure and failure mechanism of each solderTdl®yesults
showed that OSP surface finish outperformed the ENIG surface finish, regardless of
testing methods and seldalloys.The interfacial IMC layer of SAC305 with the OSP
surface finish was scalldke CusSrs, whereas smoother layers were observed in the
SAC-R, SAGQ, and SAGI solder joints SAC-Q and SACI associate with ENIG
surface finish performed tharittle failure. They are more susceptible to changes in
strain and stress, particularly straline composition of the IMC layavas dependent

on the concentration of Cim the solder alloys

The final study proposeda mechanical fatigue test method unttexr temperature
(248K), room temperature2@8K), and elevated temperatur@48K). The same solder
joints were assembled in the BGA configuratiohhe investigated solder alloys were
SAC305 (SA3.0Ag-0.5Cu)andSnPb (SH37Pb). Two types of surface finishes (OSP
and ENIG) were utilized for all the testing solder alloys to study the effect of surface
finish. Straincontrolled tests were performed ugthe Instron Micromechanical Tester.

It wasfound thathe characteristic fatigue life decreaseth the increase of strain level

or testing temperature because the solder joint experienced more damage every cycle.
The higher testing temperature alsd te the larger plastic strain range, the more
inelastic work, and decreased peak stress for solder joints in BGA assembly. The
temperature of 348K tends to amplify this effd@dte OSP surface finistutperformed

the ENIG surface finish regardless of strain lesetesting temperaturdue to the
failure mechanismsAn empirical modelvas suitable to descrilibe effects of strain

level on the fatigue behavior of SAC305 and SnPb solder joirte demperature of

248K, 298K, and 348KThe modified empirical model was proposkdcorrelate



fatigue life, strain level, and testing temperatdree failure mode in each case was

identified.
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Chapter 1  General Introduction

1.1  Electronic Packaging

Electronicpackagingefers to production and enclosures for electrdeiices ranging

from microchips up to electronic systems. The electronic packaging industry is one of
the largest idustries in the worldil]. The electronic packaging market wasuea at

USD 1020.13 million in 201,%nd is expected to reach USD 2825.42 million by 2025
[2]. Consumer electronics, such as TVs, laptops, digital cansrdshe processes are
more suitable for mass production due to the rising demand these Meadesired
performance of electronic products highly attributes to the housing and interconnection
characteristics provided by electronic packaging. The majactifns of electronic

packaging are:

[ —

. Signal distribution

2. Power distribution

w

. Heat dissipation

4. Protection

Besides thatthe design of electronic packaging should include more considerations in
addition to abovementioned functionsincluding topological and electromagnetic
effects for signal distribution; electromagnetic, structural, and materials aspects for
power distribubn; structural and materialselection for heat dissipation; and
mechanical, chemical, electromagnetic protection for components and
interconnectionsThe herarchy of electronic packaging is shown in Figure 1.1, which

consists of mainlyour levels (levezero, one, two, and three).



. \
A
First-level package First-level package
(single chip module) ¢ (multichip module)

Chip-on-Board

Third-level package
(motherboard)

Figure 1- 1 Hierarchy of electronic packaging

Level Orefersthe gateto-gate interconnections on the silicon die, which is diced from

a singlecrystal silicon wafer. There amillions of solidstate semiconductor devices
(transistors, capacitors, inductors, and resistors) connected to form functional electrical
circuitry in one single silicon didt ensures thessential and fundamenfalocessing

of semiconductor device.

Level 1describeshe connections between silicon die and packagey ifclude both
mechanical connections and electrical connections. The silicon die is mechanically
affixed to a leadframe or interposer layer, and at the same time wire bonding or flip
chip Ball Grid Array technology would build up electrically connectietween silicon

die and thechip carrier A vast variety of chip carriers is available in the market now,
differentiated by factors such as shape, size, lead pitch, internal structure, and materials
used for constructionln general components are categoed as either passive

components or activecomponents. Passive components lend their electrical



characteristics to the circuit, but provide no active control av&gnaj while active

components can amplify an electrical signal and produce power.

Level 2donateghe connection between package Bndted Circuit Board (PCBYhis
is alsocalledPrinted Circuit Assembly (PCAJT.he Printed Circuit Board is typically a
rigid laminate constructed of layers of fiberglegsoxy composite. The PCB or
subgrate provideselectrical connection and isolation, thermal dissipation, affldt
mounting surfacefor solderingcomponentg3][4]. Technically, components can be
attached to the substrate using twmunting technologies: Througiole Mount

Technology (THMT), and Surface Mouh&chnology (SMT).

Level 3 is theconnection between circuit boards, such as mounting a daughter card to
a mother board. This kind of PCB is usually installed to give some additional
capabilities to the device. For example, anyone can install a new pograytics card

in personal computdp have better visual experience and performance.

The electronics industry is keeping moving towards smaller size, lighter weight, faster
processing speed, increased circuit density, higher power density, larger secticond

die with more complicated functionality,
working life, and less expensive prié@miconductor manufacturers are making their

every effort to minimize the size of chipsorder to reduce power consumptiarda

improve the performance. Meanwhilesolder joint, whichis widely used to form
connection in level 1 and level 2, have been proven to be the major concern to cause
failure of electronic products. Since “bntaining solder alloys present toxic
characteristic despite many advantagesectives such as Waste Electrical and
Electronic Equipment (WEEE) and Restriction of the Use of Certain Hazardous

Substances (RoHS) were adoptedturopearto solve the problerfb]. In the United

n



States, the electronics industrgs also beepushed towards the adoption of |dage

practices by market force although no law or regulation is issued by the government.

1.2  Reliability of Electronic Packaging

Reliability is the probability that a component or system will perform a required
function for a given period of time when used under statedabipg conditions. The

word can be traced back to 1816, and it was first coined by the poet Samuel Taylor
Coleridge[6]. The rise of the new disciplirereliability engineering, attributed to the
birth of statistics and the developmerdnd the adoption of mass productiofihe
unreliability of the vacuum tube around 19€&rved ashe catalystd accelerate the
coming of ths discipline. Nowadays reliability has grown into an omnipresent attribute
with qualitative and quantitative connotations that pervades every aspeetvadrild,

including electronic packaging.

There is obvious difference between quality and reliabi@tyality describeghe static
measure of producthat mees its specification, while reliability ighe dynamic
measurment of product performance undehe service life conditions such as
temperature, load, stress, tinaadso on Reliability actually demonstrateke quality

of product performance over timé extends quality into the time domain.
IPC-STD-001Bclassifieselectronic productmto three najor classeseach comes with
its own reliability requiremert7]:

Classl: Consumer product$ervice life of products in class usually falls less than
five years and the cost of failure is relatively low. Examples are laptops, cell phones,

and cameras.



Classll: Dedicated/Industrial/Telecom products. Service lifepimducts irthis class
is longer than class and the failure cost is higheFor example, dilure of large

industrial machine would result in production line halts and thus fiabloss.

Class Il : Critical or Highperformance products. Products in this category play
important roles and any failure could be life threatening. Examples are wing controller
of airplane and ventilator machine. Service life of theseymets should be more than

twenty years.

The failure of any component in tiedectronic product could result the reliability
issue.Considering thousands/millions of components functioning in the system, it is
vital to optimizedesign configuration to ensure the reliability of the system as well as
simplify the configurationComponentsn the systentould be connected in series,
parallel, or combined serigmrallel, each has its own advantage addition,
redundancy of critial componersthas necessity working as a backup or-gafle to
improve the reliability of the systemThe reliability of component itself is
unneglectable scientists and engineers are investigating every way to improve the
reliability of one single comonent In practical service lifethe reliability of a
components typically limited by the failure of any interconnected solder jowitich
makes it essential and significantdtudythe reliability ofdifferent leadfree solder
joints commercially available on the market.addrials,designs,and manufacturing

processes are optimized as a traffdbetween cost, qualifyand reliability.

1.3  Electronic Packages in Realistic Applications

Electronicpackagesn real service applications coute exposed to high temperature
changes due tthhe operation of higlpowerdensity devices dhe exposure of various

ambient environments. The large mismatches in the coefficients of thermal expansion



of the various materials in the package would indbeemal stresses to interconnected
solder joints. Usually the corner joirasesupposed tsuffer more thermanechanical
stresses and thus have more chance to fail ef@]ieFhe cause of thobservatiories

in the factthat the distance betwe#recorner joints antheneutral point is larger than
the othersolder joints The plastic shear strain during loading could be predicted using

the Distance to Neutral PoifDNP) Equationl-1:

| | zZ"Y .
of _ z od) &)
Q 1-1

Wherei is plastic shear strain during loading temperature change,is the
Coefficient of ThermalExpansion(CTE) of PCB or substrate, is theCTE

of componenthis the height betwedhecomponent anthe PCB and [D.N.P[donates

the distance to neutral poj@s shown in Figure-2.

D.N.P

—_—
I 1

! Compbnent
T h : Solder

PCB

Figure 1- 2 Distance to Neutral Point (DNP) Approximation

Besidesthat stresses could also occur duehe external mechanical loading the
vibration applied to electronic products. Tliesiredsmalker size of theinterested
structure and materials makes experimental measurements more difficult to realize.
Typical reliahlity concerns and failure modes include solder joint fatigue, die fracture,
severing of interconnections, wire bond failure, delamination of material interfaces, and

encapsulant cracking.



Extensiveresearch has been conducted to investitp@dehavior bsolder joint under
thermal cyclingconditions together witha multitude ofmodels developed to predict
the correspondingreliability. However, limitedwork hasfocused on theatigue
propertiesof solder joints in isothermahear fatigueycling, which ismeaningful to

understand the performance of solder joints at different temperatures

The reliability of an electronic package/componpndductcould be quantifiedising

the AcceleratedLife Testing (ALT). ALT is the process of testing @oduct or a
component by subjecting it to extreme conditions beyond the normal requirements in
order to identify the potential failure modes and the withstanding limit of the product
in a short span of tim@][10]. Theunderlyingassumption oALT is thatcomponents
showing better performance in the test®uld reveal the samadvantagesn real
applicationg11], which is not always true. A proper reliability model should consider
all the critical factors without oversimplifying real working conditioi$e data
collectedfrom ALT might fit well with some commonly usetistributiors, where the

Weibull distribution and lognormal distributi@rethe most widely usednes

1.4 Problem Statement

Solder joints areoften exposed to temperatecbanging environmest drop or
vibration in real service conditions, which make theubject to both thermal and/or
mechanical stresses for a long period of tifkany studieshave investigated the
mechanicaproperties of soldematerialsby simplifying a solder joint as a large bulk
samplewhichare typically machined, cast, or prepared form tubes, wires, or rods, with
rectangular or circular crosection[12]. Mechanical fatigue tests such as uniaxial
tensiontension[13], simpleshear[14], thermomechanical sheflr5], and multiaxial

tensiontorsion tes{16] were conducteg@reviouslyusingthe bulk samples. However,



the mechanicalproperties of large bulk sample should in actdiffier from that of

solder joints in BGA componenkgcause:

1 Solder joints in BGA componenkgvesmallersize thus finer microstructure

1 TheIntermetallic Compound (IMC) layas formedbetween bulk solder and
Cu padduring reflow processwhich might have detrimentaleffect onthe
propertiesof solder joints and even result in different failure ngJd&];

1 Surface finisksappliedcouldalterthe composition of IMC layer;

1 Precipitate distributiom bulk samples anoh solder joints variesignificantly
[18];

1 Microstructure evolution and damage accumulation of solder joints were found

different from that of bulk samplg$7].

Previous researcfil9][20][21][22] has studied the effect of solder materials, surface
finish, stress amplitudegnd agng on the mechanical properties of various individual
SnAgCu (SAC) solder joints. Howevehe research othe new generation dfow

Temperature Solder (LTSJill leave blanks for fulfill.

Electronic packages undergothshear deformation caused by mismatch of Cartg,
warpage and distortion during thermekcursions encountered in manufacturing
process and actual operation conditioms. addition various mechanical and
environmental stresses (drop, vibration) coodobpplied to solder joints in real life
service. Therefore, solder joints are subject to the combination of shear and tensile
loading in most applicationf23]. It is well worthy to note thathe mechanical
properties ofsolder joints iINBGA componerd could vary significantlyfrom that of
individual solder jointdbecause they migtsuffer from more complex situations. On

one hand, fatigue failure of any solder jovuld result in componetiailure; on the



other hand, stress applied to the component would distribute to all the soldenijoints
other wordsany solder joint withmicrocracks would potentiallyundertakdess stress
thus mitigate the fatigue of itself but acceleratefthikire of the other soldejoints.
There is a absence of research on tlaigue performance of solder joints in BGA

assemblyconsidering different testing approaches.

Another critical &ctor for isothermalcyclic test isthe testingtemperature Some
research hastuded the effect of temperature on thatiguepropertieof solder alloys

using bulk sampleq13][24], while limited work employedndividual solder joints
[25][26]. Most of the studies focused on the effects of frequency and strain level on the
fatigue behavioof solder alloyq23][27][28]. Despite the superiority of SAased
solder alloys compared to eutectic Sr{P8], Department of Defense (DoD) is still
using SnPb solder alloy mainly because of its predictability. iRigcethe Solder
Reliability and Assurance Project was launched to ensure the safe transition from SnPb
alloy to leadfree solder alloys. Until now, no literature has compared the fatigue
properties between SAC305 and SnPb solder joints considering duo¢ @ffsurface
finish and testing temperatuiEhere is indeed a needdonduct a comprehensive study

to investigatethe fatigue properties 05AC305 and SnPb solder joinis BGA

assembly

Most of the currentpredictionmodels were developed f@nPb stilers manyyears
aga These models wetben adapted to leddee soldes by fitting the accelerateigst
data to extrachew values for the various constarii@wever,thereis usually a very
limited number of data available exrapolatethereal service lifdrom thetest results
considering thdest vehicles have different combinationspofcess parameters, pad
design, surface finish, printed circuit board, aadon.In additionto this,the failure

mechaismin thermal cycling and isothermal cyclingries significantlyln thermal
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cycling, the coarsening oprecipitatesand strairinduced stressed to the global
recrystallization followed by crack propagation along the new netwofkgrain
boundariesin contrast, thentergranularmicrocracls are formedalongthe subgrain
boundarieswithin dendritesduring the isothermal cyclingesuling the link-up of
microcrackdo form larger transgranular cracks somecases|MC interfacialcracks

are observed since the strongaslder ball compared to IMC strength. Nevertheless,
this dissertation focused on theodeling of solder joinfs f at iirgisowerntali f e
cycling condition Prediction of service life based @tcelerated test results can be
misleadingwithout proper constitutiveelations and an understanding of the behavior
of damage accumulatiothroughout the solder joint fatigue lif@he satisfactory
accuracy oflife predictionusingmodelscannot be achieved withoabnsidering the
transferability from testing specimens to realistic componenidie finite element
analysigs thus necessary to estimate the pammeterssuch aplastic strain, inelastic
work, and stresspf interested samplewith ther specific geometes in working
conditions.Thesetrue parameters cahenbe fitted inmodels forthe more accurate

predictiors.

1.5 Research Objectives

The motivation of this research work isitwvestigate theshear andatigue properties
of commercially available SA®ased solder alloys using individualder joints, and
to study the fatigue properties of solder joints in BGA assembly considering the effect
of solder alloys, surface finish, testing method, and testing temperature. Various
prediction models, including empirical model, Cofffanson modeland Morrow
energy model, are expected to be developed for each situsitiefollowing targets

areachieved in this research:

10



Develop appropriate testing procedures, including test vehicle design, fixture
design, experimental setup, and testing profile, to corsthéer andatigue test

for various solder materials under differenohditions.

Study the effecof stress amplitugland surface finish on thehear andiatigue
performance of SAasedsolderalloys by testing individual solder joints at
room temperature.

Study the effect ostresslevel, strain level, andurface finish on the fatigue
performance ofmicro-alloying SAC solderjoints in BGA assemblysing
stresscontrolled and straksontrolledmethodsat room temperature.

Study the effect of temperatuaad surface finisbn the fatigue performance of
SAC305 and SnPsolderjointsin BGA assembly.

Examinemicrostructure and failure mechanismtioé specimes and perform
metallurgical analysigsing Scanning Electron Microscope (SEM) and Energy
Dispersive XRay Spectroscopy (E%).

Develop reliability models to predict fatigue life of various SB&sed solde

alloys regarding their service condii®

Proposed Dissertation Organization

This dissertation consists wihechapters. Chaptérprovides introduction of electronic

packaging including general concepts, reliability of electronic packaging, service

environment of electronic packaging, together with problem statemendedaied

research objectives. Chapteintroduces relevant coepts andnethods that aresed

later in this researchfor easy of reading and comprehending. Chagtezovers

literatures about fatigue properties of solddioys in both thermal cycling and

isothermal cycling, main effects on theliability of solder #oys, and common

11



constitutive models proposed to predict fatigue life of solder joints. Chéapteludes

test vehicle preparation, experimental setup, testing profile and research methodology.
Chapters addresses the effect gifiear strain rate dhe shear propertieandthe effect

of stress amplitude on the fatigue properties of $¥Sedindividual solder joints
including two LTS Parameters in mepirical models Coffin-Manson model,and
Morrow energy model are examindZhaptel6 studieghe effecs of stresdevel, strain

level and surface finish on the reliability 8AC305solder joints in BGA assembly.
Coffin-Manson model and Morrow energy model are found suitabléhéosandwih
specimensChapter7 explores thdatigue performance of SAC305, SAT SACQ,

and SACI solder jointsassembled with OSP and ENIG surface finidlneir
microstructure and failure mechanismsstrewn and compared. Chapter 8 investigates
the fatigue properties of SAC305 and SnPb solder joints at different testing temperature
A modified model iproposed to predict the fatigue liggven strain level and testing
temperatureChapter9 summarizeshe dissertation work and concludes the results.

Future work idistedin the end of this dissertation.
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Chapter 2Background

21 PCB and Substrate

A PCB is usually a rigid structure that consists of-nonductive substrate and metal
traces. The electronic components are soldered mechanically to the flat substrate and
electrically to the traces. In other words, PCB with flat surface provides meahanic
support for electronic components and the metal traces build up electrical connections
between the components. In addition, the PCB is responsible for thermal dissipation
and electrical isolation (neconductive substrate). The board may be composed of
either a single layer of circuitry (on top or bottom) or multiple layers of circuitry stacked
together. Various layers could be electrically connected through vias. Types of vias
include through hole vias which electrically connect top layer and bottan laynd

vias which are exposed on one side oflibard, anduried vias which is embedded
inside the PCB to connect internal layers. Sometimes thermal vias are designed in

certain application to help speed up heat dissipation.
2.1.1 Substrate Material

A PCBis built with a dielectric core material with poor electrical conducting properties
to make the circuitry transmission as pure as possible, and then interspaced with
additional layers of metal and dielectric as nee@nmon dielectric materials used

for substrates include polymer (phenolic, epoxy, polyimide, polyester, Teflon) and
reinforcement (paper, glass fabric, Kevlar). One should carefully consider glass
transition temperature when selecting the appropriate substrate material in real
applicationsi property of substrate material could change from brittle to e)aestid

CTE also changes at glass transition temperaflakng account of thisoperating
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temperature limits of F& and polyimide are 12C and 230C (their glass transition

temperature)In addition CTE of substrates varies significantly from horizontal to
vertical Added glass reinforcement allows for constrained expansioty iplane, but
the CTE can be anisotropiCTE of laminate substrate inyxplane is typically around

14-18 ppm/C to match well with 1pm/ C of copper, while in Z direction its CTE is
100-200 ppm/C, which is 10 times larger. It is vital to design reasonable thickness of

substrate to avoid possible reliability issues.

The standard dielectric material used REB is FR-4, which isa flameresistant

material composite of woven fiberglass cloth and epoxy resin6 FR6 means
retardant and number 0646 i nd{30.&tassEbersrov en
here are the base tmaal which provides laminate stability, while epoxy resin enables
extra ductility. Besides ceramic substrate is also available in hamswironment
applications such as military and aerospace. Although the price of ceramic substrate is
much higher, theharacteristics of higher thermal conductivity and lower CTE are

preferred by designers since more options are available.

2.1.2 Solder Mask

Solder mask is a thin lacqukke polymer layer covered on the PCB to protect the
copper traceagainstoxidation and corrosiarSolder bridges that could form between

closely spaced solder pacsn bepreventedvith solder mask. Commdnusedsolder
maskmaterials are acrylic or epoxy polymetso pper pads on t he PCB
in two kinds of manners, namely Solder Mask Defined (SMD) pads aneShloier

Mask Defined (NSMD) pads. SMD pads have the solder mask apertures specified such
that the openig is smallerthan the diameter of the copper padis shown inthe left

side ofFigure 21. In this format the overlapping on the copper pad would help prevent

14
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delamination between the pad and substrate, which is called pad lifting and is usually
causedby thermal or mechanical stre$8][31]. Also, alignment of electronic
components would be much easier in this way. For NSMD padspntact is made
between solder mask and the copper pad, leaving a gap between teedia@mvn in

the rightside of Figure 21. NSMD pads have been proven to have better fatigue
properties in thermahechanical tests because of the stronger bond crieaitedlder

pad interfae, butwith pad lifting issues in drop shock tests

Solder Ball
older B Solder Ball

Solder Junction
Solder Junction

Copper Pad Copper Pad

SMD PAD NSMD PAD

Figure 2- 1 Cross section view of SMD and NSMD pads

2.1.3 Surface Finish

The two kinds of solder mask mentioned in ses&idr2can only cover copper traces
(NSMD) or part of copper pads (SMD), leaving some or all of the contacting area
exposed to the giwvhich might result in reliability issues due to corrosion or oxidation
prior to assemblyTo deal with this problem, surface finish is applied to protect the
exposed circuitry and ensure solderability in tbkowing reflow steps.In general,
surface finish can be classified as two main types: electroless plating andoiddioio

The former one in also knavas chemical plating or autocatalytic plating. This process
creates a metddyerdeposit on the surfads autocatalytic chemical reduction of metal

cations in a liquid bath, such that the plating and substrate is physically bbisiegl.
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the latter methoda metallurgical bonds formedbetween the plating and substrate by
applyingan externally generatedeetric current. Compared witblectroless plating,
the bond formed in this process is much stronger and with higher duBtdgides that,
contaminants could banotherpotential problem during electroless platifidpere are

a variety of different surfae finishes developed over the past few decades

1. Hot Air Solder Leveling (HASL): Thiprocess has been dominating the market
for decades because of the low cost and its excellent wetting characteristic. In
this process, the PCB is immersed into a bathaten solder (SnPb or Lead
Free) to cover exposed mesalrfacewith specified solderExcessive solder is
then removed using hot air knives. Complex surface mount technology
nowadays has revealed and exaggerated the shortcomintie oheven
surfacesn this process. It iloundunsuitable for fine pitch components.

2. Organic Solderability Preservative (OSR)s a water based organic compound
that selectively bonds to copper. OSP is environment friendlyke the other
surface finisksthat aremetal basedAdvantages of OSP includew cost
excellent coplanaritgndsolderability, as well agnultiple reflow capabilities.
However, itis less robust than HASL and could degrade easily thélthange
of temperature.

3. Immersion Tin(ImSn): The RoHS compliantmimersion Tin surface finish is a
thin depositlayer of tin on copper, which would form a-8u intermetallic
structure during the process. The process continues and results in a limited shelf
for the surface finish. The occurianof tin whiskers ansensitivity of handling
are additional drawback. ImSn is ideal for fine geometries and fine pitch

surface mount components because it allows excellent flatness and smoothness.
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4. Immersion Silver (ImAQ): Tis process is very similar ionSn but with a higher
cost. For most applications, it can be a good alternative to ENIG which is
introduced later. Moderate shelf life, solderability performance, and simple
process control are benefits of this cheitat it could be sensitive to
contamnants both in the air or in the board, thus need a highly qualified working
space for this process.

5. Electroless Nickedimmersion Gold (ENIG): ENIG could be the answer for most
of the applications in the PCB industry since the growth and implementation of
the leadfree requirements. It is a twlayer metallic coating of 28 €in Au over
120240 €in Ni. The nickel layemworks as a barrier to protect coppeont
oxidation and a surface for soldering. The gold layer protects the nickel layer
during storage with very low electrical resistance. ENIG provides excellent
shelf life, solderability, wettability, and flat surface. Shortcomings of ENIG
could be the higher cost and sometimes the occurrence of black pad syndrome,
which is a buildup of phosphane between the gold and nickel layefhis

feature could result in fractured surfaces and faulty connections.

In summary, one should always consitterequirements for durability, environment
impact, and cost when choosing surface finish for specifiiagtions. Each surface
finish has its own superiorities and drawbadRsliability of surface finish, together
with different solder materials, is gaining increasing interests for manufacturers all over

the industry
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2.2  Solder Alloy

Solder allog are compounds dafifferent metals, which are used to provide permanent
metallurgical bond between electronic components and the PCBs. Some common
elements used for solder alloys in the electronic industry are tin, lead, copper, silver,
bismuth nickel and so on. Solder joints are the formed connections between the
components and the PCB during soldering protegsovide electrical, mechanical,

and thermal connection$hey areconsideredvital to the quality, performance, and

reliability of electronic asemblies

2.2.1 Tin-Lead Solder

Tin-lead solders have been developed by the Romans thousands of years ago. With the
emerging and popularity of electronics,-lad solders quickly became the choice for

the electronic industry for its superior featureslurdry recently. The advantages of
tin-lead solders include the inexpensive and plentiful of lead, low surface tension,

strong formed intermetallic bond, and good mechanical properties.

The most popular tihead solder used in the industry is the mixfr63%tin and 37%

lead, whichformed theeutectic tinlead solder. Eutectic alloys have a specific
temperature at which the alloys would melt immediately when increasing temperature
and solidifies immediately when decreasing temperature. Other solder alloys would
typically have a pasty range Wih which the alloy would be partially solid and partially
solid, but the compositions of solid part and liquid part are different. Eutec8d Sin

performs a wide range of advantages, including:

1 Eutecticcomposition thesingle transition temperature)

1 Low melting point (183C)
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1 Low cost (made from relatively abundant/cheap elements)
1 Goodwetting andnanufacturability

1 Adequatefatigueresistant

1 Good joint integrity

1 Excellent electrical conductivity

2.2.2 LeadFree Solder

The predominating eutectic Firead solder has been gradually replaced by-fessl

solder alloys because of the hazardous effect of lead on both humans and the
environment. The adoption of WEEE and Rati®ctivesin early 2003 greatly raised
peopl ebs i {ireesalderalioys. Thernwo diredivees came into effect on July

1, 2006, aims to restrict the inclusion of lead in consumer products in the EU. In the
US, no regulation is proposed by governmentdn the use of lead, but the market
force is pushing the US electronic industry towards the adoption ofreagractice.

Many leadfree solder alloys have been developed and researched since then.

To meet the current requirement of the industry, -deweloped solder alloys should
have improved wettability, suitable melting temperature, good mechanical properties,
good resistance to thermal fatigue, good corrosion resistance, availability, and

reasomlble material cost.
SnAg-Cu alloys

Nowadays SAC solders have been regarded as the most promising solders owing to the
good soldering performance atite good reliability characteristic.g.,good creep
resistancethermal fatigue reliability, Typical SAC alloys contain 8-4.0 wt% silver

(Ag), 0.51.0 wt% copper (Cu), and the balaraf@®@5wt.%-+ tin (Sn)[32], which makes

them near eutectic. A variety &AC alloys have been proposed and investigated
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including SAC305 (Sn3.0Ag-0.5Cu) SAC105 (Sn1.0Ag-0.5Cu) SAC387 (Sn
3.8Ag0.7Cu) SAC396 (SkR3.9Ag-0.6CY and so on. They are used in different

applications.

Many methodave beempplied to improve the performance of SAC saldech as
alloying it with additional elements and add nanoparticles to enhance the properties.
The difference is thahe added elements tend to undergo a diffusion process which
produces an alloy of the &Asystems or act as a solid solution strengthener, while the
addition of nanoparticles does not involve a diffusion process, instead act as discrete

particles in the solder system.

The melting temperature of SAC solder alloys ranges fromQ@1d221C depending

on the composition of Ag and Ctihe reduction of Ag content for SAC alloys would
offer a cheaper price at the expenstheflower ductility andhe higher melting point.
Doped elements such as Ti, Bi, Zn, Mg, Ce, Mn, La, and Co wwlftdecreaethe
melting temperatureyhile the added nanoparticle&l¢Os, ZrOz, TiOz, SrTiOs) would

slightly increase the melting temperature.

SAC solder alloys have a higher wetting force than the eutecdgSolder due to the
addition of Cuelement Someother additioal elements also tend to create better
wettability propertiesbutexcept elements like Mg, whietould causelegradtiondue

to the vulnerability to oxidationMinor addition of nanoparticles (4Ds) would also
enhance the wettability, but@ssive amount (2dit.%) appears to degrade the wetting

properties.

In the SAC solder system, the microstructure of the solder mainly consists of primary
Sn grains, eutectic structure particles and IMC particles. A thin IMC layer is preferable

because it provide strong bonding to enhance joint strength. However, an\excessi
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IMC layer thickness degrades the mechanical properties and can promote a brittle
failure mode during crack propagationAs such the addition of elements and
nanoparticles cameduce theself-diffusion of Sn and thus hee an influence in
producing a tmner IMC.In addition better mechanical properties are found by adding

proper elements and nanopatrticles.
Tin-Zinc alloys

The SnAg, SnCu and SPAg-Cu solders are promising le&ee alloys, but the

higher melting temperatureompared tdhat of the eutectic SRb solder alloymay

require a modification of the existing production lines. phesence osilver in the
composition almostriples the prie of soldermaterial Fortunately, eutectic San

solder alloysshowa low melting pointvery close to that of SRb solder anaould

provide satisfied mechanical properties as well. The prolbddsithat Zrcontaining

alloys exhibit poor wetting properties and are prone to oxidation and corrosion. New
SnZn based alloys are still under dayginent to be widely used in the industry. In the
other way, because of the drastic improvement of flux technology, Hze ased

solder pastes have been applied in many commercial products, such as laptops, printers,

TV tuners and more.
Sn-Bi alloys

SnBi solder alloys were proposed as one of the most popular alloys a long time ago
due to its low melting temperature (eutectic point: °C39and inexpensive price.
However, they were not widely used previously because of the lower wettability,
fatigue resstance, and elongatidB3]. Recently, LTS SiBi attract much attention

from the industies for flexible PCB applications. i solders avoid warpage wherein

PCB and electroni parts deform or deviate from the initial state due to their CTE
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mismatch. One of the effective approaches to improve the properties, microstructure,
and wettability of SfBi solders is to have additional miealoying elements or

nanoparticle$34].

2.3  Printed Circuit Assembly

Semiconductor packaging is evolving wéth increased demand fmaximum possible
functionality, finer size, and added utility. In order to build up both electrical and
mechanical connections between PCB and electronic companedhts second level

of electronic packaging, modeRTCA promptedtwo methods: Throughiole Mount
Technology (THMT) and Surface Mount Technology (SMBach with their

designated PCB components to mount on the board.

2.3.1 PCB Components

PCBcomponents are made up of a variety of complex electriaéd, which could be
typically categorized as ctive components and passive components. Passive
components are unable to change their character when applying electrical impulses.
Single or repeatable reaction can be provided by them. Active components are devices
capable by themselves of controllingtages and currents to produce gain or switching

actions. They are able to change their basic character in react to an applied signal.
Material

Active components can be further classified as ceramic packages or plastic packages
depending on the material of chip carriers. Plastic packages are by far the most common
in use today for its cheaper price. Ceramic packages are much more expensive but

provide excellent performandethey are widely used in military, aerospace, and other
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ultra-high-performance required areas. Examples of plastic packages and ceramic

packages are shown in Figure.2

Figure 2- 2 Plastic Package (left) and Ceramic Package (right)

Ceramic packages are superior to plastic packages in hermeticity, exceptional planarity,
high temperature stability/resistance, thermal conductivity, andibyplssive feature.
Drawbacls of ceramic package include more complicated lead routing and much higher
cost. Ceramic packages constitute two thirds of the total packaging market despite far

less number manufactured each year.
Lead type

Packagesould also be sorted using tbeteria of mounting type used, as is shown in
Figure 23 [31]. Typical package examplesrfthrough hole mounting and surface
mounting are shown in FigureZ2 The left example is &ual In-line Package (DIP)

used for through hole mounting. The right example exhibits many surface mount
packages assembled on the PCB board. Specifically, |pad&dges, the most widely
used package format, are electrically and mechanically connected with PCB land

dictated by either lead or attachment solder materials.
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THROUGH
HOLE SURFACE MOUNT
SINGLE-IN-LINE SOLDER BALL
PACKAGE LEARER HHLEADED CONNECTIONS
- | | |
DUAL-IN-LINE FLATPACK 5523';,?& mias G,'?é&"““”
PACKAGE
(DIP) I | [
SMALL OUTLINE CHIP SCALE
| INTEGRATED RESISTORS PACKAGE
PIN GRID ARRAY CIRCUIT (SOIC)
PGA | |
PASSIVE
I J LEADED CAPACITORS NETWORKS
PASSIVE PACKAGE
COMPONENTS I
QUAD FLAT
PACKAGE (QFP)

Figure 2- 3 Types of Packaging

Figure 2- 4 Through hole mounting package and surface mounting package

Leaded packages include mainly three lead types: Gull Wing Lead, J Lead, and Solder
Ball Area Array. Gull Wing Lead, as the name says,thashape of gull wing; while

J Lead expands in the opposite way, which makes it look like alphabet J. The geometry
of each type is illustrated in Figure52 Note that the main solder fillet on the Gull
Wing joint reaches back toward the component badyle the main solder fillet on

the 3Lead joint goes outward the component body. The other lead tgpéder Ball

Area Array will be detailed discussed in the next session.
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PACKAGE BODY PACKAGE BODY
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Figure 2- 5 Gull Wing Lead and lead

BGA Components

The continuing need of mot#O for advanced integrated circuit components called for
finer pitchl/O. However, there are limits to make finer pitch at some point as the pitch
reaches very fine. Possible problems include coplanaritking, and shorting35].

In order to get rid of this situation, industry was looking for new technologies.
Fortunately, area array as a solution has been arounoniar time to increase number

of 1/0.

The appearance @MT made thel/O placed under the surface mount component
possible. In this way/O can be installed in a full-dimensional lattice rather than
limited to the perimeter of one component. In other words, the numb€r ioicreases

from 4n to 1 (although sometimes only part of the allowable area is covered). Figure
2-6 illustrates theschematicof a typical Ball Grid Array (BGA) component. There are
many small solder spheres applied to the grid contact pads (copper pads) built on the
bottom of the component. These solder spheres are then precisely attached to the solder
paste deposits dhe copper pads which are located on the PCB boards. This process is
typically completed using a pick and place machine. After that, during reflow process,
the solder spheres would reflow and wet with solder paste to form robust-bheged

solder joins.
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BGA components do exhibit some superior characteristics such as finer pitch, better
electrical performance (shortest path between component and PCB board), and
superlative thermal dissipation capabil[86]. However, reliability concerns would
come up when exposed to harsh environment, especially under drastic temperature
changes. Some typictypes of BGA packages available in the market are listed in

Table 21 [37].

SUBSTRATE SOLDER BALL

U OO UO0U0U0U0UU U000

Figure 2- 6 Ball Grid Array Component

Table2- 1 Types of Ball Grid Array

Can be either Payer or 4layer
PBGA substrateswith pitch ranges fron
; : 1.01.27mm and body siz
Plastic Ball Grid Array greater tha3mm x 23mm
Multi-layer ceramic substrat€4
CBGA (Controlled  Collapse  Chij
: : Connection) approach is applie
Ceramic Ball Grid Array with higher cost but extrem
reliability.
Flexible polyimide film (tape)
TBGA with copper metallization is use
TapeBall Grid Array with bet_ter heat _d|SS|pza1|n a_nd
superlative electrical properties

Plastic Ball Grid Array with
EBGA additional heat sink options a
Enhanced Ball Grid Array dam is _buﬂt on the boundarig
and liquid components are add

to make sealing.
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Flip Chip technology is used i
FC-BGA this component thus short|

Flip Chip Ball GridArray | €lectrical pathwaysi better

electrical connectivity an

faster performance.

Also known as Super Ball Gri

MBGA Array, a metal heat sink i

Metal Ball Grid Array | applied to dissipate exrheat
generated by chip.

2.32 Throughhole Mount Technology (THMT)

The use of rigid substrate from 1940s that can provide mechanical support for electronic
componentpromoted hanaviring, which was thdundamental procedsr through

hole mouning at the beginning. ActuallffHMT appeared from the second generation

of computers in the 19504 was extensively used PICA as a substitute for PokTto-

Point constructions during the 1970s and early 198@slier electronic assembly
techniquedad beeralmost completely replacdy THMT until SMT became popular

in the late 198Qs

Throughhole mounting is the process by which component leads are placed into drilled
holes on the PCBThe holes can be plated or mplated- with Plated Through Holes
(PTH) there is a conductive patthin copper layg plated onto the walls of the holes
during the manufacturing process; with NBlated Through Holes (NPTH), no copper

is platedon the hole barrel, as is shown in Figuf@é. 2 is obvious the manufacturing
process of NPTH is simpler and quicker, butsidaring most PCBs are double sided

or multi-layered nowadays, PTHs are widely used to provide connections between the

components and the required layers in the board.
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COMPONENT
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SOLDER BASE MATERIAL

£

ELECTROPLATED COOPER |

COOPER FOIL ELECTROPLATED COOPER SOLDER BASE MATERIAL

Figure2- 7 PTH vs. NPTH scheme

The bag form of an electronic component used for THM shown in Figure-8. The

THMT process includepasing component leaddirough the drilled holexrimping

these leads on the backside, and soldering the leads fttalghed tdPCB, which

would build linksbetween the component and copper traces with lower resistance and
better mechanical stability. Theoldering process was firscompletedby hand
soldering, thethe invention of wave solder machine eliminates hand soldésexjng

to faster productio and higher qualityAfter that, with the demanding for higher
component densities, automated placement machines were developed for quick pick

and place process including crimping, forming, and wire cutting.

Figure 2- 8 Through- hole Mounting Technology (THMT)
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Throughhole mounting is best used for products with higlability requirement of

the connectionsince it provides stronger bonds than SNETis commonly used in
military and aerosgce, where the excellent reliabilitysidlder connections is preferred

- components would experience extreme accelerations, collisions, or high temperatures
and undergo excessive mechanical stress. Also, thyleoighmounting is available in

test and pratyping applications for the benefit of easy manual adjustment and

replacement.

On the downsidagequired drilling holes in THMT limits available routing area on any
multilayer boards, plus the much lower placement rate compared to SMT, making
THMT prohibitively expensiveln addition, lead pitch is limited by the I/O connections

placed along two edges of the components.

In all, despite a severe drop in popularity since the emerging of SMT in 1980s, the
disappearance of THMT from PCA is a wide misconcepfidrere still exists some
circumstances where THMT is preferred including solder connections requiring strain
relief, test and prototyping applications, and bulky/heavy components. Availability and
costare also critical factors when considering componghteughhole package or

surface mount package) to assembly.

2.3.3 Surface Mount Technology (SMT)

Unlike THMT, SMT is a process where components are mounted directly onto the
surface of PCBas shown in Figure-2 Thi s met hod was ariginall
mo u nt i deydbopea im the 1960s. By the 1990s, it has grown increasingly popular

and dominated higtech electronic PCAs.
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Figure 2- 9 Surface Mount Technology

The key difference between SMT and THMT is that there is no need to drill holes on
PCB for SMT sinceghe throughh ol e component | eads have
which are small components creatconductive connections between different PCB
layers. Inaddition, surface mount components can be mounted on both sides of the PCB
significantly increasing the useable surface area in the. BE&ides, surface mount
components are smaller with finer pitch size. These advanced feathers have éi&wed
design & PCB with more density, higher performance, and smaller size. Moreover,
surface mount components can be placed at rates of 1000~10000 per hour using pick
andplace machinewhich is much faster than the rate for throingite components

less than 1000 pehour. At last,reduced lead length improves the electrical
performance of components but in contrary makes the thermal management more

complicated.

Overall, SMT has proved to be more efficient and economic than TiHMiany ways
- it is dominating the P&s with more than 90% usage today, despite some reliability
considerations related to mechanical, electrical, and thermal. As mentioned before, it is

important to select the appropriate technology in real applications.
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Future Trends

Modern electronics isnore and more miniature, but with more complex configuration.

The requirement of reduced cost per integrated circuit and enhanced performance is
pushing the development of new generation of electronic packaging to achieve higher
integration through diffemt ways such as utilizing new materials, processes a
configurations. All this leads to the emerging phenomena that an increasing number of
components, semiconductor chips and passives are placed inside the Apstatthe

same timemore complexinterconnections are designed to address electrical and
electromagnetic interference with close signal proximity, thermal issues with high
current and a proper thermal management and heat dissipation without sacrificing
coupling efficiency, and mechanical issweith miniaturized structure$he scaling of

el ectronic packaging has reached the | imit
years. Also, the functional diversification of electronics, physical limits and growth of

costs in the future reveal that mor e Moor ed strucNewr e S
technologies are desired to build high density circuits and cope with potential problems

in a competitive coskortunately, System on Chip (SoC) and System in Package (SiP)
[38][39][40] are proposed to continue the improvement in performance, size, power,

and costThe trends in scalingreshown in Figure 2.0.
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Figure 2- 10 Scaling trends of electronics industry

System on Chipechnology

SoCis a way to increase functional integration by including-sygiems on a single

chip. It is developed from the willingness of constructing high volumenudevices

by integrating design elements from different semiconductor devices. Main advantages
of this technology include high function density, high-abmp frequencies, strong
reliability, and moderate unit cost. On the other hand, significant shorigenaire
selected chips would restrict system function, high costs, less competitive-entbw

or middleend markesince long period of design and testing. The adopted application
of this technology mainly lies in multicore processing and portable comsume

electronics.
System in Package Technology

SiP combines multiple active electronic components of different functionality
assembled in a single unit, which enables multiple functions inserted into a system or
subsystem. This technology integrates circaitd discrete components to enhance the

performance and reduce the overall size. Existing technologies, such as lead frames,
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package on package and die stacking, are promoting the developnfaift 8D-
integration technologies offer a novel approach teh&mrenhance thperformance
through stacking semiconduction elements on top of each other, and vertical room is

better utilized than 2fntegration. Three technologies are used ini@gration

(Figure 211):
1 Stacking of package dies (package on package
9 Stacking of dies, chip to chip (3Packaging)

1 Wafer level 3D integration, chip to wafer, wafer to wafer{3MD)

AAAAAA

LA A A J ] A LA A B A A
Package on package 3D-Packaging 3D-WL integration

Figure 2- 11 3D- integration technologies

Among the three technologie®D-WL packaging igrobably the bestonsidering the
exhibited performanceas shown in @ble2-2. But problems lie in the fact that even

3D packaging is on the way to overcome challenges like die yield, thermal management
and 3D design tools. When it comes to-BID packaging, problems will be further
amplified. Fortunately, technologies such as Through Silicon(VBV) and coreless

substratédhave been proposed to address these potentidlemg41].

Table2- 2 Features of 3D integration

Technology 3D packaging 3D-WL integration
Infrastructure Packaging Foundry

3D interconnect Bond wires, FC Through silicon vias
Active layer thickness =50 m <50pm

[/O density (cm™2) 104-10° 105-108
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2.34 SMT Assembly Process

Although THMT is still in use for some applications, the interest of this paper mainly
focuses on SMTF sampledested in the experiments later in the dissertation are also

prepared using SMT. The process of SMT assembly is clearly shown in Fig@re 2

The first stepis material preparation and examination. During the prosesface
mouning componentgnd PCB are prepared and inspected to find any flaw that could

lead tounsuccessful assembly.

The second step is stencil preparation. The stencil is often made of stainless steel or
nickel with a series of precisely cut apertures on it. These apertures are produced
according to the position of copper pads located on the PCB. The aim of applying

stencil is to provide fixed position for next stegolder paste printing.

Material

preparation Stencil Solder

paste
printing

SMC Reflow Clean and

and preparation placement soldering inspection

examination

Figure 2- 12 Flow Chart of SMT process

The third step is solder paste printifgs the name indicates, during this step solder
paste $ printed on the copper pad through the apertures of the stencil. Solder paste is a
toothpastdike sticky paste, used to temporarily hold the components to be placed in

the next stepThe composition of solder paste is mainly powder of metal particles and
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a thick medium suspension called flux. The most common method of depositing solder
pastethrough stencil apertures is squeegee blade printing. In the process, a squeegee is
used to apply suitable force to push the solder paste across the stencil atigk onto

copper pad on an angle range froni #6660 .

The fourth step is component pick and placement. ThesR@&B proceed to the piek
andplace machines. Basic placement process includes picking components using
vacuum nozzles, inspection and positioningchynera, and placement with force to
embed component in solder paste. A variety ofaicltplace machines ai@vailable

in the market, with different types of feeders and heads, and with different machine

capability.

The next step is the reflow procesdteh the components are placed, the boards are
conveyed into the reflow soldering oven. The reflow oven cadesegned as either
infrared or convectionand it contains multiple zonem which temperature can be

individually controlled. Typical zones for a reflow oven are:

1 Preheat zone: In tis zone the temperature of the PCB together with all the
components is raised simultaneously and gradually until reaches soak
temperature. Tempaiure rampup rateis slow in the zone, usually at 1M1
2.0°C per second. Excessive heating rate would result in component cracking

and solder paste splattering.

1 Soak zone: The board is then kept in this zone within soak temperature for 20
120 secondsotremove solder paste volatiles and activate the flux. By the end

of the zone the entire board should have thermal equilibrium.

1 Reflow zone: The temperaturamps up at 1 - 2.0°C per second until

reaches programmed peak temperafline. time abovdéiquidus temperature is
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usuallycontrolled between 360 seconds. This process ensures the wetting of
the solder pastend thebondingof components to the copper pads on the PCB.
The components agipposed to bleept in place during the process because of
the surface tension of molten soldeut the movement during the process could

result in poor connection quality or even complete lack of connection.

1 Cooling zone: The board is cooled down to solidify the solder in this zone.

Cooling ratehas a significaneffect on the microstructure of solder joints

The last step is clean and inspectiafier reflow solderingthe boards are cleaned and
then inspectedsome defects could be reworked or repaired at repair st@oommon
inspection equipment includes magmg lens, AutomatedOptical Inspection (AOI),

X-ray machine, flying probe tester, etc.

The whole SMT assembly process is clearly illustrated in Figldi@ 2

Placement =
machines

Reflow 2
oven | s‘\\

= Failure
Stencil detection

printer

[ ' Failure
prevention

Figure 2- 13 SMTAssembly Production Line
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24  Mechanical Properties of Solder Materials

Mechanical propeytis defined as a property that involves a relationship between stress
and strain, or a reaction to an applied folidee applied force to an object is also known

as loading. Depending on tleading conditions, a material can be subject to different
loading scenarios. Figure illustratedive fundamental loading conditions: tension,
compression, bending, shear, and torsion. The force applied thjgetcan also be
either constant or fletuating, namely static loading and cyclic loadiMgchanical
properties of solder materials generally describe the physical properties that solder

materials exhibit upon the application of forces.

Force Force

Force

Force Force

Tension
Compression
Bending
Shear
Torsion

Figure 2- 14 Fundamental loading conditions

Since the geometry of material varies, the more common way to describe the loading
applied to it is tress. The term stress is used to express the loading in terms of force
applied to a certaioross sectiorarea of the material. In this way stress can also be
defined as a physical quantity that expresses the internal forces that neighboring
particles of a continuous material exert on each othquation 21 describes the

relation:
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Strain is the response of the material to an applied stistssss tends to deform the
body. In engineering field, strain is defined as the amount of deformation in the
direction of the applied force dividday the initial length of the material. The relation

is shown in Equation-2:

O£ & QOO @@ &
"0f Q0 Q&0 0 2-2

Electronic packages are subject to both thermal and mechanical stress in real service
applicationsOn one handduring operation the temperature of the electronic package
would increase, not to mention the influencambientenvironmentOn the other had,
external mechanical loadirigas a undenied effect on solder joints inside the package.
To make a better pair between solder alloy selection and application environment, it is
essential tanvestigatethe mechanical properties of solder materkatscorducting

tensile test, shear test, creep test, and fatigue test

2.4.1 Tensile Property

Tensile properties indicate the reaction of the material when applying tension force. A
tensile test is a fundamental mechanical test to measure the applied load and the
elongation of the specimen over some distance until breaking. The result of a tensile
testis represented in a load versus elongation curve, which can be converted into a
stress versus strain curve. The st#sain curve relates the applied stress t® th
resulting strain. Each material has its own unique ss&a curve. Typical stress

strain curves are shown below in Figur&2
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Figure 2- 15 Typical tensile stressstrain curve for ductile material
The stress and strain initially increase with a lingastic relationship and no plastic
deformation is induced in this region. When stress is reduced, the testing material will

return to originashapeHo ok eds Law describes the relati

region:
Oz -
S 2.3
WhereEi s cal l ed the modulus of elasticity or
is proportional to strainih he r egi on and ités actually th

modulus defines the properties of a material to return to its original shape after the
removing of the stress. It is a mechanical property that measures the tensile stiffness of

a solid material.

The yield strength is the stress corresponding to the yield point at which the material
begins to deform plastically. It represents the uppett lohallowable force without
producing permanent deformation. For ductile materials, from point B in Figlbe 2

the curve deviates form line relationship and permanent deformation occurs in the

specimen, which means the specimen is not able to retunigioal shape after the
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release of applied loading force. For brittle materials, little or no plastic deformation

occurs and the material fractures near yield point B.

The ultimate strength is the ability of a material to withstand external forces without
breaking. For ductile materials, the ultimate strength (point C) is outside of the elastic
portion and higher than vyield strength (point Bpr brittle materials, the ultimate

strength is close to the yield strength.

The ductility of a material ia measre of the extent to which a material can deform
before fractureThis property is an aspect of plasticity of material and is temperature
dependent. The ductility of a material increases with the rising of temperatuse.
expressed as percent elongatad the testing specimen, shown in Equafieh

O 0O QIEMI0E Q0 QW0 0

ov '0F Q6 QeEO 0 2-4

Tensile properties of solder materials are normally tested using bulk samples. These
properties should be fully understood for design purpose, although soldsrajant

barely exposed to pure tensile loadings in realistic operations.

2.4.2 Shear Property

As mentioned before, electronic packages are subject to temperhturge during
operation The substratvith relatively higher CTHends to expand more th&CB
components with lower CTE. The mismatch of CTE result in the deformation of solder

joints and thus shear strain, as shown in Figeté.2
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Figure 2- 16 Shear stress of solder joints induced by temperature change
Shearstressstrain curves quite similar to that of tensile strestsain curve (Figure-2

15). Shear stress increases linearly first until reaching yeidt t»i Then strain

hardening stage appears, resultitige continuous increasing of shear stress to

maximum valuds o.iThe shear stress decrease after that until fracture. Here shear stress

tand shear strain is defined by equation-2and 26:

0
Y 2-5
W w
0 2-6

whereF is the shear force applied,is the area parallel to the applied foraegis the

transverse displacement, amt the shear height of the specimen.
The linear relation of shear stress and shear sgraimown in equation-Z:

T ™ 2-7

WhereG is the shear modulus of testing material, indicated by the slope in the graph.

Shear modulus of a material is given by equati@ 2

. O
o — — 2-8
cp U
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WhereE is Youngs modulusangdi s Poi ssonds ratio.

2.4.3 Fatigue Property

Fati gue is the weakening of a materi al cau:
originated from Latin expression which mear
with physical and mental weariness in peofiet it has become a widely accepted

terminology in engineering nowadays. The form of fatigue varies in different conditions:
fluctuations of external applied stresses or strains result in mechanical ;fatigue
deformdion caused by repeated stresses at high temperatures iatige; recurring

loads applied to chemical aggressive environment cause corrosion fegigperature

fluctuating together with cyclic loads produce thermomechanicgukati

The fatigue lie of a solder material can be expressed as the number of cycles required
to initiate a fatigue crack and to propagate the csaddcritically to some final crack

size Thecyclic loading stresare carefully selected below ultimate tensile stress, or
evenyield stress in order to guarantee sufficient fatigue life. Fatigue failure occurs in

the following stages:

1 Nucleation of permanent damage caused by substructure and microstructure

change;
1 The creation of microscopic cracks;
1 The growth and coalescencemicroscopic flaws to form dominant cracks;
1 Stable propagation of the dominant cracks;
1 Complete fracture.

Figure 217 demonstrates the deformation and propagation of fatigue cracks in the aged

SAC solder materigk2].
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Figure 2- 17 Evolution of fatigue cracksshown in SAC solder sample

Mechanical, microstructural and environmental factors are of great significance for the
nucleationof microdefects and the rate of dominant fatigue crack propagation. The
main obstacle of developing life prediction models lies indifferentchoices for the
definition of crack initiation. Materials scientists are likely to consider the nucleation
of flaws in micrometer scale as the crack inception stage. These cracks are commonly
found along slip bands and grain boundaries. On the other hand, engineers prefer
relating a wide range of crack detection equipment, which has differenegt@dtion

limit, with the nucleation of fatigue crack and with the initial crack size.

Despite there exists a fracture mechanics approach to fatigue design, where the testing
specimes areinherently flawed and the useful fatigue life is defined as the number of
cydes to propagate the dominant crack from its initial size to some critical dimension,
classical approa@s aremore commonlyapplied. The difference between the two is

that the latter aims to figure out the total fatigue life in terms of the cyclic stnegs

or the strain range. In other words, the total fatigue life incorporates the number of stress
or strain cycles to inducéatigue failure in initially uncracked specimens under

controlled stress or strain amplitudes.
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Depending on the fatigue cyclesfé@lure, highcycle fatigue test and lowycle fatigue

test are characterizednder highcycle, lowramplitudeloading is imposed thus mainly
cause elastic deformation. In this case fatigueh#gsbeen traditionally expressed in
terms of stress ranges shown inFigure 218 Strain hardening materials under
constant loading amplitudésndto exhibit a plateau in the streld® plot beyond about

10 fatigue cycles. ldefinitely cycles are expected if stress below plateau level. This
stress level is defed as the fatigue limit or endurance limit. Under Joyele, the
loadings are generally high enough to exafficient plastic deformation prior to crack

initiation. Fatigue life is found to be precisely predicted in terms of strain range.

S

(log scale)

LCF (low cycle fatigue)

l HCF (high cycle fatigue)

Finite life
Fatigue limit
. - Sa:sf
Infinite life
1 10 102 10? 104 10° 10¢ 107 108

Figure2- 18 Typical S N diagram for strain hardening materials

25 Reliability of Solder Materials

Reliability, as defined in Chapter 1, is the probability of proper function over time. The
implicit feature of thalefinition lies in the underlying assumption that the survival time,
or say life length, is usually dispersed as a probability distribution funciven a

population of identical specimens, the dispersing in the failure time is distributed as a
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probabilty function. Denoting life ength byT, the distribution function onT is

represented b (t):
06 00Y o 2-9
For a given time valug F(t) is theCumulativeDensityFunction (CDF)thatdescribes

thefailure probabilityoccurs less thatimet. In the similar mannergliability function

R(t) can be expressexs the life length equals or exceeds
YO p 060 0OY o 2-10

The Probability Density Function (PDF)of failure, f(t), can be derived from CDF, or

vice versa:
"Qc Q "Oc¢ 2-11
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Another function derived from the distribution function to describe the instantaneous
conditional probability of failure per given survival time is the hazard function. Hazard
function,a- (, is actually the instantaneous failure réteorder to avoid the misleading
conception of failure rate iother failure phenomenthe functione- ( i$ Nfamed as the

hazard function. The algebraic form of the hazard function is expressed as:

.. . pOd YO 00 Qo
2-13
© JERT Vo Yo

Any of the four above mentioned reliability measures can be used as a basis for
distinguishing failure patterns of a device or system, since they are four equivalent
algebraic descriptors of longevitythey are finctionally related and comprise alternate

description of the life length dispersidtiowever, the hazard function is viewed as the
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most informative descriptor of failure behavior. The distribution function selected to

model life length is usually deternad in this step. Further classify the hazard function

comes withIncreasingrailure Rate (IFR), where the failure rate increases with time

goes on;DecreasingFailure Rate (DFR) where the failure rate is decreasing; and
Constantrailure Rate (CFR), which is an interesting special case where the failure rate

stays stableNote the conceptthat popul ati on of desvhiacpeesd 6di s p
hazard over their life length. Tkleb at ht ub cur v e 6-19iTeecenleswn i n F
intended to illustrate the general phases of hazardtratasggh working time. Early in

the life, failure happens at a relatively high rate owing to the population of devices with

material flaws, manuaicturing defects, or other physical anomalidse shape of early

failure is quite similar to that of early infant mortality, which is characterized by DFR.

Random failuresplotted instraight line exhibits the natural failure characteristic of

devices dring working life. The failure rate is recognized as a CHRe wearout

failurecurver eveal s t he 6wear outd phenomena, whe
toward the end of lives, thus &RR. Combining these three failure modes comes a

bathtub curveshowing three phaseburrin period, usefullife period, and wear out
period.Burn-in failures can be significantly reduced by taking actions such asiftourn

testing, quality control, and acceptance testing. Extending useful life is also possible by
providing redundancy parts and excess strenWfgmarout of devices is prevented by

derating, maintenance, and parts replacement.
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Figure 2- 19 Example of a bathtub curve
A number of life distribution models have been developed to characteehée of
interested devices, including thegonential distribution, the Weibull distriban, the

Normal distribution, the Lognormal distribution, the Gamma distribution, etc.

With regard to leadree solder materials, such as doped solder materidbnstve
research hebeen carried out since the restriction on the use oftbeadd solders.
Driven by the necessity to improve the reliability of ldegk electronic products,
intensive efforts have been devoted into improving the mechanical properties of Sn
based solderdt has been proved that thedition of minor elements, such as Ni, Co,
and Ti, would have positive effect on the mechanical properties of solder material,
including shear strength, tensile strength, impact resistance, and creep redisignce.
imperative to investigate the reliability of commercial or promising sollkiys for

different applications.

In order to identify the potential failure modes and the withstanding limit of a product
in a short period of time, extreme conditions (temperaturessstagbration, etc.)
beyond its operation requirements are adopted without the inducing of other unexpected
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outside disruptive factors for the purpose of condudibg, thatis carefully designed
to figure out the quality or reliability of a product inroelation with preonceived
interested factors. The reliability of solder materiglsposed to differentiated

environmentss widely researched by conductitige following ALT reliability tests:

1 ThermalCycling Test
1 Vibration Test

1 Thermal Shock Test
1 Drop Test

1 Low-Cycling Fatigue Test

The specific description of actual failure characteristics of solder materials is naturally

based on the analysis of collected and observed failure. The reliability of solder

materials can bestatistically estimated usinge i t her 0 n oneth@ds armet r i c 6

Oparametricd met hods. The former stat.i
concerning the identity or the form of the life distribution. The computation and
manipulation of the methods are easier. These methedgeaerally applied where no
potentially confining restrictions on behaviare assumed and the choice of life
distribution model is difficult. However, the estimated reliabilitpntains less
information since no inferences about the identities of thearbaer distribution
functions is provided. Parametric statistical methods, on the contrary, start with the
assumption that the form of life distribution is known. The choice of life distribution
model is based on expemieeor knowledgeabout thespecimen or product. Once the
assuming of life distribution model, parametars estimatedi-or solder materials,

Weibull distribution iswidely assumed to characterize fatigue life.
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Named for its developer, Waloodi Weibull, Weibull distributiwas first proposed to
describe the specimen strength of tensile test. Subsequent research revealed that the
distribution provides a reasonabi@delfor the life lengths of many devicespecially
electronic products. The most general Weibull distribuibexpressed in the three

parameter form:

00 p Q 2-14

wherel is a minimumlife parameterBe f or e t i me 0, no failure |

Sincel is simply a coordinate location parameter, the Weibull distribution can be

simplified as the twgparameter form:

0 p Q- 215
where the parameted is called scale parameter, which determines the range of
dispersion. Note the value of the distition att = & independent of the other
parameteb, sodi s al so named a Shepaamate & the shape st i ¢ | i
parameter, which determines the relative shape of the distribution. The shape of
Weibull PDF is distinguished differentiable with various shape pararbetdre value
of shape parametérprovides informative insight into the behavior of Giaé process
as is shown in Figure-20. Table 23 summarizes the property of failure process with

most commonly used shape parameters.
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Figure 2- 20 PDF of Weibull distribution with various shap@arameters

Table 2- 3 Property of failure process for given shape parameters

Value Property
0<b<l1 DecreasingrailureRate
b=1 ExponentiaDistribution (Constantrailure Rate
l1<b<2 Increasindrailure Rate- Concave
b=2 RayleighDistribution(LinearFailure Rate
b>2 Increasing Failure RateConvex
3<=b<=4 Approaches Normal Distribution
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Chapter 3Literature Review

3.1 Introduction

Reliability has become part of our everydafe lin an implicit wayi most people
recognize the fact but not always fully perceive the implicationseladbility. The
equipment, manufactured products, and fabricated infrastructure that contribute
substantially to improve quality of daily life actualigve finite longevity. With respect

to electronic productgeliability is subdivided into wafer level reliability, chip level
reliability, and boardlevel reliability, corresponding to hierarchy of electronic
packaging as mentioned in Section Bfecifcally, this dissertation foceson board

level reliability, which is also known as interconnection reliability. Reliability of
interconnections, or say solder jointsei@luated by a number of reliability tests, such
as thermal cycling test, drop tefgttigue test, etcas mentioned in Section 2.5. Failure
mechanism of solder joints differs significantly with a variety of reasmasuding
solder material, solder mas&nd serviceenvironment. During a product life cycle,
solder joints inside thelectronicpackageareexposed to an environment of thermal
mechanical fatigue (temperature excursions, vibration, drop, shock). A scientific
reliability research of solder jointan beconducted by ALT, which includegtandard

sample preparationlesigred experimental setup, arigxible controlvariate method.
3.2  Accelerated Thermal Cycling Test

The majority of fatigue failures of solder joints in surface mount assemisligse to
the CTE mismatch induced damag@r neareutecticSAC alloys, the Siphase grows
rapidly with a dendritic growth morphology during the solidification process,

characterized by copious branching. Under thermal cycB&C solder joints are
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subject to cyclic thermomechanicstirain The recrystaitation of Sn phase in the
higher deformation regions results in the productioa ofuch small grain size, which
causes grain boundary sliding and diffusion in these recrystallized regions and leads to
extensive grain boundary damage. The damage accumulates to form fatigue crack
initiation and then the crack grows along the recrystallized Sn grain bourjdatjé4.

To date, a number of studies have confirmed éffect ofsurface finish on the
recrystallization of Sn IIBAC alloys Mattila et al. [45] reported that the incubation

time for recrystallization on OSsurface finishis shorter than that on Miu (ENIG)

surface finishbecause of the large primary éSus particles.The addition of Ni t&SAC

solder joints, on contrary, has been proved to suppress grain growth after
recrystallization, leading to increased reliabildysignificant analysis and discussion

on therecrystallization behavior @AC solder joints wapresented by Swaelin etal.

[46], finding that recrystallization nucleates at the locations where the strain is
concentrated during thermm@chanical fatigue, i.e. in the neck region and in the vicinity

of voids. Besi des, ités found that solder

recrystallize more readily than joints with eutectic or hypereutectic composition.

The addition of bismiln to SACbased pastes has been studigdlifferent research
groups and the results indicates improved fatigue resistance and editagang effect
[47][48][49][50][51]. Liu etal. [47] reported that Bismuth increases tensile strength of
solder alloy, and thus improves endurance of stress andmnisegteformation during
thermal cycling. Bismuth concentration effect at the interface of IMC improves
modulus and hardness to ensure better thermal fatigue properties. Solderability was also

found to be improved wittheaddition of Bismuth by Zhang at. [48].

Effect of surface finish in thermal cycling was also widely investigai&Haraet al.

[52] carried out a number of investigations into reliapitf doped solder alloys and
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effect of surface finish in thermal cycling, concluding that Bismuth slows down the
adverse effect of aging because Bismuth atoms stay in the Sn solid solution and create
distortion to the crystalline cell structure which stdips movement of dislocations.

ENIG surfacefinish was found to have the best reliability owing to its double layer

protection, compared witDSPsurface finisrand ImAgsurface finisH53].

3.3 Drop Test

Portable devicesuch as cell phones are pronatcidentadrops during handlinglue

to thepreferredslim design andiny size.Survey commissioned by-Mobile indicates

that 29% of cell phone failures were from accidental drop. However, cell phone
manufacturers try to improve this situation by using materials that could absorb more
energy on impact and by taking efforts to have better housing designs, thereby
increasing the device price and making the device heavier, rather than addressing the
mainissue to improve the reliability of solder join@Ghung etal. [54] investigated the
reliability of BGA components in drop test and the results show that thinner BGA
components defects more thus has shorter characteristic life, and the failure mode

mostly occurs at the most outer sal@ents.

The desiredeature of portable devices to provide reliable {&aé solder joints under

both thermal cycling and drop impact loading conditions are facing challenging since
the developed SAC alloys, which provide good thermal cycitigbility, have poor

drop reliabilities. SAC105 solder alloy shows better performance than SAC305 under
drop loading conditions, yet reversed trending is observed for thermal cyclifebliest

To further improve the drop reliabilitymicro-alloying elements ar@ddedinto the
solder alloys. Low temperature SAC alloy with Ca or Ce exhgafter intermetallic

layer (CaSs CeSn), which are characterized by void formeat nucleation in the IMC
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and reduction of strain localization along witheSts that results in enhanced ductility
of solder alloy[56]. In addition, SFBi solder alloys containing small amounts of
elements such as Zran significantly enhance the ductile propeMyreover, it was
found that the addition of elements such as 0.5 wt.%Z#T), 1.0 wt.%Ag (Silver),

or 0.5 wt.% In(Indium) andNickel (Ni) to SnBi baseline increased the average grain
size of SABI, resulting inthe longer grain boundarig®7][58][59]. Therefore, the
ductility is improved due to the high occurremégrain boundary slidinghenomenon

of crystalswithin large grais.

3.4  Fatigue Test

Although the principle aiing of applying solder joints is to provide both electrical
connections and mechanical attachments, it is the latter that generally gives cause for
concern. Fatigue failure is one of the mastmmon failure modein realistic
manufacturing, test, handling and service conditi@tsonger materials that could
resist more fatigue damage, would result in an unacceptable change in failure mode
form ductile to brittle, with failuresccurring in the component body or in the substrate

rather than in the sold§s0].

In order to predict the fatigue life of an electronic component, accelesatéaimal
cycling tests are generally conducted in two manners: stress comdaland strain
control mode. Since reliability of electronic assemblies is commonly limited by the
fatigue failure of one of the solder jointssearcton the fatigue life oindividual solder
joints has been widely investigated, including different types of solder matgr@ls
effect of cycling amplitudesstrain rate surface finish, and agingl1][21][62]. It is
found thatlargerstress amplitudkeads to more damage per cycle, thus a faster failure

process and decreased fatigue life. Regarding solder materials, it has been revealed that
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solder alloy containing both high Bi and high Ag demonstrated better fatigue life than
alloys containingsinglehigh Bi or high Ag Su etal. [22] studiedthe effect of surface
finish and pontedoutthatENIG surface finish is not as good as OSP and ImAg surface
finishesfor the reason that brittle failure is proneokur. Extensive research focused

on the variations of amplitud#uring real servicelifs i nce Mi ner 6s rul e ov
the fatigue life of leadree solder material®ata from several studies have identified
that variations in cycling amplitude would lead to permanent changes in the rigidity of
lead free solder jointgd61][63]. LowerAg alloys, which tend to be less fatigue
resistant, are also less sigins to variations in amplitudgl8]. Besides, strain rate has
been proven to have naregligible effects on the solder joint fatigue life in both single
and varying amplitude cyclin4]. It is now well established from a varietlystudies

that cycling with a high strain rate at the mild amplitude and a low strain rate at the
harsh amplitude leads to the most damage acceleration and thus the fastef%ilure

In addition, many reent studies have shown that aging plays a crucial role in the fatigue
behavior of solder joints. A significant reduction in the fatigue life and shear strength

of solder joints are observed with increased aging time or aging tempg€sjre

In straincontrolled test, which isalso known as displacemerntrolled test or low

cycle fatigue testhe fatigue behavior generally follows the Coffifanson equation.
Kanchanomaet al. [27] studied he effect of strain rate (frequencgihd the failure
modes undeseveralstrain rates The result indicates that multiple surface cracks
predominantly initiated in an intergranular manner along the boundary steps of Sn
dendrite for low strain rate tests, while along the boundaries efjmsilbs in Sk
dendrites for high strain rate tesiBhese multiple cracks would linkp to form
macroscopic cracks and propagate to grow up after a certain fatigue cycles. Another

study conducted b¥anchanomaet al. [24] considered the effect of temperature in
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isothermal testdncreased plastic strain range and decreased stress range was found
with the increaisg of temperature. The main deformation mechanism isdtiffesion
controlled dislocation climb at elevated temperatuee etal. [67] studied the effect

of SAC solder joint geometry, finding that hourglagse solder jointsxhibited better
fatigue performance than bartgpe joints. Different failure modes were identified
when testing the two different geometriese efal. [68] also reported that the addition
content of Sb improves the fatigue performance-Ag§+5b solder with 10.0&t.% Sb
content appears the greatest fatigue life. The plastic strain decreases as Sb content
increaseskFu etal. [73] investigated the effect of lortgrm isothermal aging, reporting

that the effect of aging was much more significant within the first few days after
correlating with the microstructural changes. It is found that aging causes weakening
of dendrite structure and coarsening of IMC layersrédoer, Park and Lef/4]
estimated the fatigue life of BGA solder joints under mixed loading conditions. The
result shows that strestrain responses wawith different loading angles. SAC307

has a longer fatigue life than SnPb at room temperature.

3.5 Solder Doping andIMC Layer

The reliability of solder joints is highly dependent on the formation and growth of IMC
layer at the interface. Mainstream le&de solders, such as &, SAC, SnCu, and
SnZn, contain a high amount of Swhich leads to brittle fracture because of more
rapid formation and growth of IMCg§5]. The interfacial reaction of SAC solder and
Cu substratactually includes the formation of IMCs during soldering and the growth
of IMCs in the later conditions such as thermal aggring the aging process, the
morphology of the Gisrsphasechanges from scalloped to planar. Extended aging time

result in the formation of a thin @dn layer between th€uSrs layer and the Cu
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substrate. The growth of €Bn layer continues by consuming tBesSrs layer due to

the thermodynamic instability of tf@ueSrs layer (9Cu + CeSrsY 5 £Sn)[76]. The
schematiaiagram of IMC growth is shown in Figurel3Excessive growth dEusSrs

IMCs reducs the thermal fatigue life, tensile strength, fracture toughness and
isothermal shear fatigue life of the solder jdifit]. The CySn layer further results in
the famation of microvoidg78]. Micro-alloying elements that have beneficial effects
on the metallurgy of materialsave been widely researched to improve the wettabilit

of solders and refine the microstruct(ir8][80].

Path 1

—

Figure 3- 1 Schematic diagram of Cu atom diffuson during solid state aging

Cerium (Ce)

Zhang et al[81]investigated the effect of Ce on the IMC growth behavior e3 8Ag
0.7Cu solder. The addition of 0.03.%tCe inhibited the growth of the interfacial IMC.

The inhibitory effect of CuSrwas e/en more pronounced from the study. Tu efG#]

alsoreportedthe redued growth rate ofinterfacial IMC by adding Ce into SAC305
solder. However, thelis a lack of evidence that the addition of Ce inleifbihe growth

of CusSre in a short time soldering.

Praseodymium (Pr)
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An appropriate content of Pr in solders can improve the combined solder properties
such as solderability, refine thmicrostructure and inhibit the IMC growth rate
[83][84][85]. The refined microstructure enhances the mechanical properties of solder
joints[86]. Gao etal. [87] reported thaD.05 wt% content of Pr leaded a 31% reduction

of IMC thickness for S18.8Ag-0.7Cu solderFigure 32 depicts the effect of Pr on the
microstructure of IMC interfac®r reacts with Sn to form a $ir phase, which reduces

the activity of the Sn atom. The stabilized PyiBiC particles also act as heterogeneous
nucleation sites and acceleratesblidification of the sold¢88]. However, &cessive
content of Pr causes the aggregation of smatbAtaining particles to form large P&Sn

IMCs

The addition of Pr also results in the growth of Sn whiskers during aging due to the
reaction of Pr IMC and oxygen: 4Pr5h 3G: © 2PrOs + 12Sn.The conductive Sn

whiskers could cause electronic short circuits and mechanical damage.

Element Wt % At %
SnL 7327 1510
Agl 2673 2490

Figure 3- 2 Microstructure of the joint interface, (3 SAC/Cu,(b) SACO.05Pr/Cu, and (c) SACO.5Pr/Cu
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Nickel (Ni)

Two kinds of IMC layers were formed at Sn3.8Ag0.7#Mi/copper after isothermal
aging- one (Cu, NigSrs layer adjacent to the SAC solder and oneSbuayer near the

Cu substrat§90]. The radius of the Cu atom (0.128 nm) is quite close to that of the Ni
atom (0.125 nm@andboth of them are faeeentered cubic structuradi atoms are able

to occupy the Cu atoms in the €Sus IMC lattice to form (Cu, NigSrs phase. The
thermodynamic affinity of NiSn is higher than that of €bn, resulting in the better
stability of (Cu, Ni}Srs phase than G&rs [91]. Besides, lower Gibbs free energy of
ternary IMC than binary IMC leads to retarded growth ofSBuaye[92]. The addition

of Ni also refines the grain size of IMC layer. Cheng efd] found that 0.05 w&o

Ni addition remarkably enhances the growth rate adS@Guphaseand inhibits the
growth rate of Cg6Sn phase for S&.2Ag0.5Cu0.05Ni solder material. The nucleating
rate of CySrs phases increased, together with the formation of a significant number
of small CySrs phases near the interface. The accelerated reaction speed between Cu
and Sn and the accelerated growth rate @B@uphase during aging afeund owing

to the high grain boundary as well as the triple junction density ¢8€layer.

Tay et al.[94] revealed that Ni nanoparticles and Ni alloy addition function similarly
on IMC growth as is shown in Figure 3. Ni nanopatrticles also affect the growth rate

of IMC layer during reflow and aging.
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(a) SAC, 0 h (d) SAC+0.27 n-Ni, 0 h

(Cu,Ni)6Sn5

(b) SAC, 504 h

() SAC+0.27 n-Ni, 504 h

(CU,Ni)(,Sﬂ5

CuzSn

(¢) SAC, 1008 h (f) SAC+0.27 n-Ni, 1008 h

(Cu,Ni)6Sn5

Cu(,Sns
CusSn
CusSn

Figure 3- 3 SEM backscattered electron micrograph of the solder joint interfacevith and without

Ni nanoparticles

Zinc (Zn)

Many researchers have investigated the effect of Zn addition since Zn can refine the
microstructure, reduce the melting temperature, and enhance the creep [|g6t[6t.

Cho et al[97] suggested 0.4 v of Zn addition into solder materials to inhibit the
growth of CusSn phase. The addition of Zn suppressed the IMC layer and accumulated
at the junction of Cu and @8n to form a C«Zn conpound.Cu atoms in the Gd¥n

alloy exhibit less activity thus lower diffusion rate of Cu atoms and lower growth rate
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of CwsSn. Mayppan at al98] investigated the interface of SAC solder alloys after
sintering at 150C for 2 hours. Ce5rs, CsS n -Sn,fCuZn, and AgSn phases were
found in XRD observation. The total IMC growth rateS#C, SAC-0.1Zn, C-0.4Zn,
SAC-0.7Zn was 6.25xI8, 4.41x10% 4.00x10%, 5.76x10" cmé/s, respectively,

indicating the optimal Zn content of 0.4.%

With more content of Zn (1.5 W#b), CuZns IMC nucleates at the interface atigbn
flake off to form a barrier layer which hinders the diffusion of Cu an@®@9JiL00][101].
El-Daly et al[102] reported that the small (Cu, A@ns IMCs formed in low silver Sn
2.0Ag-0.7Cu solder alloymhibits the growth rate of G8rns and AgSn IMCsbecause
they have a dispersion strengthening effect. With higher Zn content (34), Wdss

AgsSn particles are formed, causing slight strength deterioration of solder alloys.
Antimony (Sb)

The addition of Sb to SAC solder alloys can asppress the IMC growth rate and
provide finer grain size. Tang et 03] identified the diffusivity of Cu atomic to be
the lowest with around 1.0 Wb Sb concemation in SAC305xSb solder jointsWith
the addition of Shthe average grain size of the scalliqg@ CusSrs was reduced from
14.2 um to 11.9 uym. The result is in line with the findings of Chen ¢1@], who
observed more uniformly distributed IMC crystal grains adigding Sb.The reason
liesin the fact thaBb is more affinitive to Sn, which results in the formation ofSBn
compounds and the decreased growth rate eSCUMC. Besides, the Sab IMC
particles provide heterogeneous nucleation sites faSiguthus finer and more

uniform crystal grains.
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Figure 3-4 SEM micrographs of top view of IMC layer of S1B8.5Ag-0.7CuxSb solder joints

reflowed for 48s (a, b, ¢, d) and 7200s (e, 1, g, h): (a, e)&xb, /) x=0.5, (¢, g) x=1.0and (d, h) x=2.0
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Bismuth (Bi)

It is reported that 3 w Bi addition to SAC solder alloys significantly increase the
creep resistance by 126.1 times and the creep life by 23.7[tifEsThe addition of

Bi also retards the propagation of IMCs and reduces the density of cavities during aging,
as is shown in Figure 3[206]. Solid solution of Bi causes lattice distortion in the Sn

rich phase, affecting the salfffusion of the atoms and migration of interstitial
impurities[107]. Little effect of Bi addition on C4$n layer was observed, while an

apparent inhabitation effect on the growth rate afStwhas been reported by Qi et al.

[108].

Figure 3- 5 Microstructure evolution of SAC/Cu (a, c) and SAGBI/Cu (b, d) solder joints{a, b) as
soldered; (c, d) aged for 1000 h

Li et al.[109] studied the growthateof IMCsin SAC305 solders with different amount

of Bi addition (1.0- 5.0 wt%), finding the slowest IMC growth rate in SAC309Bi.

AgsSn, CuSrs and Birich particles on the GBns grain boundary retarded the
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diffusion of Cu and Sn atoms passthgough the layef110]. The phenomenarealso

called grain boundary pinning mechanism.

3.6  Fatigue Life Prediction Model

ASTM International defines solder jointfau r e as @At he process of
permanent structural change occurring in a solder joint subjected to conditions which
produce fluctuating stresses and strains at some points which may culminate in cracks
or complete fractue[111]. With the understanding of basic failure mechanism and
proper assumptions, many researsheve proposed models to predict the fatigue life

of solder joints sice the early 1960s. These models are categorized into four groups
based on the factor hypothesized to contribute more to fatigue damage, which are
damage accumulatidmased models, plastic strawased models, creep damdrgesed

models, and energyased mdels.

3.6.1 Damage AccumulatieBased Fatigue Models

As mentioned inSection 2.4 applied stress or load below the material fatigue limit
causes plastic deformation and infinite fatigue life. With increased stress or load,
damage occurs amaccumulates in the material until fatigue failure. Depending on
whether the damage per cycle is dependent of load, damaged accurhdatdn
models are classified as linear damage cumulative theory and nonlinear damage
cumulative theory. The former oneusually applied assuming the damage caused by

a stress cycle is independent of load sequence and the ratio of damage accumulation is
independent of stress level. Main benefits of using linear damage models are its

simplicity and approximately accurafy12].
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Among many of the | inear damage model s,
one to predict the fatigue life of solder joints under cyclic loadingviéht varying

stress amplitudgd.13]

31
€
5 P

where¢ is the number of cycles accumulated at a given stress amplitudi iarttie
number of cycles to failure at the same stress amplitude. The sum of the fractional

damage fromi to Qstress amplitudes equals 1.

However, t he Mi ner 0wesvitablé to miscalculateafatigug ke of ul e
solder alloys due to the assumption that the cumulative damage per cycle is independent
of load. Hamasha et a[114][115] have proved that solder materials are stress
dependent, which means the accumulated damageaadfecified fraction of fatigue

life varies for different stress amplitudes. Besides, previous applied stress could change
the way of damage accumulation such as the formation of microcracks. Zhang et al.
[116] carried out amultitude of investigations into damage accumulation and life
prediction with load below fatigue limit. According to their result, low stress amplitude
below the fatigue limit still contributes tdamage accumulation depending on the
existing damage. The more initial damage, the more effect. A Cauchy MF based
damage model was proposed to provide the most satisfying prediction, which follows
nonlinear damage rules to correlate the damage accunmuhatioloading parameters.
Corten and Dolaifl17] suggested a modified nonlinear accumulation damage model

to account for the effect of load interaction during fatigycling. In the model, damage

can propagate at both high stress amplitudes and low stress amplitudes
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6 6
where0 is the fatigue life at the highest stress amplitude is the number of cycles
at stress amplitude, andQis the material constant.

Further research revealed a higher expotta higher stress amplitude, which is
supposed to be constant all the time. This indicates modificati@mo€orterDolan 6 s
model. Zhu et al[118] proposed a dynamic Cortdho | ands equation, whert

Qis expressed as a function of stress amplitude

3-3

where_is a load interaction factofis material constarit, is initial static strength,

» IS the'@ level stress amplitude. The fatigue life of Corfem | and6s model car

given as

3-4
where0 is the number of cycles to failure aiid is the number of cycles to failure at
Combini ng Mi Catenbala mdus emond et |h, [libhpnoposdda et al
modified model to predict fatigue life of two alternating amplitudes
0 0

where¢ is the number of cycles at low amplitude, is the life at low amplitude,
¢ is the number of cycles at high amptigjo is the life at high amplitude. The

amplitude factorQQis the hysteresis energy in the low amplitude cycles after
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exposure t&ets ot high amplitude cycles divided like hysteresis energy in the

low amplitude cycles beforexposing to high amplitude cycles.

3.6.2 Plastic StrainBased Fatigue Models

Electronic assemblieare exposed toyclic temperature changes in real service. life
CTE mismatch between electronic components and substrate matesudis e the
plastic deformation of interconnected solder jaibtav-cycle fatigudailure caused by
plastic deformatioms one of the dominant factxthat affect the reliability oglectronic
assembliesMany models have been propostedpredict the fatigue lifas a function

of plastic strainin which Coffin-Manson mode]119] is most widely used
O 3R O 3-6

wherel representghe fatigue life3RrR is the plastic strain rangé, is the fatigue

exponentand¢ is the ductility coefficient.

Solomonet al.[120] proposed a similafatigue predictionrmodel which relateshe
plastic shear strain to the fatigue life f8nPb soldejoints atfour temperature levels
ranging from-50°C to 125°C, finding no obviousdifference observebetween fatigue

behavior at testing temperatures
3y 6 — 3-7

wheresy is the plastic shear strain rangeand—are constants independentedting

temperature

Further studieswvestigated theffect ofcyclingfrequency Shi et al[121] have proved
the variance of fatigue lifavith differentiated frequency the fatiguelife decreases
with the decreasing dfequency at low rate above 1®Hz, drastcally decreasing
ratio of fatigue life appearwith higher frequency such dsom 102 to 10* Hz. To
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include thefrequency factorin the Cdfin-Manson model, thérequencymodified
Coffin-Manson modeivas proposed to predict the fatigue life of solder allith

specified cycling frequency:
0 U 3R O 3-8
wherev is the frequencyandk is the frequency exponent.

Engdmaieret al.[122] incorporatedparameters such as cyclic frequensgider, and

substrate temperature into the Coffitanson modelknown as the Engelmaier model:

39

"al ke
’?|$<

wherel is themean cycle to failure3 ris the cyclic shear strain range, is the

fatigue ductility coefficient, and is the fatigue ductility exponent, whiclcan be

calculated by solder materialycling frequency, anthean temperature.

Norris and Landzerg[123] proposed another fatigue life prediction modated on
Coffin-Manson model, which tludes three factorshe maximum temperatuf®
the frequency of temperature cydpand the thermal excursion rangey The ratio of

fatiguelife in field 0 andtesty is defined ascceleration factor

. 0
50 = 3-10
U
\.I' !\Q —V —v
50 o = q 7 h h 3-11

Y'Y Q
where'O ¢is the activation energyQi s Bol t z ma madeare@ponent a n t

parameters of different solder alloys.
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3.6.3 CreepDamageBased Fatigue Models

The constantload below yield strengtlapplied toa material would induce the
occurrence of timelependent deformatignwhich causesnaterial deformation over
time to reduce load appliethe creep behavior of solder joimgsnormal when exposed
to a constanglevated temperatuiethe closer to the melting poiot solder alloy the
heavierthe creeplt has been found th&dtigue endurance is significantly reduceaen

considering botliatigueeffectsandcreep effects.

Syedetal. [124] proposed a new life prediction model by combinvignkmanGrant

equation125]withMi ner §186]:r ul e
O

—_ 3-12
0

whereO is the accumulated creegirain for the whole cycle, anilis the creep
ductility for the creep mechanisiif.there are two creep mechanisms, accordingly the

equation becomes:

3-13

O=| ®)

0O
5

Based orkEq. (3.13) fatigue life camalsobe predictedased on both creep strain and

creepenergy densityl27]. Creepstrainbased model is:

0 0 - 0 - 3-14
wherel is the number of cycles to failur@ andé are constantselated to creep
mechanisra - and-  areaccumulated creep strain per cycle

Assuming damagaccumulated in the solder joints is mainly from the stestdie

creep strain acenulation the energy density model is proposed:
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0 w0 w L 3-15
wherew andw represent constants relateddissipated creep energy density

andb  are accumulated creep energy density per cycle fora@aep mechanism.

Mansonet al.[128] provided a creepased fatigue prediction methbavhereany one
cycle of a completely reversed inelagtitain is partitioned into three out of fastrain

range componentsf - completely reversed plasticityj - tensile plasticity
reversed bycompressive creep of i tensile creep reversed hyompressive

plasticity, andf i completely reversed creephe firstsubscriptietter refergo the
type of strain imposed in the tengilertion of the cycleandthe second subscript letter

refers to the type of straimposedduring the compressive portion of the cycle.

Yoshiharu et al[129] proposed a partitoning quat i on based on Manso
whereY- is time-independent plasticity reversed by tiineependent plasticity

Y- istime-independent plasticity reversed by creép, is creep reversed by time

independent plasticity, ad is creep reversed by creep
= 0 0 3-16

where subscripitand ‘Ccorresponds t6) andcy respectivelyd is the cyclic life
corresponding to partitioned strain rarsge andd is the slope of CoffiriManson

plot.By wutilizing MHatgueldessgiwembye, t he cr eep

l33pppp 217

0 0 0 0
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3.6.4 EnergyBased Fatigue Models

During cyclic stresstrain testdamageas accumulated in theolder jointuntil to some
point large enough to causa fracture or crackThe damagean be indicated using
hystkeresis energyssuming that energy is absorbed cycle by ciroen the plastic
deformation.The idea ofdeveloping energpased modetomes from the fact that
energy reflectdhe change of botstress and strajrthus a better parameter to be

correlated witHatigue lifethan creep or plastic strgib30].

One of theearliest fatigue life prediction models wa®posed by Stowell et 4lL31],
relying on the assumption thtte energy tohefractureof a specific materigkw ) is a
known value, which can bmalculated bysummingup the energy lossesf each cycle

(w ) fromthe static stresstrain hysteresis looffhe model is given by:
0 ® 3-18
Kujawski et al.[132] proposed anodelto predict the fatigue life iboth low and cycle

fatigue assuminghe strain energy density as a constant damage parameter:

v v

Yo w ¢0 Yo 3-19

whereYo is the total cyclic energihat caralso be expressed Bgo ~ pf¢ Yo
pZc ¥, ¥- i the combination athe enclosed cyclic plastitrainenergyand the linear
elastic energyYc s theelastic strain energy density. andQcan beacquired by

fitting the equation.

Oldham et al.[133] proposed a similacreepfatigue life prediction method by
assumingan fAi ntrinsi c Omat ethel awdragayd the pysterdsig O

energydensity Total number of cycles to failute can be expressed by:
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0 —_— 3-20

wherew is the energy density dissipated in one cycle.

The most widely used mod&d predict the fatigue life of solder joinlsMor r owd s

energy mode]134]:
0 w O 3-21
whered is the fatigue exponent addis materialductility coefficient.co represents

the plastic strain energy density of steady state.

Sdomon et al[135]introduced drequency modified energymodela s ed on Mor r o w

energy model:

S 3.22
V]
wherev is frequency andQis frequency exponerdetermined fromhe relationship

between fatigue life and frequeneyis another frequency exponetétermined from

the relationship betweestrain energy density and frequency.

Shi et al.[136] further proposed enodified Morrow energy model thaicludes both
the effect of frequency and temperatukeemperaturedependent material parameter
should be nitroduced sincematerial duclity coefficient 0 is more dependenvn
temperaturelt was found the increasing of temperatwauld result in the decrea®f

0 without the temperaturedependent parametéfo maintain the constancy of the
material parameter should decrease with the increasing of tempehaterestingly,

flow stress of the material was found todecrease with the increasing of

temperatureThe modified model is thus given as:
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Chapter 4 Experimental Methodology

4.1 Introduction

The reliability of electronic assemblies is found to be limited by the fatigue life of solder
joints. Commonly, fatigue properties of solder materials are investigated using large
bulk samplesvithout considering the effexbf IMC layer and surface finisiio better
guantify the fatigue behavior of solder alloys in real service life, various methods,
customized test vehicles, and special experimental setups were designated to a set of
proposed test plans. This chapter mainly inclddastopics:test vehtle preparation,

experimental setupest planand failure analysis.

The first topic demonstrates the test vehicle design and assembly. Two different types
of customized test vehicles were manufacturedctmmplish the designated goals in

the test planOne of the types was individual solder joints with specific surface finish.
The other type was customized sandwich test vehicle3aighsolder joints connected

betweerthetwo substratesA brief sample assembly process is also introduced.

The second topitells the experimental setup usedah the tess, including teshg
profiles equipment, andustomizedixtures Differentiated testing profiles and fixtures
were designed to satisfy the requirements of ¢astingmethod Each experimental

setup is introduced idetailin Section4.3.

The third topic identifies the test pkfor each of the foustudies. A test mntax,
including testing solder material, surface finish, testing environment, and replicates, is

developedn each studyo characterize the fatigue behawdrour test vehicles
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The last topic introducesample preparation procedures prior to microscopic
examination. Further inspection was completed by SEM an8 teigure out the

microstructure anéhilure modesin each condition.

4.2  Test Vehicle Preparation

42.1 Individual Test Vehicle

Test Board Design

The test boardonsiss of FR-4 glassepoxy substrateand full arrays of individual
solderjoints. One test board can Isplit into 12x10smallerpackage pieces via the
designed yscoring divisionsEach smaller package piefgest vehicle)s full array of
0.6-mm Solder Mask Defined (SMDgdder jointswith size 10mm x10mnilhe pitch
size of solder joints is 3mnandthe opening oSMD padis 22 mils.There are nine
solder joints arrayed on each test vehi¢lee samesurface finishs applied on each

test board eitherOSP surface finish d&NIG surface finish.
Solder Materials Selection

Four commercially availableleadfree solder alloys were provided bNXP
semiconductorsTable4.1 summaries all the test solder materials as wedluafce
finish applied Micro-alloying elementsnainlyincludeBi and SbTheschematic of the

individual test vehicland the crossectionview areshown in Figire 41.
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Figure 4- 1 Schematic of the test vehicle and theross section view

Table4- 1 Solder material selectiorfor study 1

Solder Materials Compositions Solidus Line | Liquidus Line
SnAg Sn3.5Ag 221 223
SAC-BI Sn3.0Ag-0.8Cu-3.0Bi 205 215
Sn58Bi Sn58Bi-0.55b-0.15Ni 139 145
Sn42Bi Sn42Bi-0.5Sb 138 151
Test VehicléAssembly

The assembly procesvas completed ithe Electronic Packaging Lamcluding the

following steps:

1) Alignment of#1 stencil on thetop of solder mask, leavirappper pads exposed

through aperttes of#1 stencil as shown in Figure-4(a).

2) Tacky flux was printecbn the copper pad usirthe squeegewith desired

squeegeangle,print speedetc.
3) # 2 stencil was alignean top ofthe PCB with wider aperturgas is shown in
Figure 42(b).

4) Solderspheresvere brushed to fill ito the apertures af2 stencil Each solder

sphere would occupynly one apdure. Figure 42(c) demonstrates the
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schematic after this steff.he above processes were completed WEK

Galaxy stencil printing machine, as fsosvn in Figure 43.

5) After inspection, @st boads werearranged to reflow irthe Vitronics Soltec
Refow Ovenwithin anitrogen environmengigure 44 shows the reflow oven.
Two reflow profiles were employed. For SAfased soldershé reflow profile
includes agpreheat stage aral peak temperature @45°C with 45-60s above
liquidus, as shown in Figure®} for LTS, a similar reflow profile wastilized

but with peak temperature of 1°TQ

Squeegee

/Flux

#1 Stencil

(a) Alignment of #1 stencil

#2 Stencil

(b) Alignment of #2 stencil

Solder sphere

\

#2 Stencil

(c) Assemble solder spheres

Figure 4- 2 Assembly process of individual solder joints
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Figure 4- 4 Vitronics Soltec ReflonOven
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Figure 4- 5 Reflow profile ofindividual solder test board

422 Sandwich Test Vehicle

Test Board Design

To better represent realistic chipsustomized sandwich BGA test vehiclesre
manufacturedas is shown in Figuré-6. The test vehicle consists of two FR4 glass
epoxy PCBs and ne inteconnected solder spherddis design is quite similar with

the former onethe dimensiorof the test vehicle i40mm x 10mmx 1mm with a3-

mm pitch size. The diameter of the nine solder balls connected between the two
substrates i9.762mm. The gauge distance between the two substrates is measured
around 0.50 mmCompositionsof solderalloys and surface finishesvestigatedor
sandwich test vehiclewe listed in Tabld-2. The PCB surface finiglsstudiedin this

test wereOSP and ENIGboth reflowed on th8.559mm solder mask defined (SMD)

Cupads.
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Figure 4- 6 SandwichTest Vehicle

Table4- 2 Solder Joints Composition

Solder Alloy Compositions Surface Finish
SAC305 Sn-3Ag-0.5Cu OSPR ENIG
SnPb Sn37Pb OSP, ENIG
SAC-Q Sn3.41Ag0.52Cu3.3Bi OSP, ENIG
SAC-R Sn0.92Cu2.46Bi OSP, ENIG

Test VehicléAssembly

The assembly process was atsmwomplishedn the Electronic Packaging Labs is

shown in Figure 4, whichincludesthe following steps:

1) A stencilmade of stainless steghs alignedn the top of solder mask, leaving

copper pads exposed through aperturgbedtencil

2) Tacky flux was printed on the copper pad using the squeegee with desired

squeegee anglprint speed, etc.
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3) Solderspheres were brushed to fill into the aperturearaftherstencil. Each
solder sphere would occupy only one apertditee flux would temporarily

retain the solder spherasthe following steps.

4) Some maller package piecesere splitvia the vscoring divisions.These
pieces werghen preciselyarrangedon the othercomplete PCB boardssing

the pickandplace machingeas is shown in Figure &

5) After inspection, test boards wesentto reflow in theVitronics Soltec Reflow
Ovenwithin nitrogen environmenbDifferent reflow profiles were employddr
selectedsolder alloysA 242 °C peak temperature profile was utilized for lead
free sandwich test vehicles, as is shown in Fige®eRbr SnaPb specimenshe

BGA soler joints were reflow soldered using a 21 peak temperature profile

indicated in Figure 4.0.

KsmART Engine
Printing Process i (Process Data)
Analysi Analysis ™

s
Visualization

Figure4- 7 Assembly line in the Electronic Packaging Lab
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Figure 4- 10 Typical reflow profile for assembling SnPb BGA solder joints
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4.3  Experimental Setup

All the tests in this dissertation we@nducted using the multifunctional Insrtron 5948
Micromechanical TesteThe 5948 model MicroTesteanperform tension, compression,
shear, and loveycle fatigue tests with a load force range of less than 2mN up toakbh

is preferred to test small assemblies or miniature specimens by combiningagrighl
precision drive system with higgiccuracy load measuremeiihe desired function of
exhibiting mcro-position displacement control is obtained using preloadedsbwadiv

drive system that is equipped with both a rotary encoder and a 10nm resehutmder.

The reading of load and displacement was reset as zero before starting any experimental
test. The calibration of load cell, displacement control, and moving speed is required to
ensure the accuracy of the testing results. The technical fronerinsalibrated these
parameters previously. The accurate reading of the load cell was verified by applying

various constant load (weight).

43.1 Studyl

In the firststudy, highaccuracy Instron 5948 micromechanical testing equipment was
employed to measure the shear strength of four types of solder &hwes. strength
analysis was performed to quantitatively assess the durability of the interconnects
between the gds on the substrate and the solder joints. The applied force was divided
by the paebpening area to compute the shear stress, since the solder balls were
assembled on the SMD pads. The displacement of a shear probe after contacting the
solder ball was dided by the center of force to pad (approximated as 0.8 times solder
radius) to measure the shear strain. The maximum shear stress during the shear test was
considered as the shear strength. The integrity of a solder joint cannot be assessed just

by its skear strength. In order to examine the solder joint quality, both shear strength
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and displacement data should be ug#l]. Figure 411 displays the Instron testing
system with specific fixtures. The vertical displacement was measured using a ball
screw drive mechanism with plead and 2€hm extension resadlwn. The actuator

was attached with a 59 load cell to detect the shear stress applied to the solder sphere.
The load measurement accuracy was confirmed within £ 0.5% of reading down to 0.1
N. The shear procedure was performed according to JEDEC stalainP2B117.

Figure 412 demonstrates a shear test schematic diagram. The test vehicle was glued to
the sample holder with a superglue that provided a shear strength of 0.2 Nimentip

of the shear probe was machined as a hollow cylinder made of s¢asigel. The inner
diameter of the hollow was 0.75mm and the outer diameter was 1.5mm, as shown in
Figure 411. The shear probe was moved from the top side to the bottom side until the
solder joint and copper pad were completely sheared off. Becausshkattspeed and
shear height have a considerable influence on the shear strength of solder joints, all
shear tests utilizing the-X positioning stage used a constant shear height of 0.05 mm.
For the shear fatigue test, the same test vehicles, testingresnti and experimental
setup as in the preceding shear strength test were used. Rather than shearing off the
solder joints in one direction, the shear probe moves downwards at a strain rate of 0.5
stuntil it reaches the predetermined stress extremethamdreverses the movement

for the cyclic shear fatigue test.
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Load Cell

Fixture and Probe &

Testing Sample

Sample Holder

X-Y Stage

PCB (FR-4)

Cu Pad

Surface Finish

uonda.iqg Suipeo

Solder Mask

Shear Probe

Figure 4- 12 Schematic of $iear fatigue test with individual solder joint

432 Studyll

An Instron 5948nicromechanical tester, depicted in &g 413, was used to perform
the isothermal accelerated shear fatigue experimemtaséquipped with a ball screw
driven rail tablavith a servo motor to provide an axial displacement resolutionroh20
Figure 414 showsa schematic of the setupn epoxy adhesive (cyanoacrylateas
used to bond the BGA test vehidletweerthe two fixtures. Thehickness of the glue
wasprecisely ontrolledusing thex-y stage. The load cell withcapacity of XN was

mounted witha fixed fixture to detect the applied force. The top fixture mounted with
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the actuator createah axial movement. A base beam desentd sedsthe actuator
displacemento the Instron feedback systein.the stressontrolled test, the moving
direction of the actuator was altered once the maximum stress was detected by the load
cell. This caused an overshooting of the maximum stress value, which was highly
dependent on thmoving speed of the actuator. To minimize the overshooting effect
while accelerating the fatigue test, the strain rate was kept at® DBesinstantaneous
load-displacement dataererecorded based on programmed data acquisition.tBeth
stresscontrolled and straksontrolled profiles weraisedin this study. In the stress
controlled method, the actuator changssdirection once the load cell detects the
desired forcein the stran-controlled method, the actuator moves within a fixed
displacement range. The applied stress was obtained by dividing the applied force by
the total paebpening area ahe nine solder joints, while the strain was computed by

dividing the displacement lihe gauge length between the two substrat&® (Am).

Actuator
Fixture

BGA Specimen
Fixture

Load Cell

X-Y Stage

Figure 4- 13 Fatigue test with sandwich test vehicle at room temperature
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Surface Finish

uoaalig SuipAy

Solder Mask

Solder Ball

Figure 4- 14 Schematic of $iear fatigue test withsanawich testvehicle

43.3 Studylll

The Instron 5948 micromechanical tester was used to perfotihe isothermal
accelerated shear fatigue experimeriise experimental setup is the same as that
discussed n s t Botth stressontrolled profiles and straicontrolled profiles were
utilized for different third generation solder alloySAC305, SACR, SAGQ, and

SACH).

4.3.4 Study

The Instron 5948 Mdromechanical testing systemas utilized in this studyFixtures,
together with the chambeNitrogen cylinderandthe chilling system, were assembled

to enable the isothermal testsvatrious testingemperature ranging from248K to

348K, as shown ifrigure4-15 and Figure 416. The top fixture, which is assembled to

the actuator of the Instron Micro Tester, has the capability of controlling vertical
displacement of the nanometer level. The sandwich test vehicle was precisely mounted
between the two ftures using an epoxy adhesive (cyanoacrylate), and the thickness of
the epoxy adhesive was adjusted by Hygaositioning stage. The instantaneous change

of load applied to the test vehicle was detected by assembling the bottom fixture to the
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load cell wth the capacity of BN. To enablevarioustesting temperature, an EC1637
Micro Fatigue Chambewrasframed on the Instron machiriEhe builtin heater served

as the hot source and thitrogen cylinder providetiquid nitrogen.The hot or cold air

flow wasthenblow into the chamber through the isolation hose connettdiaontrol

the temperaturd he testing temperature inside the chamber was monitored by the type
JK-T thermometer and the AH1637 Air Handler System. The vaniatiotesting
temperature was confirmed to be within £ 1°C. In order to prevent the overheating of
fixtures at elevated temperatyra chilling system was employed to pump cool
circulated water through the fixturess is shown in Figure-6. The cooling #ect of

the chilling system was verified by the thermal simulatiand this assured the

effectiveness of the system even when the testing temperatuB98ias

fE— : f Chilling System

l Top Fixture

Test Vehicle

Framed Chamber

Bottom Fixture

— Load Cell

X-Y Stage

Figure 4- 15 Shear fatigue test withsandwichtest vehicle in the chamber
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Temperature controller I

Isolated hose connection (air) I

Built-in heater I

Hose connection (liquid N,) I

Liquid N, Cylinder |

Figure 4- 16 Heating source and nitrogen cylinder

The schematic diagram shown in Figdr&9 demonstrates the detailed setup for our
customized sandwich test vehicle. The bottom fixture was mechanically assembled
with the load cell and-y stage, and it was then screwed in and fixed to the base of the
Instron machine. After the test vehicle wdsegl and the epoxy adhesive was cured,

the experiment was conducted by controlling the movement of the top fixture, which is
assembled to the actuator. A base beam was able to detect the displacement of the
actuator, thus cycling the test with a feedbackem. The instantaneous value of load

and displacement was simultaneously recorded by the Instron machine with
programmed data acquisitiohhe fatigue tests were performed using streamtrolled

profiles, where the displacement traveled between uppkloarer extremes with the

same magnitude. Specimens were mechanically cycled at a constant strain rate of 0.05

sec.
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Figure4- 17 Schematic diagram of sandwich sample in the chamber

4.4 TestPlan

4.4.1 Studyl

The first study iscollaboration with NXP Semicomdtor and thegoalis to study the
shear andatigue performance of different solder alloyffie shear tests were carried
out at room temperature withree rates of shear strglh01, 0.1and1 s1) and seven

identical specimend.able4-3 summarizes the test mates

Table 4- 3 Shear test matrixfor study |

Solder Materials

Shear Strain Rate (se@)

0.01 0.1 1
SnAg 7 samples 7 samples 7 samples
SAC-Bi 7 samples 7 samples 7 samples
Sn58Bi 7 samples 7 samples 7 samples
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Sn42Bi 7 samples 7 samples 7 samples

The isothermal shear fatigue tegas utilized to assedbe fatigue characteristics of
individual solder joints at room temperatufe.guarantee that the cycle fatigue liédl f

within a tolerable range, four stress amplitudes were carefully selé&sesh test
vehicles were used to characterize the fatigue life at each stress amplitude using a two

parameter Weibull distributioThe test matrix ipresentedn Table4-4.

Table4- 4 Fatigue test marix for study /

Alloys | Surface Finisl 16 MPa|20 MPg24 MP&28 MPg32 MPq36 MPg 40 MPa
SnAg ENIG 7 7 7 7 - - -
SAC-Bi ENIG - - - 7 7 7 7
Sn58Bi ENIG - - 7 7 7 7 -
Sn42Bi ENIG - 7 7 7 7 - -
SnAg osP - 7 7 7 7 - -

For each stress amplitudeharacteristic fatigue life of individual solder joints was
calculatedusingthe data from sevesample. The results of the sevesamplesvere
fittedin a 2parameter Weibull distributioto figure out the characteristic lifeshich

is the scale parametdr We have choseonetypical replicate out of the sevewhich
has the closet fatigue lifeo the characteristic lifeFigure 4-20 illustrates a typical
hysteresis loop for SAg solder joints with ENIG surface finish unddr RIPa.Plastic
strain range anhelastic work per cycle can leeasured from the hysesis loop for
each cycleModels(Morrow energy model and Coffillanson modgiweredeveloped

to predict the fatiguéfe of each solder alloys usirmgastic strain range and work per

cycle
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Figure 4- 18 Typical lysteresis loop for Sh- Ag solder joint under 20 MPa

4.42  Studyll

The second studgims to investigate thiatigue behavior o6AC305 solder joints in
BGA assembled with botstresscontrolled and straiaontrolled profilesTheSAC305
test vehiclesvereassembled witleitherOSP surface finisbr ENIG surface finisho
compare the fatigue performance in each .das&resscontrolled testtwo predefined
extreme stregs(maximal and minimalyvere programmetbr the cyclic test similar
with the method used in study, in straircontrolled test,minimum strain and

maximum strain wereelected

Pilot tests were performed to estimate the fatigue life for each case. The stress and strain
levels in Tablel-5 ensure a reasonable range of fatigue life in each case. They generated
significant differences in fatigue life at datevel, while confining the fatigue life

within 6,000 cycles.The test matriceare presented in Tab{e5. Five samples were

tested at each testing conditions. Representative samples with fatigue life closest to the

93



characteristic fatigue life were selected to illustrate the evolution of inelastic work and

plastic strain range per cycle in subsequent sessions.

Table4- 5 Test matrix for stuayll

Sol dd OSP Su|ENI G Su
Al |l o Met hod Level Sampl e Sampl e
20MPa 5 5
24MPa 5 5
St rresrst r
28MPa 5 5
32MPa 5 5
SAC30
2.4% 5 5
3.0% 5 5
St r-ao mt r
3.6% 5 5
4.2% 5 5

Evolution of lysteresis loopin stresscontrolled test and straicontrolled test were
plottedfor each solder alloyEnclosed area of hysteresis Idop each cyclecounting
as work per cycle, was calculatadcording to the Hsitu stressstrain data pointed
recorded byhelnstronmachinePlastic strain range per cycle walso measured from
the hysteresis loofEmpirical models were utilized tetudy thecorrelation between
fatigue lifeof eachsolder alloywith stress amplitudandstrain level Work per cycle
andplastic strain range per cycheere calculated fdviorrow Energy model and Coffin

Manson Model, respectively.

4.43 Studylll

In the thirdstudy, SAC305 and thremicro-alloying solder spheres were assembled in

BGA test vehicles to represent realistic chips. Tabtliéts the composition of the
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investigated solder alloys as well as the applied surface filieth the stress
controlled and strakwgontrolled profiles were used this study.The composition of

the solder joints has a substantial effect on their fatigue characteristics. Consequently,
pilot tests were conducted to evaluate the stress and strain levels so that the
characteristic life could potentially fall within aacceptable range (less than 3000
cycles).Two stress levels and two strain levels were chosen for each solder alloy after
the pilot testsHigher stress and strain levels are employed in certain situations due to
their improved reliabilitf SAC-Q and SACI with OSP surface finish)n addition, the
fatigue life of the SAGQ and SACI solder alloys with ENIG surface finish was very
sensitive to strain variation. It ranged from a few hundred cycles at a strain [2v8bof

to over ten thousand cycles at@mparatively lower strain level df.8%. Therefore,

only one strain level was measured for the two SAGolder joints with the ENIG
surface finish. The test matrices are listed in Tdble and five identical BGA test

vehicles were used for each tesndibion.

Table4- 6

Solder Alloy | Compositions Surface Finish
SAC305 Sn3Ag-0.5Cu OSP, ENIG
SAC-Q Sn3.41Ag0.52Cu3.3Bi OSP, ENIG
SACR Sn0.92Cu2.46Bi OSP, ENIG
SACH 91.8SnR3.5A¢-0.7Cu3Bi-1.5Sb0.125Ni OSP, ENIG

Table4- 7 Test matrix for

Stresscontrolled Strain-controlled
Solder .
Surface Finish| Low level High level _
Alloy Low level | High level
(MPa) (MPa)
SAC305 OoSsP 24 32 3.0% 4.2%%
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ENIG 24 32 3.0% 4.2%

OSP 24 32 3.0% 4.2%
SACR

ENIG 24 32 3.0% 4.2%

oSP 36 40 4.2% 4.8%
SAC-Q

ENIG 24 32 N/A 2.0%

oSP 36 40 4.2% 4.8%
SAC|

ENIG 24 32 N/A 2.0%

After the test, a comprehensive microstructure analysis was conducted to investigate
the effects of micro-alloying elementssurface finish, and stress/strain level on the
fatigue properties. The microstructuref the four solder alloys, along with the

formation of IMC layers and failure modes, were compared and researched.

4.4.4 Study

The objective of this study is &ystematically investigate tHatigue performance of
sandwich test vehiclas isothermalstraincontrolledtest. SAC305 and SnPb solder
alloyswereassembledh the customized sandwich test vehsdl@compare the fatigue
performanceBoth OSP surface finish and ENIG surface finish wef®owed on the
solder mask definedopper pads to study the effect of surface finish on the fatigue
performance.The testing method utilized in this study is streomtrolled tesand the
testing setup has been illustrageviously Low temperature 0248K and elevated
temperature 0348Kin the isothermaghear fatiguéests were accomplisheg framing

thechamber on the Instron machine.

For eaclof the testing temperaturne sandwichest vehiclesvith OSP surface finish
and ENIG surface finistvere tested unddour strain levelsas is shown in Table-&
The effet¢ of temperature on thiatigue life of each combination of solder alloy and

surface finishare systematically researcheid the straircontrolled test Other
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interested parameters, such as work per cycle and plastic strain range pevengle,
alsocompared under various temperatur€sffin-Manson modeand Morrow energy
model were developed f@AC305 and SnPb solder allpgr surface finish and test

temperature.

Table4- 8 Test matrix for study

Solder | Strain OSP Surface Finish ENIG Surface Finish
Alloy | Level | 5ax | 208k | 348K | 248k | 208K | 348K
L1 5 5 5 5 5 5
L2 5 5 5 5 5 5
SAC305
L3 5 5 5 5 5 5
L4 5 5 5 5 5 5
L1 5 5 5 5 5 5
L2 5 5 5 5 5 5
SnPb
L3 5 5 5 5 5 c
L4 5 5 5 5 5 5

45  Microstructure Analysis

Test vehiclesn each study wererosssectioned beformicroscopic examinatiozach
sample vascold mountedusingthe holder clipn the plastianold, filling with an epoxy
systemmadefrom blended epoxyesin and hardenevith the weight ratio of 6:1The
epoxy systemwasfully cured at room temperature for 24 hoarsl thenpulled out
from the mold for next proceduréhesamples wergrinded on the Pace Technologies
NANO 1000T semtautomated polishingnachine(Figure 421), using sandpapers
following the sequence &40, 320, 400, 600, 800, and 1200 gfdsforemoving to
the next grisize, the samptewereinspected using micszope to ensure the quality of

each stepThe grinding directionvas rotated by 90for the next stepo cover thecut
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scratchesncurred from the previous steplhe expected grinded sample wolgive a
clear crosssection view ofabout the middle of the solder joingnd providea

reasonable naghness of theurface for polishing.

After grinding,four polishing stages wemmplementedncluding3 pum, 1 um 0.05 pum
alumina base particleand0.02 um non-crystallizing colloidal silicasuspensionEach
polishing stage wasarried oubn theseparate polishing pddr arounds minutes.The

ultrasonic cleanewas used in the last tabratethe sample and removesiduals

After polishing process,the Sophisticated ZEISS Axio Imager.M2noptical
microscope as is shown in Figure -22, togetherwith an Axiocam 503 color
microscope camera and ZENCore softwasreused toexamine thdailure mode of

the samples.

Figure4- 19 Pace Technologies NANO 1000T serdiutomated polishing machine
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Figure4- 20 ZEISS Axio Imager.M2m optical microscope

Furthermorethe samples wegold sputter coatetbr SEMand EDS examinatiohe
CRESSINGTON sputter coatgFigure 423) was utilized to coat the samples
Afterwards, SEM analysis(Figure 424) was conductedo examinemore detailed
microstructureof solder joints, whiclperforms higher magnification than nosicope
EDS analysis was utilizetvith SEM, whichrevealed the elemental composition of a

particular section athe solder joint.

Figure4-21 CRESSINGON SPUTTER COATER
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Figure4-22JEOL JSM7000FSEM
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Chapter 5Shear andFatigue Properties of Lead-Free Solder

Joints: Modeling and Microstructure Analysis

51 Introduction

Fatigue failure ofinterconnected solder joints a critical corsiderationfor the
reliability of an electroniproduct.A great deal oprevious researdhmas focused on the
mechanicafatigue properties oflarge bulk sampke throughuniaxial tensiortension
test[137], simple shear te$138], thermomechanical shear t¢£89], and multiaxial
tensiontorsion tes{140]. There is however general consensukat the mechanical
properties ofolder joints assembled the electronic packagesry greatlyfrom the
large bulk samplesonsidering the effect dMC layer, surface finish, precipitate
distribution, and size differenc&his inconsistencgraws forth the necessitp study

thefatigue performance of individual solder joints

The electronicamanufacturinghas experienced significantnaterial transformation
since theadoptionof the Directives on Hazardous Materials and Waste Electrical and
Electronic ProductsSolder manufactursrand supplierbavedeveloped aariety of
leadfreesoldersto transition oubf the use ofead and meet regulatory criterlAC-
based solder alloys were primarily proposedupersedéypical eutectic StiPb solder
alloys because of their improved ntemnical strength, thermal fatigue characteristics,
and solderability Further studieshave found that solder alloysincluding minor
alloying metals likeln, Sb, andBi, aremore reliabl§71][72]. These elements were
reported toprevent IMC coarseningprecipitatesand the growth of IMC layer
developmen{73]. However, the undesired high-flew temperature of the above
mentioned solder alloys has adverdg affectsthe packaging materials and assembly

processs.Thishasprompted the development of a new generation of LTS solder alloys,
101



mostly based on SnBi, to enhanttee integrity and reliability of microelectronic

packages.

To minimize the coarsening impact of IMC precipitates and the development of the
IMC layer, micrealloying with components like as Ni, Bi, and Sb is commonly added

to Snbased soldelf33][74][75][76][77]. The inclusion of these elements demonstrated
enhanced mechanical properties in terms of creep, tensile, and f@&jr®][80],
whereas excessive content might generate undesirabletsefech as reduced
elongation, brittle fracture, and poor creep propef8&§82][83]. SnBibased solders

have received considerable attention because of their low melting temperature of
approximately 139°C, high creep resistance, and reasonablg¢g#j[38]. According

to Rajendran et al., the addition of ZnO nanoparticles to SnBi solder improved the
wettability, tensile strength, and ductility, as well as provided a finer microstructure
[85][86]. Wang et al. studied the impaftBi substancen the shear characteristics of
SnxBi solder joints and indicated that when the Bi content increased, the fracture phase
shifted from ductile to brittl87][88]. The strain ate affects the shear characteristics

of SnBi solders. The strain rate affects the shear characteristics of the SnBi solders. The
shear strength increased as the strain rate increased, but decreased once the strain rate

exceeds 3.33 x 1351 [83].

The fatigue and sheaproperties of LTS joints have been reported in many
studie$21][89][90], including both traditional SA®ased solders and nesmerged

LTS solders. However, no study has made a comprehensive comparison between the
widely used SAC solders and-Bnsolders in terms of she and fatigue performance.

In thisstudy, the fatigueandshear behaviors of individual solder joints wexamined

using four solder alloygeaturingENIG surface finishs The shear strength of each

solder alloy was testeat three different strain rateThe fatigue life of solder alloys
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was evaluated using load cycling at a constant strain rate with four stress amplitudes.
Shear and fatigue testing were utilized to investigate the failure procébsesffect

of surface on the fatigue and shpewperties of StAg was also investigated.

5.2  IMC Mor phology Characterization

During the reflow process, theippermostAu layer of the ENIG surface finish was
solubilizedinto the solder alloy As a resultthe molten solder comes into contact with
the N layer, acting as a barrier against Cu atom diffusion from the CuFpgure 51
depicts the interfacial microstructures of all examined solder alNoysas revealed to
make a reaction witBnto generate NS layerat the interface together with tia
pad inthe SnAg solder alloy[91], as shown irFigure 51(a). There was another
scalloplike interfacial layeron top of the NiSrnu layer, which EDS analysis identified
as the NiSn phase. In thB-Sn dendriic structure, AgSn particles were observed to
form a network. Due to the precipitate hardening process, these particles would enhance
the mechanicatharacteristicef the SnrAg solder alloy Figure5-1(b) shows a similar
interfacial layer with a scallojike morphology aove the Ni layer in the SABI solder
alloy. The composition of the IMC layavasvalidatedto be(Cu, Ni}Srs because of
the inclusion of Cu in the solder alloy. This is in agreementpvigkiiousfindings [71].
Furthermorethe Bi content refined the A8n and CsSrs paricles compared to the
micrograph of the SmAg solder alloy Because of the presence tbe Bi in solid
solution, theb-Sn lattice wasdeformed affecting the selfliffusion of Sn to the IMC
layer. ConsequentlyBi improvedthe mechanicabehaviorsof the solder alloyg53].

As demonstrateth Figure 51(c), the Sn42Bi solder alloy exhibdtwo distinct phases:
Snrich andthe Bi-rich. In addition an IMCfilm between the Ni layer and bulk solder

appeared as a tertiary phase ofN8nFig. 5(d) shows a micrograph of Sn52Bi with a

103



similar microstructure, although the composition of the IMC layer seemedtie $a

Ni-Sb phase.
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Figure 5- 1 Micrograph of solder alloys: (a) SAAg, (b) SACBI, (c)Sn42Bi; and (d) Sn58Bi

105



5.3  Analysis of Shear Strength

Shear strength of the Sxg solder alloys tested at different rates of shear strain is
mappedin Figure 52. The blue dots depict the outcomesefven sampletaken at
different rates of shear strain numerically 0.01, 0.1, and,whkile the red dots
represent the average shear strength at each strairAsatbe rate of shear strain
increasesthe average shear strength increased in dinear manner, as displayed in
Figure 52. In generalhigher shear ratewould shorterthe creeggimeinside the solder
alloy, resulting in higheshear strengttAccording toChia et al[92], the applied shear

strain ratev is used to express the shear streffgth  of a solder balby
t AL I VI W) 51

wheredand®are material constants.
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Figure 5- 2 Shear strength ofSr Ag solder alloys at different rates of shear strain

Figure 53 shows the average shear strength of the four solder akogssdifferent

rates of shear on garithmic scale.For all tested soldealloys, the dashed line
represents the fitted linear equation. (Ihese curves were found to have excellent
goodness of fitFor all of the tested solder alloys, shear strength increased as strain rates
increasedAt all shear strain rates, SABI exhibitedthe best shear strength, whereas
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SnAg exhibitedthe worst shear strengthlinor elements such as Bi, Sb, and In were
found to remain in the Sn solid solution and cause crystalline lattice deformEttien
solid solution hardening effect camhancethe mechanical characteristics of solder
alloys by impeding the dislocation motidrhis is consistent with the findingskigure
5-2, where SAGBI outperformed StAg in terms of shear strengtiDespite a slight
offset between the trendlines of the two so&] the two LTS, Sn42Bi and Sn58Bi,
performed similarly in the shear tests when compared to the two SAC solderfdioys
SAC-Bi, Sn42Bi, and Sn58Bi, the varianicetheshear strength increased significantly
asthe shear strain rates increasé&deanwhik, there was no discernible difference in
thevariation between the three shear strain rates used-{agShable5-1 summarizes

constants a and b fitted usigguation5-1 for the four solder alloys.
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Figure 5- 3 Average shear strength of the four solder alloys versus different rates of shear strain

Table 5- 1 Summary of shear strength constants

Solder Materials | Constantiiao |Constantiibo (M Pa)

SnAg 5.10 79.38

SAC-BI 5.02 125.13
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Sn58Bi 3.73 96.45

Sn42Bi 3.57 98.37

Despite the quantitative study of shear properties by comparing shear strengths, a
gualitative assessment waerformedby identifying the failure mechanismsThe
failure modesveredivided into three types based on fracture initiation and propagation:
dudile, brittle, and mixed failur® The ductile or brittle fracture of the solder alloy was
determinedased on the distinct shape of the stgsain curveln thestateof ductile
failure, there was a rapid increase in stress as thetsiséacontacté the solder joint,
causing plastic deformation of the solder joint, followed by a slower increase in stress
due to the strain hardening effect, and finadlygradual reduction in shear stress until
the fracture is completén the case of brittle failure, there was also a steeeasen
stressafter that a steegecrease when the solder joint and Cu gathageduddenly.
Figure 54 shows the typical stresdrain curves for SBi and ShAg solder alloys
evaluated at theame strain rate of 1*sDuctile failures were identified in botihe
stressstrain curvesHowever, whereas SABi had almost double the shear strength

of SnAg, its shear strain caing fracture was only onthird that of SpAg. On the

other hand, SA@I wasless ductile than SAg. This aligns with prior findings.

The shear straimateis a crucial tool irdeterminingthe failure modeAll of the solder
alloys were examined at three different rates of séimam and the stresstrain curves
for eachare displayedn Figure 55 (a-d). As previously statedshear strength is
enhanced when the shear strain rate is incred$edpeak shear strength was highest
at arateof shear strain of 1'% followed by 0.1 3 and 0.01 S. Simultaneously, higher
shear strain rateareassociated witlareduced shear strain to failufiéhis pattern was

observedor all four tested solder alloys.
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Figure 5- 4 Typical stressstrain curves of SAEBI and Sn Ag solders
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Figure 5- 5 Stress straln curves of tested alloys at several rates of sheatrain. (a) ShAg, (b) SAGC
Bi; (¢c) Sr42Bi; and (d) S68Bi
The stressstrain curves in SA®i demonstrated a shift in failure mode from ductile to
less ductileA typical ductile fracture wasbservedatthelow shear strain rate of O
s1. As shear strain rates go,upe shear stress tended to dectimgidly immediately
after reaching the peak value, according to sts&sén curve irFigure 55 (b). With
SnAg, Sn42Bi, and Sn58Bi, minonodifications in théorm of thestressstrain curves

were observed.

The flow stress of the solder significantly contritate the failure mechanisms in the
shear tedt70]. When the shear probe deforms the solder connection, the visaolast
of the solder results in flow streskhe weakest valgof the bulk flow stress, copper
peel and interfacial strengthlll contributel to the occurrence of fractiméNhen the

bulk flow stress surpasses the copper peel strength, the pad cratetirgy However
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ductile fracturevhen flow stress is less than copper peel and interfacial strémgjtis

case, he shear probe plamhe bulk solder. Otherwisdyrittle failure with clean
separation along the IMC layeccursif the flow stress is higér than the interfacial
strength A mixed failure mode could also occur as a result of various amounts of shear
force being applied to different parts of the padnsequentlyboth ductile and brittle
fractureswerespottedn a single solder joiniTheflow stress of the bulk soldeiuring

the testis determined by the movement spe¢dhe shear prohevhich plays a vital

role in producing distinct failure modes by locatthgstart and spread of cracks all

testing cases, the failure location waghe solder joint structure, and no failure was
observed in the copper pad or board structure. Thus, the constants in Table 4 for
Equation 1 are valid regardless of the change in the failure mode as long as the failure

location is in the solder joint.

Figure 55 (a) displays the typical fractures of the-&g solder atdw (left) and high
(right) levels ofrates of shear straiesting In each case, a smooth shear plane was
demonstrated, leavingsabstantial amount @nAg solder covering the Cu pad. This
indicates that therack developed and propagaiadhe bulk solderFor the Sn-Ag

solder, the shear strain rate had a negligiblgact on failure mode

Figure 55 (b) demonstratethe two distinct failure mechanismstbke SAC-Bi solder.
The SAC-Bi solder ha aflow stress thatvasless than the interfacial strength at a low
shear strain rate of 0.02.sThis prompts ductile fraere on the surface. However, the
flow stress exceeded the interfacial strengtla atgh rate of shear strain of 1%

resulting in brittle failure

The top views othe Sn-42Bi solder after shearing off the solder joints are shown in

Figure 55 (c). The copper pad wasompletelycovered with solder following the shear
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test with a low shear strain ratghereagart of the Ni layer was exposed on the top

view with a high shear strain rate, indicating mixadde failure.

Figure 55 (d) displayshow the skar strain rate affects Sn58 soldene SEM images
of Sn42Bi and Sn58Bi were extremely similar due to the large Bi content inAmth.
the shear strain rate increased, the flow stress increased to a poithteretrfacial

strength, resulting ia mixed-mode failure
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Figure 5- 6 Top viewsat low and high rates of shear strain: (a) SiAg, (b) SACBI; (c) SA42Bi; and

(d) Sn58Bi

54  Shear Fatigue Results

Shear stress and shear strain were measured in the same manner during shear fatigue
experimentsWeibull distribution involving two parameters was employed to quantify
the fatigue life of the test vehicles at each stress amplitude in the shear fatigue cycl

test. The Weibull distribution with two parameters is indicated as follows:

Yo Q- 52
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whereR(t) denotes the level of reliabilityh, d are the shape and scale parameters,
respectively. The slope of the regression line was represented by the shape indicator.
The scale coefficient, also known as the characteristic life, specifies cycles number for
which the probability of failure is 63.2 %Figure 57 (a-d) illustrates the Weibull
distribution of the four solder alloys under four different stress amplitudes, with each
dot representing the cycle fatigue test results. Random Sn orientation and secondary
precipitation account for the variatiothroughout the fatigue life with the same

amplitude of applied stress.

Using an empirical power equatidige typical fatigue life derived from the Weibull

distribution was embeddexsa parametepf the stress amplitud®, as follows

~

0 w20 5-3

whereN is the fatigue data for a specific stress amplif@d®the substance constant,
while c is the stress exponent, which reflects the solder alloy's fatigue dudiligy.

solder alloy's ductility decreases as thalue goes up.

Figure 58 depicts the fatigue lifeehaviorversushemagnitude of the stregsr all the
tested solder alloysn alogarithmicscale Due to the increased induced inelastic work
during the gclic fatigue test, an increase in strgatueresulteda reduction in fatigue
life. At all thestress amplitudes, the SA&: solder outperformed the other three solders,
with SnAg having the worst fatigue performanddis is in line with previous findigs
that solder alloys containing both high Ag andcBntents haveetter fatigue life than
those containing only high Ag or Bsontents [3].Sn42Bi was shown to have
deteriorated fatigue characteristics at low stress amplitudes, althbughined
significant shear strengttompared witifSn58Bi at all shear strain rate¥/e believe

that when subjected to large stress amplitudes, it would provide better fatigue
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performanceThe trend line shows thtite Sn42Bi soldehas a more prolonged fatigue

life thanthe Sn58Bi solder at higher amplitudes.
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Figure 5- 7 The fatigue life represented in Weibull plots of solder alloys for: (a) SAg, (b) SACBI,

(c) Sr42Bj; and (d) Sn58Bi
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Figure 5- 8 Solder alloy life characteristics as a function of stress amplitude

Thebehavior of solder joints under cyclic loadiregn be understood by mitoring the
changes of hysteresis loopBigure 59 shows a typicalhysteresis loogfor one
individual Sn-Ag solder joint which sharegatigue lifethat isthe closesto calculated
charateristic fatigue lifecycled in isothermal shear fatigue téstlicated inFigure 5

9, two parameters can be determifiedeach cycle from the hysteresis looplastic
strain range and inelastic worRlastic strain range is the width of the hysteresis loop
at 0 MPa, andhelastic workis the enclosed area within thgsteresis loopWith the
help of programmed coding MATLAB, the work per cycleand plastic strain range

per cyclewere estimated foraeh individual solder joint

Figure 5.10 demonstrates the inelastic work per cycle as a function of cycles. The
behavior of inelastic work per cycle can be identified as three main stages. Stage R1
shows a steep drop in the work per cycle for the finstdgcles caused by the initial
flatting and hardening. Stage R2 is a steady stage that accounts for about 90% of the

fatigue life. Stage R3 accounts for the remaining of the fatigue life, where a sharp rise
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of work per cycle is observed due to the initatand propagation of crack in the solder

joint.
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Figure 5- 9Hyskeresis loodor a typicalSnAg solder joint cycled under 20 MPa
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Figure 5- 101nelastic work of S¥Ag solder alloy under 16 MPa in stress control mode
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Figure 511 shows the effect of stress amplituale the behavior of inelastic woftr
SnAg solder alloyFour stress amplitudes ranging from 16 M&®a2& MPa wer¢ested
in the same cycling environmehthat can be clearly se@nthis figure is the trendg
thatlarger stress amplitudends toincur more work per cycle all the three stages

thusless fatigue life
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Figure 5- 11 Inelastic work of M30 solder alloy unddifferent stress amplitudes

Under various stressmplitudes, the average enclosed arehasteadystate hysteresis
loops waseemployedio determingheinelastic work per cycle. The work per cycle for
Sn42Bi is depicted iigure 512for the four stress amplitudess displayed irFigure

5-12, with increasing stress amplitude and more variationsork per cycle, more
inelastic work per cycle was inded The trend otheaverage work per cycle estimated
from the seven specimens stemha nonlinear fitting of the stress amplitudes'he

typical fatigue life of solder alloys under varied stress amplitudes can be associated

with the average work per cyabenploying Morrow energy model as follows
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6 67 za T 5.4

whereN (cycles)is the typical fatigue lifey (J) denotes the steashtate average work
per cycle,C denotes the ductility coefficient of a material fatigue, endenotes the
exponent of a fatigueigure 513 depicts dog-log plot of thetypical fatigue life vs
the inelastic work per cycler all tested solder alloys under different stress amplitudes
The fatigue data fit well with the stress amplitudgainedusing the Morrow energy
model,as illustrated irFigure 513. This also explains why the work per cycle data in
Figure 512 werefitted exponentiallyTable 52 liststhe estimatethefatigueductility

coefficientC and fatigue exponemh for each of the four solder allays

20
Sn42Bi

=15 -
5 i
X /'
< it

10 -
S ’
$ ¥
x Pie
Q
z 3 4

-
-
0 T L] L} L}
16 20 24 28 32 36

Stress Amplitude (MPa)

Figure 5- 12 Work per cycle results for Sn42Bi
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Figure 5- 13 Morrow energy model fitting curves for solder alloys

Table 5- 2 Summary of constants fitted in Morrow

Sol Akt Fatigue ductFatigue ex
SPAJg Cpu pm ™ @ X
SABI p8toc p T @ T
Sn42Bi U @ p Tt T TUTT
Sn588Bi o8 ¢ pT T® L Tt

Figure 514 shows the evolution of plastic strain range per cycle for a tyfSic#lg

solder alloy example cycled under 16 MPa stress amplitude. The evolution process
mainly undergoes three stages. In stage P1, plastic strain drops drastically owing to
initial hardening. After that, the plastic strain keeps steady in stage P2, and then
increases exponentially until complete failure in Stage P3 caused by crack initiation
and propagation. Figure I& illustrates the comparison of the plastic strain range of
SnAg solder joints cycled under different stress amplitudes. Interpreting the figure
comes the evident conclusion that with higher stress amplitudes, the plastic strain range
per cycle in steady stage P2 demonstrates larger numbers. At the same time, severe

stress amplitudes would lead to less fatigue life, as expected.
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Figure 5- 14 Pastic strain rangeof SnAg solder alloy under 16 MPa
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Figure 5- 15Plastic strain range o&nAg solder alloy under different stress amplitudes

Similarly, the plastic strain rangger cycle was determined employing steasdgte
hysteresis loopslhe plastic strain range of the steady hysteresis loops deterromed f
each Sn42Bi specimenpsesentedn Figure 516. A higherrange of plastic straiper

cycle wasobservedvhen the stress amplitusasincreased. From 20MPa to 28MPa,
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there was a considerable increasth@data variation for the plastic strain range, which
remained at the same level whemping to 30MPa. The CoffiManson model can

explain the exponentially growing plastic strain range with stress ampdituiddows:
o0 17z 7 5-5

whereN (cycles)donates the typical fatigue lifey (mm/mm)donates the average
range of plastic strain per cyclgjs the material coefficient of fatigue ductility, abd
donates the fatigue exponent. g 517 shows the characteristic fatigue life as a
function ofthe range of glastic strainon alogarithmic scale The CoffirManson
equations with a high-Rquarearerepresented by dashed lin&sble5-3 presents the

Coffin-Manson model constants for all the tested solder alloys.
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Figure 5- 16 Plastic strain raults for Sn42BJi
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Figure 5- 17 Fitted curves of Coffin Manson model for solder alloys

Table 5- 3 Summary of constants fitted in Coffin Manson mode/

Sol der Fatigue ddu Fatigue ©x

SPAQ B @ pTt T8 wX
SABI o8V p TI T @ Y
Sn42Bi &LV pT T T
Sn588Bi CpopT ™ p W

The top views othefailed solder joints following shear fatigue testing are shown in
Figure 518 (ad). It is worth mentioning that in the fatigue te#ite SnAg solder
displayed a typical mixed failure mode, however in the shear strength test, it
demonstrated a ductile faie mode.In the fatigue test, SABi exhibitedthe same
brittle failure behaviorAlthoughthe two LTS had the same mixed failure mode, the

exposed Ni layer area was noticeably different.
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